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ABSTRACT 
A narrow su i t e  of bituminous coals chosen from the OOElPenn S ta t e  sample bank 

has been hydrogenated in a batch s t i r r e d  autoclave. 
solubles have been measured, and the data modeled using a pseudo-second order r a t e  
expression. Extent of conversion and r a t e  of conversion of the coals in the s u i t e  
have been correlated t o  coal compositional parameters and s t ruc tura l  features.  Re- 
cent data on reac t iv i ty  cor re la t ions  w i t h  information from pyrolysislmass spectrom- 
e t ry  and C-NMR are presented. 

INTRODUCTION 
The relationship between coal composition and hydrogenation r eac t iv i ty  has been 

studied extensively fo r  over 60 years.  
coal with l e s s  than 85% carbon (da f )  made poor l iquefaction feedstocks. Francis ( 2 )  
suggested tha t  reac t iv i ty  was re la ted  t o  rank, and many other researchers have 
attempted t o  cor re la te  r eac t iv i ty  with r a n k  (3,4,5).  Neavel (6) has shown tha t  a 
relationahip does e x i s t  between r a n k  and r a t e  of coal hydrogenation t o  benzene solu- 
bles. 
mathematical models fo r  coal l iquefaction r eac t iv i ty  based on a petrographic ana lys i s  
of the parent coal. 
e t  a l .  (8,9,10,11), who established r eac t iv i ty  ensamples by s t a t i s t i c a l  fac tor  analy- 
s i s  of a large number of samples. 
d i f fe ren t  def in i t ions  for  coal r eac t iv i ty ,  and demonstrated the u t i l i t y  of a def in i -  
t ion based on kinetic parameters when ranking coals of very s imi la r  properties.  

All studies re la t ing  coal properties t o  coal hydrogenation r eac t iv i ty  a re  
hampered by the crude too ls  ava i lab le  f o r  chemical and s t ruc tura l  analysis of the 
prime reactant.  Pyrolysis,  followed by mass spectroscopy (PyIMS) of the products 
a t  low energy levels provides a new tool f o r  coal analysis t h a t  can provide data on 
s t ruc tura l  features tha t  previously could n o t  be obtained (13) .  Voorhees e t  a l .  (14) ,  
and  Meuzelaar e t  a l .  (15) have recently reported cor re la t ions  of s t ruc tura l  data from 
coal PyIMS and coal hydroliquefaction r eac t iv i ty .  

EXPERIMENTAL 

ated in a batch s t i r r e d  autoclave reactor into which coal was injected.  
presents data on coal properties in the su i te .  All coals were low su l fu r ,  i n  order 
t o  minimize ca t a ly t i c  e f f ec t s  due t o  HpS and iron pyrite.  
dure and reaction equipment used have been presented elsewhere (12).  
were pyrolysed using a Fisher Curie-Point pyrolyser i n  conjunction w i t h  an Extra- 
nuclear SpectrEL mass spectrometer. 
temperature) and low energy (14 ev) electron impact were used throughout fo r  data 
acquisit ion.  Mass spectral  data were collected on a Hewlett-Packard 2100 S computer, 
and the data then analysed using ARTHUR (Infrometrix Inc., Sea t t l e ,  Wa.). Solid 
s t a t e  13C-NMR was performed a t  the NSF Regional Center fo r  NMR a t  Colorado S ta t e  
University, Department of Chemistry. 

DISCUSSION A N D  RESULTS 
Rate data on coal 

Rates of conversion t o  THF- 

As early as  1920, Bergius (1) recognized t h a t  

Fischer ( 7 )  and his co-workers a t  the  Bureau of Mines in Bruceton developed 

This concept was expanded and grea t ly  elaborated upon by Given 

Recently, Furlong e t  a l .  ( 1 2 )  studied the use of 

A s e r i e s  of bituminous coals from the OOElPenn S ta t e  sample bank were hydrogen- 

Details of the run proce- 

Table 1 

Coal samples 

Curie p o i n t  wires composed of Ni (510 C f i na l  

u conversion t o  THF-solubles was reduced using a pseudo-second 
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order kinetic model of the form: 

Here kf and k r  (with uni t s :  mass f rac t ion  . min-’) a r e  the forward and reverse ra te  
constants fo r  the reaction: 

kf 
C,P 

kr  
As previous?y, coal ( C )  i i as  deftried in these expressions as THF-insoluble organic 
matter, which included unreacted coal as  well as  high-molecular-weight moieties and 
coke produced by f ree  radical recombination and condensation reactions.  
was defined a s  a l l  products soluble i n  THF. 

materials,  the mass balance may be rewrit ten as  a function of the conversion: 

Parameter P 

Using conversion ( X )  defined a s  the f rac t ion  of coal reacted t o  THF-soluble 

Here C = 1 - X, P = X,  and K ,  t he  equilibrium constant for  the reaction, i s  given by 
k f l  k r  . 
l inear  arameter estimation methods ( 1 6 )  t o  obtain values f o r  the parameters kf and 
kr  in t!e second-order model. 
equilibrium constant K. 
soluble materials (X(60)).  

plotted against  kinetic r eac t iv i ty  ( k f )  a r e  shown in Figure 1. 
the correlation i s  one o f  increasing r eac t iv i ty  with increasing a l ipha t i c  t o  aromatic 
carbon ra t io .  This was t o  be expected, as  i t  has been well established t h a t  the more 
a l ipha t ic  coals convert more readi ly  i n  comparison with the more aromatic coals.  The 
correlation with r a t e  of conversion (Figure 1 )  i s  f a i r l y  good, thus substantiating 
the importance of a l ipha t i c  carbon-carbon bonds in coal hydrogenation. Aliphatic/ 
aromatic carbon r a t i o  a l so  cor re la tes  f a i r l y  well with extent of reaction (X(60)),  
but not w i t h  r eac t iv i ty  as  measured by the pseudo-equilibrium constant ( K )  from 
Table 2. Overall however, the cor re la t ion  of a l ipha t i c  t o  aromatic carbon i s  the 
best  w i t h  r eac t iv i ty  as defined i n  a k ine t ic  fashion by the forward r a t e  constant. 

PylMS, and an average spectrum obtained which represented a composite spectrum for 
9 of the 11 coal hydrogenated. Data from PyIMS of the coal s u i t e  were reduced by 
A R T H U R ,  and a s t a t i s t i c a l  fac tor  analysis performed on the  e n t i r e  data s e t .  From 
the  factor ana lys i s ,  4 fac tors  were ident i f ied  which accounted f o r  over 72% of the 
variation i n  the  data s e t .  
were as  follows: 

Data for  each of the 11 coals which were successfully run were processed by non- 

Also i n  Table 2 a re  values fo r  the 60 m i n  conversion t o  THF- 
These d a t a  a r e  given in Table 2 as a r e  values for  the 

Data on the  aliphatic-to-aromatic carbon r a t io s  in the parent coal samples 
With one exception, 

Coals from the r eac t iv i ty  s u i t e  shown in Table 1 were run in t r i p l i c a t e  on the 

The f ac to r s  and the  percent of t o t a l  variation explained 

1 24.3% 24.3% 
2 23.1% 47.4% 
3 14.8% 62.1% 
4 10.0% 72.2% 

These factors were u t i l i zed  in Karhunen Loeve ( K - L )  p lo t s  obtained from ARTHUR,  in 
order t o  ascer ta in  whether any c lus te r ing  in to  r eac t iv i ty  groupings could be obtained. 
As shown in Figure 2, a p lo t  of K-L fac tor  3 vs K-L f ac to r  2 does produce such a 
c lus te r ing ,  w i t h  the higher r eac t iv i ty  coals i n  the s u i t e  f a l l i ng  towards the upper 
r igh t  hand corner of the  p lo t ,  and the less  reactive coals clustering in the lower 
l e f t .  
rapid screening tool f o r  coal r eac t iv i ty .  

f ac to r ,  and composite spectra calculated which demonstrate relationships between 
chemical moieties i n  the spectrum a n d  the  chosen fac tor .  Such cor re la t ions  have 

FACTOR VARIATION ACCOUNTED FOR CUMULATIVE VARIATION 

These data may indica te  the u t i l i t y  of pyrolysislmass spectrometry as  a 

The  data set from PyIMS of the  coal su i t e  can be rotated towards any other 
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r e c e n t l y  been repo r ted  by Baldwin (17) on a s u i t e  o f  coa ls  w i t h  a ve ry  broad geo- 
g raph ica l  and rank d i s t r i b u t i o n .  F u r t h e r  a n a l y s i s  o f  t h i s  da ta  s e t  was performed 
by r o t a t i n g  t h e  composite spec t ra  towards r e a c t i v i t y ,  w i t h  r e a c t i v i t y  def ined i n  
each of t he  th ree  manners l i s t e d  above (kf,  X(60), and K). The r e s u l t s  of these 
analyses are presented i n  F igu res  3-5. 
Seems t o  be when r e a c t i v i t y  i s  d e f i n e d  as a k i n e t i c  r e a c t i v i t y .  
t h a t  a s t rong p o s i t i v e  c o r r e l a t i o n  e x i s t s  between a homologous s e r i e s  of h igh  molec- 
u l a r  weight  naphthalenes and coa l  r e a c t i o n  r a t e .  F u r t h e r  a n a l y s i s  of PyIMS da ta  s e t  
i s  con t inu ing ,  and w i l l  be presented l a t e r .  
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CHARACTERIZATION OF SHORT CONTACT TIME DISSOLUTION PRODUCTS 
FROM A SERIES OF VITRINITE-RICH COALS 

R a n d a l l  E. Winans, Hsiang-Hui King, Rober t  L. McBeth and Rober t  B. B o t t o  

Chemis t ry  D i v i s i o n ,  Argonne N a t i o n a l  L a b o r a t o r y ,  Argonne, IL 6 0 4 3 9  

The o b j e c t i v e  of t h i s  s t u d y  i s  t o  i d e n t i f y  t h e  t r a n s f o r m a t i o n s  t h a t  occur  i n  
c o a l  o r g a n i c  s t r u c t u r a l  u n i t s  d u r i n g  l i q u e f a c t i o n .  To e n s u r e  t h a t  main ly  pr imary  
r e a c t i o n s  a r e  b e i n g  o b s e r v e d ,  t h e  s t u d y  h a s  f o c u s e d  on s h o r t  c o n t a c t  t ime 
d i s s o l u t i o n  i n  donor  s o l v e n t  media .  It h a s  been  shown by Neavel  t h a t  under SCT 
c o n d i t i o n s  a s i g n i f i c a n t  amount o f  b i t l iminozc  c o a l s  can  be d i s s o l v e d  ( 1 ) .  
Whitehurs t  e t  a l .  hdve r e p o r t e d  an i n  d e p t h  s t u d y  of t h e  SCT r e a c t i o n  on s e v e r a l  
c o a l s .  In o u r  s t u d y  we have examined t h e  r e l a t i o n s h i p  between t h e  c o m p o s i t i o n a l  
parameters  of t h e  c o a l s  and b o t h  t h e i r  r e a c t i v i t y  and product  chemica l  c h a r a c -  
t e r i s t i c s .  Given and h i s  co-workers  examined t h e  e f f e c t s  of c o a l  c h a r a c t e r i s t i c s  on 
l o n g e r  c o n t a c t  t i m e  l i q u e f a c t i o n  ( 3 - 5 ) .  T h i s  work by Given i s  one of t h e  f i r s t  
a p p l i c a t i o n s  of s t a t i s t i c a l  a n a l y s i s  t o  t h i s  t y p e  of problem. Howevcr, e i t h e r  
benzene ( 3 )  o r  e t h y l  a c e t a t e  ( 4 , 5 )  was used t o  e x t r a c t  t h e  p r o d u c t s  and c o n v e r s i o n  
was c a l c u l a t e d  from t h e  weight  o f  t h e  i n s o l u b l e  r e s i d u e .  S i n c e  t h e  benzene 
i n s o l u b l e ,  p y r i d i n e  s o l u b l e  f r a c t i o n ,  o f t e n  c a l l e d  a s p h a l t o l s  o r  p r e a s p h a l t e n e s ,  i s  
a key i n t e r m e d i a t e  i n  t h e  i n i t i a l  s t a g e  of c o a l  l i q u e f a c t i o n  ( 6 , 7 ) ,  we would l i k e  t o  
c o r r e l a t e  t h e  s o l u b i l i t y  i n  hexane ,  b e n z e n e l e t h a n o l ,  and p y r i d i n e  w i t h  c o m p o s i t i o n a l  
parameters .  

We have r e c e n t l y  s t u d i e d  t h e  SCT r e a c t i o n  of s e p a r a t e d  c o a l  m a c e r a l s  (8).  In 
o r d e r  t o  s e p a r a t e  t h e  m a c e r a l s  by d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  i t  was n e c e s s a r y  
t o  d e m i n e r a l i z e  t h e  c o a l s  w i t h  H C 1  and HF and g r i n d  rhem t o  l e s s  t h a n  3 microns .  I t  
h a s  been shown t h a t  m i n e r a l  m a t t e r  e x e r t s  a b e n e f i c i a l  and p o s s i b l y  u n p r e d i c t a b l e  
e f f e c t  on t h e  c o a l  d i s s o l u t i o n  ( 2 , 9 - 1 1 ) .  To examine t h e  e f f e c t s  of t h e  d e m i n e r a l i -  
z a t i o n  and g r i n d i n g ,  a s e r i e s  of 21 o f  t h e  t r e a t e d  u n s e p a r a t e d  c o a l s  were s t u d i e d .  
The o r i g i n a l  raw c o a l s  were o b t a i n e d  from t h e  Penn S t a t e  Coal  Sample Bank. I t  was 
o b s e r v e d  u s i n g  m u l t i v a r i a t e  a n a l y s i s  t h a t  p roduct  s o l u b i l i t y ,  which was used t o  
d e t e r m i n e  c o n v e r s i o n ,  can  be p r e d i c t e d  from l i n e a r  c o m b i n a t i o n s  of c a r b o n ,  hydrogen ,  
d e n s i t y  and e x i n i t e  c o n t e n t .  

A f t e r  c o n s i d e r i n g  t h e s e  r e s u l t s ,  we  f e l t  t h a t  i n  o r d e r  t o  make t h e  s t u d y  more 
c o m p l e t e ,  it would be  u s e f u l  t o  s t u d y  a n o t h e r  set of c o a l s  which had n o t  been  
d e m i n e r a l i z e d .  D r .  R ichard  Neavel  c o n s e n t e d  t o  s u p p l y  us  w i t h  a set of 25  c o a l s  
f rom t h e  Exxon Coal  L i b r a r y .  These s a m p l e s  a r e  e s s e n t i a l l y  "premium" c o a l s  which 
have been  p r o t e c t e d  from o x i d a t i o n  and a r e  homogeneous. The p r e p a r a t i o n  and some of 
t h e  p r o p e r t i e s  have been d e s c r i b e d  ( 1 2 ) .  An a d v a n t a g e  of u s i n g  t h i s  set of c o a l s  i s  
t h a t  o t h e r  s t r u c t u r e  s t u d i e s  a r e  i n  p r o g r e s s  i n  o t h e r  l a b o r a t o r i e s  and i n  t h e  
Fundamental  Chemis t ry  of C o a l s  program a t  ANL. T h i s  i n f o r m a t i o n  w i l l  be u s e f u l  i n  
i n t e r p r e t i n g  t h e  r e s u l t s  from t h e  SCT r e a c t i o n .  

E x p e r i m e n t a l  

SAMPLES A n a l y t i c a l  d a t a  f o r  t h e  d e m i n e r a l i z e d  c o a l s  are g i v e n  i n  T a b l e  1 .  The 
Exxon c o a l s  a r e  d e s c r i b e d  i n  r e f e r e n c e  1 2 .  

SCT REACTION T y p i c a l l y ,  100 mg o f  c o a l  sample  and 300 mg o f  t e t r a l i n  were 
t r a n s f e r r e d  t o  a t h i c k  w a l l  g l a s s  t u b e  f l u s h e d  w i t h  n i t r o g e n ,  s e a l e d ,  and plunged 
i n t o  a p r e h e a t e d  f l u i d i z e d  sand  b a t h  a t  419°C f o r  6 m i n u t e s .  For t h e  d e m i n e r a l i z e d  
c o a l s  60 mg c o a l  and 240 mg of t e t r a l i n  were u s e d .  A f t e r  t h e  g l a s s  t u b e  w a s  c o o l e d  
i n  a i r  and o p e n e d ,  t h e  c o n t e n t s  were washed o u t  w i t h  hexane ,  a g i t a t e d  i n  a n  
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ultrasonic bath, and centrifuged. The supernatant was removed and the insoluble part 
Was washed with three portions of hexane. The hexane insoluble fraction was then 
extracted successively with portions of benzene/ethanol ( 1 : l )  mixture, and 
pyridine. Each insoluble fraction was dried under vacuum at 60°C (80°C for the 
pyridine insoluble fraction) and weighed. Conversion was calculated as follows: 

conversion (X,daf) = ut. of coal - wt. of insoluble fraction 104 wt. of coal (I-% ash) 

The benzene solubility was dropped for the Exxon coals when it was found that 
with the demineralized coals only a few percent more were soluble in benzene 
compared to hexane. 

Approximate molecular weight or size distribution was determined by gel 
permeation chromatography for the benzene-ethanol soluble products for both the 
series of demineralized coals and for the Exxon coals. The samples were eluted with 
THF through a set of three ultra-styragel columns (Waters Associates) having 1,000, 
500 and 100 8, nominal pore diameters respectively. The size exclusion limit was 
approximately 10,000. This set of columns was calibrated using several polymers and 
large nonpolymeric molecules that could be found in coals. The samples were 
detected using a W spectrometer set at 254 nm, and the output digitized and stored 
using a microcomputer (DEC LSI 11/23). The data was further processed on a DEC VAX 
11/780 computer. 

Proton NMR data were obtained on the benzene/ethanol s o l u b l e  product from the 
reactive Exxon coals. Pyridine-d5 was used as the solvent and spectra were obtained 
on a Nicolet 200 MHz instrument. Using the measured areas under the aliphatic and 
aromatic regions, the fraction of aromatic carbons (fa) was determined from the 
Brown-Ladner equation (11 ) .  

RESULTS AND DISCUSSION 

For both sets of coals the first aspect of the data which we examined was the 
relationship between composition of the whole coal and the yield of the soluble 
products. The benzene-ethanol solubility data which was calculated on a wt% of coal 
(dmmf) is shown in Figure 1 as a function of carbon content. A multivariant 
analysis was performed on this data using the Statistical Analysis System (SAS) 
package. The correlations observed for these samples were much poorer than those 
obtained for the set of demineralized coals. Some representative R2 values are 
given for a selected combination of variables. 

Hexane Benzene /E t O H  Pyridine 
DC Exxon DC Exxon DC Exxon - - __ - ~ 

C 0.919 
C,H 0.957 

0.781 0.843 0.130 0.565 0.027 
0.841 0.918 0.490 0.781 0.477 

DC = demineralized coals. 

A plot of predicted and observed benzene-ethanol solubility is shown in Figure 2 .  
This difference found between the two sets of coals may be due to at least two 
reasons. First, the Exxon coals were not demineralized, and the effects of mineral 
matter on SCT dissolution may be critical and unpredictable. It should be 
emphasized that the Exxon coals were processed to give low mineral matter content 
and in the multivariant analysis, inclusion of the high mineral matter coals did not 
significantly affect the analysis. Secondly, there is a difference in particle 
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s i z e ,  which should  i n f l u e n c e  t h e  v a r i a t i o n s  i n  y i e l d s  t o  a lesser d e g r e e .  One would 
e x p e c t  t h e  s m a l l e r  p a r t i c l e  s i z e  samples  t o  g i v e  a h i g h e r  s o l u b i l i t y ,  hu t  i t  i s  
d i f f i c u l t  t o  deduce why t h e  d i f f e r e n c e  i n  c o r r e l a t i o n  w i t h  c o m p o s i t i o n  r e s u l t s .  I t  
h a s  been  r e p o r t e d  by W h i t e h u r s t  et a l .  ( 2 )  t h a t  d e m i n e r a l i z a t i o n  i n c r e a s e s  y i e l d s  a t  
s h o r t  c o n t a c t  t i m e s  e s p e c i a l l y  f o r  lower  r a n k  c o a l s .  

It i s  a p p a r e n t  from F i g u r e  1 t h a t  f o r  t h e  lower  rank  c o a l s  t h e  d e m i n e r a l i z e d  
ones  are more r e a c t i v e  t h a n  t h e  u n t r e a t e d  c o a l s .  T h i s  c o u l d  a c c o u n t  f o r  t h e  more 
p r e d i c t a b l e  behavior  w i t h  rank  of t h e  d e m i n e r a l i z e d  c o a l s .  For t h e  Exxon c o a l s  i n  
t k i s  s t u d y  and as h a s  been shown i n  o t h e r  s t u d i e s  ( 2 )  t h e  lower  r a n k  c o a l s  a r e  less 
r e a c t i v e  under  SCT c o n d i t i o n s  compared cu t h e  h i g h  v o l a t i l e  h i t u m i n o u s  c o a l s .  

V a r i a t i o n s  observed  i n  m o l e c u l a r  s i z e  d i s t r i b u t i o n  as a f u n c t i o n  of composi t ion  
a p p e a r s  to be more s i m i l a r  between t h e  t w o  sets of c o a l s .  A r e l a t i v e  m o l e c u l a r  
weight  o r  s i z e  d i s t r i b u t i o n  was o b t a i n e d  f o r  a l l  t h e  c o a l  p r o d u c t s  under  i d e n t i c a l  
c o n d i t i o n s .  The a b s o l u t e  v a l u e s  d e t e r m i n e d  f o r  t h e  m o l e c u l a r  w e i g h t s  cannot  be 
t r u s t e d  f o r  c o a l  d e r i v e d  materials.  However, compar isons  of t h e  r e s u l t s  f rom c o a l  
p r o d u c t s  run  under  s t a n d a r d  c o n d i t i o n s  c a n  be u s e f u l .  An example of one of t h e  
chromatograms is shown i n  F i g u r e  3 .  Most of t h e  chromatograms had i n f l e c t i o n  p o i n t s  
a t  m o l e c u l a r  w e i g h t s  of a p p r o x i m a t e l y  300 and 700. A l l  of t h e  chromatograms were 
d i v i d e d  i n t o  t h r e e  a r e a s  a t  0-300, 300-700, and 700-10,000, and t h e  r e l a t i v e  a r e a s  
of t h e  t h r e e  r e g i o n s  d e t e r m i n e d .  

In t h e  i n i t i a l  SCT s t u d y  of t h e  m a c c r a l  c o n c e n t r a t e s ,  i t  was observed  t h a t  t h e  
a v e r a g e  m o l e c u l a r  weight  d e c r e a s e d  w i t h  d e c r e a s i n g  c o n v e r s i o n  (8 ) .  I n  b o t h  s e t s  of 
whole c o a l s  t h i s  t r e n d  i s  f o l l o w e d .  I n  o r d e r  t o  l o o k  a t  t h e  r e s u l t s  i n  a more 
q u a n t i t a t i v e  way, p r i n c i p a l  component a n a l y s i s  h a s  been a p p l i e d  t o  t h e s e  d a t a .  This  
a p p r o a c h  has been e l o q u e n t l y  d e s c r i b e d  by Yarzab  e t  a l .  ( 4 ) .  The o b j e c t i v e  of t h i s  
a n a l y s i s  i s  t o  i d e n t i f y  v a r i a b l e s ,  such as o r i g i n a l  c o a l  composi t ion  and m o l e c u l a r  
w e i g h t  d i s t r i b u t i o n s ,  which change i n  a p a r a l l e l  f a s h i o n .  The v a r i a b l e s  t h a t  meet 
t h i s  c r i t e r i a  a r e  a s s i g n e d  t o  a “ f a c t o r ” .  A c o e f f i c i e n t  i s  c a l c u l a t e d  f o r  e a c h  
v a r i a b l e  i n  each  f a c t o r .  The c l o s e r  t h e  c o e f f i c i e n t  o r  l o a d i n g  i s  t o  f l . O  t h e  
b e t t e r  t h e  v a r i a b l e  c o r r e l a t e s  w i t h  t h a t  f a c t o r .  Loadings  w i t h  o p p o s i t e  s i g n s  
i n d i c a t e d  t h a t  t h e s e  p r o p e r t i e s  are i n v e r s e l y  c o r r e l a t e d .  

The r e s u l t s  o f  t h e  p r i n c i p l a l  component a n a l y s i s  a r e  shown i n  T a b l e s  2 and 3 
f o r  t h e  d e m i n e r a l i z e d  and Exxon c o a l s  r e s p e c t i v e l y .  C o e f f i c i e n t s  of l e s s  t h a n  f0.5 
have  been l e f t  ou t  s i n c e  t h e y  are less s i g n i f i c a n t  and i t  makes i t  e a s i e r  t o  s e e  t h e  
c o r r e l a t i o n s .  I n  b o t h  s e t s  of d a t a  t h e  carbon c o n t e n c  is d i r e c t l y  c o r r e l a t e d  w i t h  
t h e  LMW band and i n v e r s e l y  w i t h  t h e  HMW. The r e v e r s e  is t r u e  f o r  t h e  oxygen c o n t e n t  
and f o r  t h e  Exxon s e t ,  v o l a t i l e  m a t t e r ,  which i n v e r s e l y  c o r r e l a t e s  w i t h  LMW and 
d i r e c t l y  w i t h  HMW. The MEW band is i n d e p e n d e n t  of any of t h e  v a r i a b l e s  used i n  t h i s  
a n a l y s i s  and was a s s i g n e d  t h e  4 t h  and l e a s t  s i g n i f i c a n t  f a c t o r .  The v a l u e s  a t  t h e  
bot tom of e a c h  t a b l e  i n d i c a t e  t h e  c o n t r i b u t i o n  made by e a c h  f a c t o r  i n  e x p l a i n i n g  
v a r i a n c e  observed .  It a p p e a r s  t h a t  t h e  m o l e c u l a r  d i s t r i b u t i o n  of t h e  p r o d u c t s  i n  
SCT d i s s o l u t i o n  is a f u n c t i o n  of rank .  A p l o t  of t h e  h i g h  m o l e c u l a r  weight  a r e a  a s  
a f u n c t i o n  of carbon c o n t e n t  i n  F i g u r e  4 a p p e a r s  t o  c o n f i r m  t h i s  o b s e r v a t i o n .  

The f a  v a l u e s  were d e t e r m i n e d  by NMR f o r  t h e  benzene-e thanol  s o l u b l e s  from t h e  
Exxon c o a l s .  FactOK a n a l y s i s  i n d i c a t e d  t h a t  t h e  f a  v a l u e s  i n v e r s e l y  c o r r e l a t e d  w i t h  
hydrogen c o n t e n t  of t h e  c o a l s  and w i t h  s o l u b i l i t i e s  i n  b o t h  benzene-e thanol  and 
p y r i d i n e .  A p l o t  of f a ’ s  a s  a f u n c t i o n  of hydrogen c o n t e n t  is shown i n  F i g u r e  5. 
These r e s u l t s  i n d i c a t e  a problem w i t h  u s i n g  s o l u b i l i t y  t o  d e t e r m i n e  c o n v e r s i o n .  As 
e x p e c t e d  t h e  more a l i p h a t i c  p r o d u c t s  t e n d  t o  be more s o l u b l e .  The same amount of 
bond c l e a v a g e  i n  a more a r o m a t i c  c o a l  could  have  a lower  y i e l d  by s o l u b i l i t y .  Prom 
t h i s  a n a l y s i s  i t  could  be e x p e c t e d  t h a t  f a  v a l u e s  of t h e  p r o d u c t s  s h o u l d  
a p p r o x i m a t e l y  f o l l o w  t h e  s o l u b i l i t y .  T h i s  is what i s  observed  i n  l:is:urc? 6 .  
N t h o u g h  t h e r e  is s i g n i f i c a n t  s c a t t e r  i n  t h e  p o i n t s  t h e  t r e n d  i s  a p p a r e n t .  
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Conclus ions  

Apparent ly  y i e l d s  from sc'r d i s s o l u t i o n  o f  f i n e l y  g r o u n d ,  d e m i n e r a l i z e d  c o a l s  
c a n  be more a c c u r a t e l y  p r e d i c t e d  t h a n  w i t h  t h e  d i s s o l u t i o n  of raw c o a l s .  G r o s s  
p r o d u c t  chemica l  c h a r a c t e r i s t i c s  do not  seem t o  d i f f e r  t o  a la rge  e x t e n t .  P r e s e n t l y  
we  a r e  examining  more d e t a i l e d  chemica l  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  p r o d u c t s  
u s i n g  p y r o l y s i s  mass s p e c t r o m e t r y  w i t h  p r e c i s e  mass measurements .  
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TABLE 1 

A n a l y t i c a l  Da ta  f o r  Demine ra l i zed  Coals 

Coal %Ca %Ha %Na %Sa % O a g b  %Ash %Ec %Vc %Ic Dens i ty  

PSOC-106 

PSOC-107 

PSOC-124 

PSOC-151 

PSOC-236 

PSOC-240 

PSOC-268 

PSOC-285 

PSOC-297 

PSOC-380 

PSOC-403 

PSOC-409 

PSOC-592 

PSOC-594 

PSOC-629 

PSOC-852 

PSOC-975 

PSOC- 10 05 

PSOC-1109 

u1 

S IU- 744A 

SIU-744B 

80.0 4.4 1.3 0.8 13.5 

78.7 4.7 1.5 0.4 14.7 

82.8 6.9 1.2 1.0 8.1 

75.0 4.9 0.8 0.4 18.9 

86.9 4.6 1.9 0.5 6.1 

67.5 5.0 1.2 1.7 24.6 

83.5 4.9 1.4 1.1 9.1 

77.5 4.9 1.4 4.4 11.8 

79.7 5.6 1.7 1.6 11.4 

89.5 3.4 1.1 0.6 5.4 

85.7 4.8 1.8 0.5 7.2 

87.1 4.2 1.9 1.5 5.3 

77.4 4.9 1.3 2.0 14.4 

75.0 4.8 1.2 2.7 16.3 

91.0 3.2 0.8 0.7 4.3 

75.3 5.0 1.7 0.4 17.6 

69.0 4.6 1.0 0.5 24.9 

69.6 4.5 0.9 0.4 24.6 

70.9 6.6 1.6 1.5 19.4 

77.3 5.7 1.5 0.7 14.8 

81.4 4.7 1.3 0.8 11.8 

82.2 5.1 1.4 0.8 10.5 

0.4 19.0 35.1 45.9 

0.1 13.1 69.5 17.3 

1.2 56.5 14.6 28.8 

0.3 5.5 83.9 10.5 

0.2 0.2 95.6 4.2 

0.4 4.4 92.1 3.5 

0.4 7.2 82.4 10.4 

3.3 3.0 91.5 5.6 

1.4 19.0 62.8 18.2 

0.2 0 88.6 11.4 

0.2 2.4 91.6 6.0 

1.1 6.5 86.9 6.6 

0.4 12.5 53.0 34.4 

0.5 5.1 88.5 6.6 

0.8 0 90.6 9.4 

0.0 1.9 94.0 4.2 

0.2 4.6 91.6 4.0 

0.0 1.6 95.5 2.9 

1.3 70.7 21.4 7.8 

1.0 10.2 85.2 4.6 

0.1 4.6 93.8 1.6 

0.3 15.4 71.0 13.6 

1.328 

1.301 

1.195 

1.322 

1.280 

1.376 

1.275 

1.276 

1.285 

1.357 

1.287 

1.317 

1.316 

1.322 

1.401 

1.309 

1.393 

1.405 

1.228 

1.244 

1.300 

1.271 

a d r y  and a s h  f r e e  b a s i s .  

bby d i f f e r e n c e .  

C 
E = e x i n i t e ,  V = v i t r i n i t e ,  I = i n e r t i n i t e .  
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TABLE 2. DEMINERALIZED COALS, VARIbL4X KOTATED FACTOR PATTERN 
FOR PRODUCT MOLECULAR WEIGHT DISTRIBUTION 

Fac to r  1 Fac to r  2 

Carbon 
Hydrogen 
Su l fu r  
Oxygen 
Nitrogen 
HMW 
MMW 
LMW 
Density -0.91986 
Ex in i t e  0.85784 
V i  t r i n i  t e  -0.72136 
I n e r t i n i t e  0.86206 
Pyridine s o l .  0.89258 

-0.80550 
0.119706 

0.73940 
0.85843 

-0.81678 
0.90740 

-0.96976 

Fac to r  3 Fac to r  4 -~ 

0.94011 

Variance explained by each f a c t o r :  
Fac to r  1, 4.836022; Fac to r  2 ,  3.347514; Fac to r  3 ,  1.793194; Fac to r  4 ,  1.681776 

TABLE 3. EXXON COAL VARIMAX ROTATED FACTOR PATTERN FOR PRODUCT 
ElOLECULAK GIEIGRT DISTRIBUTION 

Fac to r  3 Factor  4 - -  Fac to r  1 Fac to r  2 

Carbon 
Hydrogen 
S u l f u r  
Oxygen 
VM 
MM 
I n e r t  
HMW 
MMW 
LMW 

-0.85545 
0.91672 
0.65336 

0.79685 
0.53082 

0.89 172 

0.91429 

-0 .a8076 

0.93145 
0.70451 

0.96824 

Variance Explained by Each Fac to r :  Fac to r  1, 3.980301; Fac to r  2 ,  2.006584; 
Fac to r  3 ,  1.756227; Fac to r  4 ,  1.258782 

13 



Figure 1. Product solubility In benzene-ePhanoU as 
a function of carbon content. 
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Figure 2. Predicted benzene-ethanol solubllltles from 
multivarient least squares analysis using C and H content. 
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Figure 3. GPC of the benzene-ethanol soluble portion 
from a demineralized coal(psoc 107 ). 

Figure 4. The change in relative amounts of high molecular 
species with carbon content of the coals. 
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Figure 5. Variation of the fa of benzene-ethanol 
solubles with hydrogen content for Exxon coals. 
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Figure 6. Variation of fa with benzene-ethanol solubility 
for the Exxon coals. 
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CHANGES IN HYDROGEN UTILIZATION WITH TEMPERATURE 
DURING DIRECT COAL LIQUEFACTION 

D.H. Finseth, B.C. Bockrath, D.L. Cillo, E.G. Illig, 
R.F. Sprecher, H.L. Retcofsky, and R.G. Lett 

Pittsburgh Energy Technology Center 
P . O .  Box 10940 

Pittsburgh, PA 15236 

INTRODUCTION 

The role of hydrogen is of particular interest in direct coal-conversion 
chemistry. The presence of high pressure gaseous hydrogen is beneficial in virtu- 
ally any direct conversion experiment, even under low severity conditions where the 
net hydrogen incorporation is nil. The hydrogen chemistry is extremely important in 
process design due to the large impact of  hydrogen consumption on the process 
economics. An ideal process would consume a minimum of hydrogen while breaking the 
coal into soluble fragments. A reliable means of monitoring the major pathways of 
hydrogen utilization, in contrast to only measuring net hydrogen consumption, would 
be very useful for process optimization. The goal of this work was to develop an 
analytical approach for quantitatively distinguishing hydrogen consumed in hydrogen- 
ation from that utilized to stabilize thermolysis fragments. 

The current view on the involvement of hydrogen in coal liquefaction is that it 
is consumed in direct hydrogenation and in the "capping" of thermolysis fra9ments.l 
In the capping mode, the hydrogen may be transferred by means of solvent interme- 
diates such as hydroaromatics. The direct hydrogenation of aromatics is reasonably 
well understood, but the mechanism o f  hydrogen transfer is less clear. Upon hoinoly- 
tic thermolysis of a labile bond in the feed slurry, two free radicals are formed, 
which then stabilize by abstraction of hydrogen from nearby groups, by 
rearrangement, or by coupling. Rearrangement and coupling reactions of radicals can 
often result in hydrogen being eliminated from the fragment rather than consumed by 
it. In the complex, high molecular weight, slurry environment, all these routes to 
radical stabilization are accessible. 

If coals were simple solid hydrocarbons (CxH ) without mineral matter or 
heteroatoms, there would be little interest in liquefaction, since a major goal of 
liquefaction is the removal of N, 0, S, and mineral matter from the coal. 
Heteroatom removal is one of the most important roles for hydrogen in coal 
liquefaction, and it can be considered a subcategory of the thermolysis stabili- 
zation reactions just described. 

Experimental evidence shows that the simple picture of bond thermolysislradical 
stabilization outlined above is a gross oversimplification of direct coal conversion 
chemistry. In liquefaction experiments under an atmosphere of deuterium, the label 
is found in virtually all positions in the product. Positions a to aromatic rings 
are usual1 f preferred, but a significant portion of the label appears in aromatic 
positions. The methane produced also contains significant concentrations of 
deuterium, and dideuteromethane often ~redominates.~ The presence of coal strongly 
catalyzes isotopic scrambling in a number of model systems.4 These results are 
difficult to rationalize using the very simple model for hydrogen utilization. 

Reference in this report to any specific commercial product, process, or service is 
to facilitate understanding and does not necessarily imply its endorsement or 
favoring by the United States Department of Energy. 
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Also, cons ide rab le  convers ion  o f  coa l  t o  s o l u b l e  products  can occur under m i l d  con- 
d i t i o n s  where no n e t  hydrogen i s  consumed. I n  t h i s  case, any hydrogen consumed must 
be compensated f o r  w i t h i n  t h e  s l u r r y  system. The a b i l i t y  o f  coa l  t o  a c t  as a 
hydrogen donor i s  w e l l  documented.5 

I n  a r e a l i s t i c  d i r e c t  conve rs ion  process, t he  d i s t i n c t i o n  between coa l  and 
so l ven t  i s  somewhat a r t i f i c i a l .  The s l u r r y  v e h i c l e  i n  a cont inuous u n i t  operat ing 
a t  a s teady s t a t e  i s  a s u b f r a c t i o n  o f  t he  p roduc t  f rom a p rev ious  cyc le ,  making i t  
impossib le  t o  c l e a r l y  d i s t i n g u i s h  "so l ven t "  from p roduc t  o i l  i n  the reac to r  
e f f l u e n t .  There i s  s u b s t a n t i a l  evidence t h a t  s o l v e n t  q u a l i t y  i s  enhanced by  i n c l u -  
s i o n  o f  c e r t a i n  h i g h  mo lecu la r  we igh t  components.6 The s o l v e n t  i n  these systems i s  
i n t i m a t e l y  i n v o l v e d  as a r e a c t a n t  and n o t  as a n e u t r a l  d i l u e n t .  Thus, i t  may be 
p r e f e r a b l e  t o  cons ide r  the  t o t a l  feed s l u r r y  as a r e a c t a n t  m i x t u r e  r a t h e r  than as 
c o a l  p l u s  so l ven t .  

Formulat ion o f  A n a l y t i c a l  Approach 

The f a c t  t h a t  i t  i s  d i f f i c u l t  t o  understand t h e  d e t a i l e d ,  mo lecu la r - l eve l  
mechanism o f  hydrogen i n c o r p o r a t i o n  i n  complex l i q u e f a c t i o n  systems does not  
prec lude improvements i n  unders tand ing  t h e  n e t  chemist ry .  I t  i s  reasonable t o  
assume t h a t  hydrogen consumption w i l l  i n v o l v e  e i t h e r  hydrogenat ion o r  bond sc i ss ion  
reac t i ons .  Conversely, bo th  a romat i za t i on ,  t h e  reve rse  o f  hydrogenation, and 
condensation, t h e  reve rse  o f  bond sc i ss ion ,  are p o t e n t i a l  sources o f  hydrogen. 
Exchange and i s o m e r i z a t i o n  r e a c t i o n s  do n o t  a f f e c t  t he  n e t  hydrogen balance. 

Since s t o i c h i o m e t r i e s  o f  t h e  two c lasses o f  hydrogen i n c o r p o r a t i o n  reac t i ons  
d i f f e r ,  i t  i s  p o s s i b l e  t o  c o n s t r u c t  a model t h a t  d i s c r i m i n a t e s  between t h e  two. 
Such a model r e q u i r e s  d e t e r m i n a t i o n  o f  t h e  change i n  t o t a l  hydrogen, the  change i n  
aromatic hydrogen, and t h e  number o f  hydrogens inco rpo ra ted  d u r i n g  bond cleavage. 
The r e l a t i o n s h i p  between these q u a n t i t i e s  w i l l  be expressed as 

H where arotal i s  the t o t a l  change i n  hydrogen, 

H kleavage i s  the hydrogen consumed i n  bond cleavage, and 

H qyD i s  the hydrogen consumed i n  hydrogenat ion o f  the s l u r r y .  

Th i s  r e l a t i o n s h i p  desc r ibes  o n l y  t h e  r e a c t i o n s  o f  hydrogen w i t h  the  o rgan ic  p o r t i o n  
o f  t he  feed s l u r r y .  Focusing a t t e n t i o n  o n l y  on t h e  o rgan ic  r e a c t i o n s  a l l e v i a t e s ,  t o  
some extent ,  problems i n  t h e  i n t e r p r e t a t i o n  of  t o t a l  hydrogen balances. I n  t o t a l  
hydrogen balance c a l c u l a t i o n s ,  i t  i s  impossib le  t o  d i s t i n g u i s h  H2S and H20 a r i s i n g  
f rom o rgan ic  r e a c t i o n s  f rom those produced by i no rgan ic  sources i n  the coa l .  
A l though NH3 presents  l ess  of a problem, some ammonia may be l i b e r a t e d  f rom c e r t a i n  
c l a y s  upon hea t ing .  The a n a l y t i c a l  problems assoc ia ted  w i t h  measuring sma l l  changes 
i n  t h e  huge excess of gaseous hydrogen no rma l l y  p resen t  under d i r e c t  convers ion con- 
d i t i o n s  are a l s o  e l im ina ted ,  s i n c e  o n l y  carbonaceous products  a re  analyzed. 

Assuming t h a t  t h e  t o t a l  change i n  hydrogen ( {  tal), can be determined by c l a s -  
s i c a l  elemental ana lys i s ,  t hen  a method f o r  measuri%g e i t h e r  t h e  hydrogen consumed 
upon hydrogenat ion o r  bond c leavage i s  needed t o  use Equat ion 1. Since no s a t i s -  
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factory method is available to count bonds before and after reaction in a koa1 
liquefaction system, it is necessary to concentrate on determination Of A 
Although research efforts are underway to determine hydrogen speciation in S b Y B i  
Coals, it is doubtful that any of the current methods are sufficiently quantitative 
for the present purpose.7 One analytical tool that can be applied with reasonable 
confidence to both solids and liquids is 1% nuclear magnetic resonance (NMR). 
Fortunately, it provides an indirect measurement of the hydrogen consumed in 
hydrogenation. Hydrogenation of organics results in incorporation of one hydrogen 
for every carbon reduced. Thus if a sample is hydrogenated without structural 
changes from an aromaticity of 0.80 to 0.70, then 10 carbons per 100 have been 
reduced and 10 hydrogens have been incorporated. The ratio of 1 hydrogen per carbon 
reduced does not hold exactly if there is significant reduction of aromatic nitrogen 
heterocycles, but the 1:l stoichiometry is a good approximation if these reactions 
can be neglected. Combining elemental analysis and 13C NMR data, the amount of 
hydrogen consumed in bond scission can be determined by difference. 

Bond scission can be further divided into three categories, those resulting in 
(1) heteroatom elimination as H20, HpS, or NH3, ( 2 )  C1-C4 hydrocarbon gas produc- 
tion, and ( 3 )  breakdown of the coal matrix to yield nonvolatile (solid or liquid) 
products. 

, 

1 

( 2 )  H H 
kleavage = 40s + a ~ l - c i  + 4atrix 

If a quantitative measure of the hydrogen used in these three bond scission modes 
can be obtained, it would be very useful in monitoring changes in liquefaction 
chemistry with reactor conditions such as temperature, pressure, catalyst, residence 
time, and feed composition. 

I n  many respects, the direct conversion reactor is an inefficient coal gasifier 
that converts 5 2 0 %  of the coal to C1-C4 hydrocarbons while producing a by-product 
liquid (20-801) .  Since C1-C4 hydrocarbon gases usually constitute a significant 
product stream, they must be carefully analyzed if the approach just described is to 
succeed. If accurate gas analyses are available and it i s  assumed that all hydro- 
carbon gases are generated by cleavage of alkyl substituents from aromatics, an 
estimate of  the hydrogen consumed in gas production can be obtained. One mole of 
hydrogen is incorporated for every mole of light gas formed. 

The most difficult term to evaluate in Equation 2 is , the hydrogen 
consumed in heteroatom removal. The difficulty arises because $Ps the variety of 
heteroatomic structures present and the different hydrogen stoichiometries involved 
in their elimination. If the organic sulfur in the feed slurry can be assumed to be 
primarily thiophenic, two hydrogens are incorporated per sulfur removed as H2S: 

Removal of heterocyclic nitrogen proceeds through the fully hydrogenated nitrogenous 
ring system (5 -  or 6-1nembered).~ There is a net incorporation of one hydrogen per 
nitrogen eliminated: 
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If amine functions exist in the feed, elimination of one amine nitrogen actually 
decreases the hydrogen content by one hydrogen: 

If the discussion is confined to bituminous coals, the majority of the organic 
oxygen will reside in either phenolic or ether structures.9 Removal of ether oxygen 
results in the net incorporation of two hydrogens per oxygen removed, and removal o f  
phenolic oxygen results in no net change in hydrogen: 

H 
R-0-R' LR- H + H R /  + H ~ O  A 

Under mild conditions where only minimal heteroatom removal occurs, the question of 
hydrogen stoichiometry is unimportant. However, under severe processing conditions 
significant heteroatom reduction can occur and an average stoichiometry must be 
assigned. For the present purposes, it has simply been assumed that on the average 
one hydrogen is incorporated into the carbonaceous product per heteroatom removed 
from the organic portion of the feed slurry. 

Combining Equations 1 and 2 yields 

The term hi can be determined by difference. Using Equation 3, only elemental 
analyses, ot? aromaticities, and quantitative gas analyses are required to parti- 
tion the hydrogen consumption into that used in gas production, hydrogenation, 
heteroatom removal, and matrix bond cleavage. In reactions producing significant CO 
or Cop, a correction must be applied to Equation 3, but in the experiments described 
below, both CO and CO2 were negligible. 

Experimental 

The model just described was initially applied to a single steady-state period 
800 hours into a long-term liquefaction experiment (FB-62) 8n the 400 lblday coal 
liquefaction unit at PETC.10 The unit was operated at 450 C under 4,000 psig H2 
pressure while feeding a 35% slurry of  West Virginia (Ireland Mine) HvAb coal in 
centrifuged liquid product from a previous period of the run. Subsequently, a 
series of liquefaction runs on a 10 lblday continuous coal liquefaction unit at PETC 
was investigated.ll In the latter unit, a 40% coal slurry prepared from Homestead, 
Kentucky, HvAb coal and centrifuged liquid product produced from the same coal in 
the 401) lb/day unit was liquefied under 2000 psig H2 at programmed temperatures 
between 375OC and 45OoC. More recently, two series of experiments have been studied 
involving liquefaction of reactive (Illinois No. 6 )  and refractory (Blacksville 
No. 2) coals in the presence of SRC-I1 distillatg in a stirred autoclave under 
2000 psig H2 over the temperature range 300 C to 450 C. 

Elemental analyses of the organic material in the feed slurries were obtained 
from separate analyses of the vehicles and coal. Elemental analyses of the vehicles 
were done by classical microanalytical procedures, including direct oxygen 
determinations. The feed coals were analyzed by both microanalytical and standard 
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I ASTM coal methods for moisture, ash, and sulfur forms. Product gases were analyzed 
t by low resolution mass spectrometry of grab samples and gas chromatography. The 
I products were split by Soxhlet extractions into methylene chloride soluble and 

insoluble fractions, which were then analyzed separately. The carbon aromaticity 
change across the reactor was determined by 1 3 ~  NMR, using the CP/MAS techique on 
the insoluble fractions and high resolution 1% NMR in CD2C12 for the soluble 
fractions. 

Results and Discussion 

A comparison of the net changes in composition of the feed slurry and total 
product for Run FB-62 on the 400 lblday unit is presented in Table 1. Combined with 
the gas make (8 wt% maf), the data in Table 1 allow application of Equation 3 to 
determine the modes of net hydrogen utilization in the reactor shown in Table 2. 

L 
I 

Table 1. Analysis of feed slurry and total product, Run FB-62. 

Elemental Analyses 
(atoms/100 carbon atoms) Carbon 

C H N 0 S Aromaticity (fa) 

Feed Slurry 100 96 1.3 4.3 0.8 0.70 
Total Product 100 106 1.3 2.6 0.6 0.67 
Net Change --- +lo 0 -1.7 -.2 -0.03 

Table 2. Net hydrogen utilization in Run FB-62. 

Mode of Hydrogen 
Utilization H Consumed/100 C 

Gas Make 
Heteroatom Elimination 
Hydrogenation 3 
Matrix Cleavage 3 

Total 10 

2 
2 

The results indicate ngarly equal consumption of hydrogen by each of the four path- 
ways considered at 450 C in the 400 lblday unit. 

Products produced at various temperatures in the 10 lblday unit were then 
analyzed to determine if this analytical approach would detect changes in hydrogen 
utilization as reactor conditions changed. A plot of total product aromaticity vs. 
programmed reactor temperature is shown in Figure 1. The actual reactor tempera- 
tures vary somewhat from the programmed temperatures, but for simplicity, Figure 1 
uses the programmed temperature. The three data points at each temperature corres- 
pond to three different hydrogen flow rates (80, 103, and 125 SCF/hr). The spread 
in values at a given temperature arises from experimental errors in the fa determi- 
nation and from sampling errors, as well as any real effect of hydrogen flow rate. 
Current work is being directed toward reduction of the data scatter. In this work 
the data points are all presented with no statistical justification of the indicated 
curve. Since other analyses show little, if any, effect of hydrogen flow rate in 
this range, the fa values at each temperature can be averaged to yield an estimate 
of the actual best value indicated on the plot as a star. 
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The horizontal dashed line in Figure 1 indicates the carbon aromaticity Of the 
slurry feed, obtained as a weighted average of the aromaticities of the slurry 
components. At low temperatures, where no chemical reaction takes place, the 
reactor would simply be mixing the slurry components. At the other extreme in 
temperature (45OoC), the liquid product aromaticity is expected to again approximate 
the value for the solvent, since this is a requirement for steady-state recycle 
operation. Figure 1 indicates that the total aromaticity has nearly returned to the 
slurr solubles) has an aromaticity 
(0.697 that compares well with that of the vehicle (8.68). The most distinctive and 
sur rising feature in Figure 1 is the apparent minimum in the carbon aromaticity at, 
400 C. This minimum suggests very significant changes in product hydrogen distri- 
bution upon going from 375OC to 40OoC. This chznge i s  observed, although there is 
still little net hydrogen incorporation, no gas production, and relatively little 
heteroatom elimination at these temperatures. The only heteroatom lost under these 
conditions is oxygen, and part of this apparent loss may well be due to simple water 
loss rather than elimination of organic oxygen. 

Applying the model to the average fa data in Figure 1 results in the hydrogen 
utilization pattern shown in Table 3. As anticipated, little net hydrogen chemistry 
has occurred at 375OC. The only directly measurable change is the loss of one 
oxygen atom per 100 carbon atoms, requiring one hydrogen from matrix bond formation 
for balance. At 450°C, a hydrogen utilization profile much like that observed for 
Run FB-62 in Table 3 would be expected, and in general, that is what is found. The 
only difference is that the net hydrogenation is apparently less in the smaller 
10 lb/day reactor that was operated a t  the lower hydrogen pressure. The term 
"apparently" should be stressed, since the absolute accuracg of fa measurements on 
such samples is probably no better than 2 0.03. At 400 C, Table 3 indicates a 
significantly higher consumption of hydrogen by hydrogenation, 7 hydrogens/100 
carbons, while the total net hydrogen incorporation is only 3 hydrogens/100 carbons. 
Since 2 hydrogens/100 carbons are consumed in heteroatom removald this indirect 
analysis indicates consumption of 9 hydrogens/100 carbons in the 400 C slurry, while 
elemental analysis indicates an incorporation o f  only 3 hydrogens/100 carbons 
overall. The model then forces assignment of a negative value to matrix cleavage 
consumption, implying that the net change in number of bonds across the reactor is 
an increase. This suggests that under these conditions, internal condensation of 
the slurry components is producing hydrogen that compensates for that consumed in 
bond cleavage, heteroatom removal, and hydrogenation. It must be emphasized that 
this treatment considers only net chemistry, making it impossible to determine if 
the internally produced hydrogen or the hydrogen atmosphere provides the consumed 
hydrogen. 

line at 45OoC, and the liquid product ,(CH2C1 

g 

Table 3. Hydrogen utilization during liquefaction of Homestead, 
Kentucky, coal in the 10 lblday unit. 

Mode of Hydrogen Hydrogens Consumed Per 100 Carbons in Feed 
Consumption 375oc 4OOOC 450OC 

1 

Gas Make 0 0 4 
Heteroatom Removal 1 2 4 
Hydrogenation 0 7 1 
Matrix Cleavage -1 -6 3 

Total 0 3 12 

Ttble 3 indicates that as the temperature of the reactor increases from 4OO0C 
to 450 C, the total hydrogen incorporation per 100 carbon atoms increases dramat- 
ically from 3 to 12, but the net consumption in hydrogenation actually decreases 
from 7 to 1. This effect is probably due t o  increasing hydrogen production via 
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aromatization with increasing temperature. This is not unexpected, Since low 
temperatures tend to favor hydrogenation, while high temperatures favor 
aromatization. Higher temperatures also tend to favor thermolysis Over 
hydrogenation, and this expectation is also confirmed in Table 3, where the net 
bond-breaking consumption (gas make, heteroatom removal, and matrix cleavage) 
changes from -4 hydrogens/100 carbons at 400°C to +11 hydrogens/100 carbons at 
450°C, However, even at 45OoC, only 3 hydrogens/100 carbons are consumed in 
breaking down the slurry matrix bonds. This indicates that bond breaking predomi- 
nates Over condensation by only about 1.5 bonds/100 carbons. 

Using the approach outlined, a reasonable picture of the changes in hydrogen 
utilization with temperature emerges. At low temperature (375OC), physical changes 
and minor internal hydrogen redistribution occur with little net hydrogen chemistry 
and no net consumption. At 4OO0C, there is still only a small hydrogen consumption, 
but there is also evidence of significant internal hydrogen chemistry, with 
hydrogenation and condensation proceeding to approximately the same degree. At high 
liquefaction temperatures, a more conventional view of hydrogen utilization emerges, 
significant net consumption being utilized primarily in bond cleavage reactions, gas 
make, heteroatom removal, and matrix breakdown. 

An additional series of autoclave experiments on the liquefaction of Illinois 
No. 6 and Blacksville No. 2 coals is currently being investigated to determine if 
this approach can distinguish differences in hydrogfn utilization between coals of 
different reactivity over the temperature range 300 C to 450 C. Although analyses 
of these runs are not yet complete, preliminary results indicate there are distinct 
differences between the coals in the product aromaticity versus temperature 
relationship. 

Although the approach presented appears to be useful on the basis of the 
results accumulated to date, a discussion of potential problems is appropriate. 
Analytical errors associated with the various measurements and the assumptions of 
the model both contribute to uncertainty in the results. The NMR determination of 
fa is a prime source of error. For this number to have any utility, all the feed 
and product carbons must be observed and carefully quantified. The problem of 
observing all of the carbon in the soluble material is not too serious if the 
"soluble" material is not colloidal or suspended. If the correct NMR parameters are 
used, the largest source o f  error is then in the integration of peak areas. The 
prob em of quantitatively determining fa for the insoluble fractions, which requires 
the 1%-CP NMR technique, is more serious. This technique will not observe liquid- 
like entrapped material and may not observe carbons that are too far removed from 
hydrogen for the efficient transfer of polarization. The lower inherent resolution 
of the solid phase NMR spectra also introduces a larger error in measurement of 
overlapping peak areas. Another potential source of error is the quantitative 
determination of gas yield and composition. This measurement is important due to 
its large impact on both total hydrogen consumption and net product aromaticity. 
The determination of organic oxygen in coal and coal-derived products is always a 
problem, and errors in this determination translate directly into errors in hydrogen 
in heteroatom removal. The determination of organic sulfur in the feed slurry 
requires distinguishing between organic and mineral sulfur in the coal. 

Conclusions 

' 

I 
The approach outlined yields a rather detailed description of the net utiliza- 

tiori of hydrogen during direct liquefaction, partitioning it into contributions from 
gas generation, heteroatom removal, hydrogenation, and matrix breakdown. 
Preliminary results indicate that internal hydrogen reorganization, with little 
consumption, predominates at low temperatures, with hydrogenation being compensated 
for by the hydrogen liberated in condensations. As the temperature is increased, 
bond cleavage reactions and aromatization reactions appear to become more important, 
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and the net hydrogen consumption increases. Additional studies of the assumptions 
in the model and of uncertainties in the required analytical data are needed to 
critically evaluate the utility of this approach. 
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ABSTRA.CT 

The hexane-so lub le  o i l  f r a c t i o n  o f  t h e  heavy l i q u i d s  p roduced 
f rom t h e  l i q u e f a c t i o n  o f  coa l  u s i n g  t e t r a l i n  donor v e h i c l e  was f r a c -  
t i o n a t e d  by h i g h  p r e s s u r e  l i q u i d  chromatography .  Three f r a c t i o n s  were 
o b t a i n e d :  s a t u r a t e s ,  a r o m a t i c s  and p o l a r s .  Each f r a c t i o n  was i n d i v i -  
d u a l l y  c h a r a c t e r i z e d  v i a  c a p i l l a r y  column gas chromatography/mass 
spec t romet ry .  Severa l  b i n a p h t h y l s  and b i n a p h t h y l  d e r i v a t i v e s ,  p roduc -  
ed f r o m  the  donor  s o l v e n t  t e t r a l i n  under  coa l  l i q u e f a c t i o n  c o n d i t i o n s ,  
were i d e n t i f i e d  i n  t h e  a r o m a t i c  f r a c t i o n .  These a r t i f a c t s  make up an 
i m o r t a n t  f r a c t i o n  o f  t h e  who le  a romat i c  f r a c t i o n .  There i s  a f a i r l y  
c l e a r  tendency  f o r  t h e  c o n c e n t r a t i o n  o f  b i n a p h t h y l s  and de r  
decrease w i t h  i n c r e a s i n g  rank  o f  c o a l .  A s tepw ise  m u l t i  
s i o n a l  a n a l y s i s  shows t h a t  t h e  c l a y  m i n e r a l s  and p y r i t e  
coa l  i n d e p e n d e n t l y  c a t a l y z e  one or  more o f  t h e  t ypes  o f  a r  
ma ti on. 

INTRODUCTION 

P a r t i a l l y  hyd rogena ted  a r o m a t i c  s o l  ven ts  such as t e t r a  
phenanthrenes  and h v d r o w r e n e s  ar'e used as Drocess s o l  ven ts  

v a t i  ves t o  
e r e g r e s -  

i r e s e n t  i n  
i f a c t  f o r -  

in ,  hyd ro -  
i n  s e v e r a l  

c o a l  1 i q u e f a c t i o n  p-roces-ses. An i m p o r t a n t  ' f u n c t i o n  o f  t h e s e  s o l v e n t s  
i s  t o  donate  hydrogen necessa ry  f o r  capp ing  t h e  t h e r m a l l y  p roduced 
f r e e  r a d i c a l s  f rom c o a l  t h e r e b y  p r e v e n t i n g  cha r  fo rma t ion .  The e f f e c t  
o f  hydrogen donor  c o n c e n t r a t i o n  on t h e  convers ion  o f  coa l  t o  THF o r  
p y r i d i n e - s o l u b l e  p r o d u c t s  has been t h r o r o u g h l y  i n v e s t i g a t e d  (1,2) and 
seve ra l  modern a n a l y t i c a l  t e c h n i q u e s  have been a p p l i e d  t o  c h a r a c t e r i z e  
t h e  ensu ing  p r o d u c t s  o f  l i q u e f a c t i o n .  Combined gas chromatography-  
mass s p e c t r o m e t r y  (GC/MS) has been e x t e n s i v e l y  used i n  t h e  c h a r a c t e r i -  
z a t i o n  o f  l i q u e f a c t i o n  p r o d u c t s  f r o m  c o a l  c o n v e r s i o n  processes  (3 -6) .  
However, o n l y  a l i m i t e d  amount o f  work has been done on t h e  i d e n t i f i -  
c a t i o n  o f  a r t i f a c t s  p roduced f rom the  donor  s o l v e n t  i t s e l f  under  t h e  
c o a l  l i q u e f a c t i o n  c o n d i t i o n s  (7 -9 ) .  A knowledge o f  t h e  a r t i f a c t s  
genera ted  from t h e  p rocess  s o l v e n t  w i l l  be v e r y  h e l p f u l  i n  d e v e l o p i n g  
methods f o r  down-stream p r o c e s s i n g  o f  t h e  c o a l - d e r i v e d  l i q u i d s .  I n  
t h i s  paper,  we d e s c r i b e  t h e  i d e n t i f i c a t i o n  o f  t h e  a r t i f a c t s  p roduced 
from a p rocess  u s i n g  t e t r a l i n  as t h e  hydrogen-donor  s o l v e n t  f o r  l i q u e -  
f a c t i o n  o f  c o a l  and t h e  i n f l u e n c e  of  coa l  c h a r a c t e r i s t i c s  on t h e  con- 
c e n t r a t i o n  o f  t h e  a r t i f a c t s  i s  a l s o  d iscussed.  

*Cur ren t  Address: Process Sc iences  D i v i s o n ,  Brookhaven N a t i o n a l  
-______ 

L a b o r a t o r y ,  Upton ,  NY 11973. 
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EXPERIMENTAL 

Coal Samples : 

S e l e c t e d  c h a r a c t e r i s t i c s  o f  t h e  c o a l s  used i n  t h e  l i q u e f a c t i o n  
s t u d i e s  a r e  shown i n  Tab le  1. The s e t  o f  c o a l s  cove rs  a w ide  range o f  
rank  and g e o l o g i c  p r o v i n c e ;  t h e  m i n e r a l  m a t t e r  c o n t e n t  v a r i e s  f rom a 
low o f  6% t o  a h i g h  o f  34% and a w ide  v a r i a t i o n  i n  t h e  s u l f u r  c o n t e n t  
can a l s o  be no ted .  O the r  c h a r a c t e r i s t i c s  o f  t h e  c o a l s ,  such as 
macera ls  c o n t e n t ,  c a l o r i f i c  va lue ,  c o m p o s i t i o n  o f  t h e  m i n e r a l  m a t t e r  
a r e  a v a i l a b l e  f rom t h e  Penn Sta te /DoE c o a l  d a t a  base. The a r o m a t i c i -  
t i e s  were de te rm ined  by  G e r s t e i n ,  e t  a l .  u s i n g  CP-MAS I 3 C  nmr (10) .  

L i q u e f a c t i o n :  

The l i q u e f a c t i o n  runs  were per fo rmed i n  d u p l i c a t e  i n  t u b i n g  bombs 
under  t h e  f o l l o w i n g  c o n d i t i o n s :  2.5 gm c o a l  t 7 m l  t e t r a l i n ,  425OC, 
H2 p r e s s u r e  ( a t  t empera tu re )  1400 p s i ,  30 m in  r e a c t i o n  p e r i o d  and a g i -  
t a t i o n  a t  400 m i n  -1. A f t e r  t h e  gases had been vented ,  t h e  p r o d u c t s  
were r i n s e d  o u t  o f  t h e  r e a c t o r  i n t o  a S o x h l e t  t h i m b l e  w i t h  e t h y l  
ace ta te .  E x t r a c t i o n  was c o n t i n u e d  i n  t h e  S o x h l e t  appara tus  f o r  24 
hours.  A f t e r  e v a p o r a t i o n  o f  t h e  e t h y l  a c e t a t e ,  t h e  r e s i d u e  was we igh-  
ed t o  de te rm ine  t h e  t o t a l  c o n v e r s i o n  and t h e n  mixed w i t h  500 m l  hexane 
and l e f t  t o  s t a n d  o v e r n i g h t ,  a f t e r  wh ich  i t  was f i l t e r e d .  A f t e r  remo- 
v a l  o f  t h e  hexane, t h e  s o l u b l e  p o r t i o n  was d i s t i l l e d  a t  about  70°C and 
5 mm Hg p r e s s u r e  t o  remove naph tha lene  and excess t e t r a l i n  and t h e  
monomeric by -p roduc ts  formed f rom them d u r i n g  t h e  process .  The u n d i s -  
t i l l e d  m a t e r i a l  was weighed and i s  r e p o r t e d  as " o i l " .  

A n a l y t i c a l  Procedures :  

i )  HPLC Separa t i on :  

P r i o r  t o  GC/MS a n a l y s i s ,  g roup t y p e  s e p a r a t i o n  o f  t h e  hexane- 
s o l u b l e  o i l  was pe r fo rmed  u s i n g  a Waters Model ALC/GPC-PO1 HPLC 
(Waters Assoc ia tes ,  M i l f o r d ,  Mass.). The i n s t r u m e n t  c o n t a i n e d  o f  t h e  
f o l l o w i n g  accessory  hardware :  Model 6000A s o l v e n t  d e l i v e r y  system, a 
Model 660 s o l v e n t  programmer, a Model U6K septumless  i n j e c t i o n  system, 
a Rheodyne Model 7010 b a c k f l u s h  v a l v e  and a Model 440 absobance 
d e t e c t o r  w i th  i n t e r - c h a n g e a b l e  UV f i l t e r s .  

T y p i c a l l y ,  20 m i c r o l i t e r  o f  t h e  o i l  was i n j e c t e d  on t o  a semi-  
p r e p a r a t i v e  (8mm I D  X 30 cm l e n g t h )  micro-Rondapak-NH2 column (Waters  
Assoc ia tes ,  M i l f o r d ,  MA.).  The m o b i l e  phase was s p e c t r a l  q u a l i t y  
n-hexane d i s t i l l e d  i n  g l a s s  ( B u r d i c k  and Jackson,  Muskegon, M I )  and a 
f l o w  r a t e  o f  6.0 m l  m i n - l  was used. S a t u r a t e s  a re  n o t  r e t a i n e d  i n  t h e  
column and a r e  e l u t e d  f i r s t  f o l l o w e d  by  a r o m a t i c  hydrocarbons .  P o l a r s  
have g r e a t e r  a f f i n i t y  towards  t h e  s t a t i o n a r y  phase wh ich  makes t h e  
a n a l y s i s  t i m e  l o n g e r .  Hence a f t e r  t h e  e l u t i o n  o f  t h e  a r o m a t i c  hyd ro -  
carbons ,  s o l v e n t  f l o w  t h r o u g h  t h e  column was r e v e r s e d  u s i n g  t h e  back-  
f l u s h  v a l v e  and t h e  e l u t i n g  m a t e r i a l  was c o l l e c t e d  as t h e  p o l a r  f r a c -  
t i o n .  UV d e t e c t o r  response a t  254 nm was reco rded  f o r  t h e  a r o m a t i c  
and p o l a r  f r a c t i o n s .  
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The t h r e e  f r a c t i o n s - - s a t u r a t e ,  a ro ina t i c  and po la r - -were  c o l l e c t e d  
i n  separa te  f l a s k s  and excess  hexane f rom t h e  f r a c t i o n s  was d i s t i l l e d  
o f f  i n  a r o t a r y  e v a p o r a t o r .  F u r t h e r  c o n c e n t r a t i o n  was e f f e c t e d  by 
b low ing  a g e n t l e  s t ream o f  n i t r o g e n  u s i n g  a S i l l i v a p  c o n c e n t r a t o r .  

i i )  GC/MS C h a r a c t e r i z a t i o n :  

I d e n t i f i c a t i o n s  o f  i n d i v i d u a l  components i n  each f r a c t i o n  were 
performed on an i n t e g r a t e d  GC/MS/Computer system. The i n s t r u m e n t  used 
was a F i n n i g a n  Model 4000 a i l tomated E I / C I  mass spec t romete r  equ ipped 
w i t h  a quadrupo le  i o n  d e t e c t o r  and i n t e r f a c e d  w i t h  a F i n n i g a n  Model 
9610 gas chromatograph and a d e d i c a t e d  LSI computer w i t h  16K inemory. 

Severa l  s t a t i o n a r y  phases c o a t e d  on g l a s s  c a p i l l a r y  columns were 
t e s t e d  f o r  t h e i r  a p p l i c a t i o n  wh ich  i n c l u d e d  SP-2100, SP-2250 ( b o t h  
f rom Supe lco  Inc . ,  B e l l e f o n t e ,  Pa.) ,  SE-30, SE-52, SE-54 and D e x s i l  
300 ( a l l  f r om A p p l i e d  Sc ience  Lab., S t a t e  C o l l e g e ,  Pa.). A 30 mete r  
S E - 5 4  ( m e t h y l p h e n y l s i l i c o n e )  s t a t i o n a r y  phase coa ted -g lass  c a p i l l a r y  
column ( f i l m  t h i c k n e s s ,  0.25 m i c r o m e t e r )  was found s a t i s f a c t o r y  f o r  
t h e  ana lyses  o f  b o t h  a r o m a t i c  and p o l a r  f r a c t i o n s .  

i n j e c t o r  tempera-  
t u r e  25OoC; c a r r i e r  gas, he l i um;  f l o w - r a t e ,  1 ml /min .  The sample was 
q u a n t i t a t i v e l y  i n t r o d u c e d  i n t o  t h e  c a p i l l a r y  column by purged s p l i t -  
l e s s  i n . i e c t i o n  t e c h n i a u e  (11) .  The oven temoera tu re  was i n i t i a l l v  

The o p e r a t i n g  c o n d i t i o n s  used f o r  t h e  GC were:  

programmed t o  i n c r e a s e '  f r o m  io0 t o  100°C a t  20°C m i n - l  and t h e n  t o  
300oC a t  5OC min-1 .  

The mass spec t romete r  was opera ted  i n  t h e  e l e c t r o n - i m p a c t  mode 
(70eV e l e c t r o n  energy ) .  Chemical  i o n i z a t i o n  mass s p e c t r a  (methane 
reagen t  gas)  o f  t h e  e l u t i n g  components were o b t a i n e d  when necessary .  
Spec t ra l  d a t a  a c q u i s i t o n  was pe r fo rmed  a t  a p p r o p r i a t e  scann ing  
i n t e r v a l s  and t h e  mass s p e c t r a  were reco rded  on inagnet ic tapes  f o r  
l a t e r  r e t r i e v a l .  S p e c i f i c  compound i d e n t i f i c a t i o n  was made from t h e  
c h a r a c t e r i s t i c  mass s p e c t r a l  s p l i t t i n g  p a t t e r n s .  R e t e n t i o n  t i m e  da ta  
and response f a c t o r s  were o b t a i n e d  f o r  r e p r e s e n t a t i v e  compounds. By 
m o n i t o r i n g  t h e  s p e c i f i c  i o n  c u r r e n t  ( s i n g l e  i o n  m o n i t o r i n g ) ,  d e t e c t i o n  
o f  compounds p r e s e n t  a t  t r a c e  l e v e l s  was c o n s i d e r a b l y  improved. 

RESULTS AND DISCUSSION 

T e t r a l i n  has been w i d e l y  used as a hydrogen donor  s o l v e n t  i n  many 
coa l  l i q u e f a c t i o n  s t u d i e s .  I n  a d d i t i o n  t o  t h e  t r a n s f e r  o f  hydrogen 
from t h e  hyd roa romat i c  r i n g  t o  c o a l  f r e e  r a d i c a l s ,  t e t r a l i n  undergoes 
t h e  f o l l o w i n g  changes under  c o a l  l i q u e f a c t i o n  c o n d i t i o n s :  

1. I s o m e r i z a t i o n :  T e t r a l i n  rea r ranges  ( i s o m e r i z e s )  t o  p roduce 
me thy l i ndans .  T h i s  r e a c t i o n  i s  t e m p e r a t u r e  dependent (12 )  and i s  
c a t a l y z e d  b y  p y r i t e  (13) .  
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2. F ragmen ta t i on :  I n  t h i s  case, t e t r a l i n  decomposes t o  p roduce a 
mix o f  s m a l l e r  mo lecu les  wh ich  i s  m a i n l y  made up o f  a l ky lbenzenes .  
Cur ran  e t  a l .  r e p o r t e d  t h a t  t h e  decompos i t i on  o f  t e t r a l i n  t o  C4 ben- 
zenes was enhanced i n  t h e  p resence  o f  c o a l  e x t r a c t s  (14 ) .  

3. Adduc t ion /Po lymer i za t i on :  From d e u t e r i u m  l a b e l 1  i n g  s t u d i e s ,  
Franz e t  a l .  showed t h a t  b o t h  2 - t e t r a l y l  and 1 - t e t r a l y l  r a d i c a l s  a re  
produced i n  c o m p e t i t i v e  amounts when a l ow- rank  coa l  i s  heated  i n  
t e t r a l i n  (15 ) .  The t e t r a l y l  o r  naph thy l  r a d i c a l  i n t e r m e d i a t e s  can 
r e a c t  w i t h  f r e e  r a c i d a l s  genera ted  f rom c o a l  o r  t hey  can recombine 
among themse lves  l e a d i n g  t o  p o l y m e r i z e d  p r o d u c t s  such as b i n a p h t h y l s  
and t h e i r  d e r i v a t i v e s .  

Var ious  o t h e r  i somers  o f  t h e  above r e p r e s e n t a t i v e  compounds 
p o s s i b l e .  

a re  a l s o  

On t h e  b a s i s  o f  t h e i r  r e s u l t s  f rom t h e  f l a s h  p y r o l y s i s  o f  1- and 
2 - t e t r a l y l  r a d i c a l  p r e c u r s o r s  i n  vacuum, t h e  above a u t h o r s  suggested  
t h a t  t h e  hyd roa romat i c  r a d i c a l  i n t e r m e d i a t e s  'may p r e f e r  d i s p r o p o r t i o -  
n a t i o n  ove r  comb ina t ion  pathways as tempera tu res  i n c r e a s e ' .  Wh i le  
t h i s  i s  t r u e  f o r  p y r o l y s i s  exper imen ts  a t  h i g h  tempera tu res  and s h o r t  
res idence  t i m e s ,  i t  can n o t  be g e n e r a l i z e d  f o r  coa l  l i q u e f a c t i o n  
exper iments  a t  i n t e r m e d i a t e  tempera tu res  (400-450oC) and c o n s i d e r a b l y  
l o n g  res idence  t imes  (ca .  30 m in . ) .  Our r e s u l t s  i n d i c a t e  t h a t  t h e  
d i m e r i z a t i o n  o f  s o l v e n t  r a d i c a l  i n t e r m e d i a t e s  o c c u r s  t o  a s i g n i f i c a n t  
e x t e n t  i n  a c o a l - t e t r a l i n  system and t h a t  t h e  c o n c e n t r a t i o n  o f  t he  
r e s u l t i n g  a r t i f a c t s  seems t o  be a f f e c t e d  by t h e  coa l  c h a r a c t e r i s t i c s .  

A r e p r e s e n t a t i v e  HPLC s e p a r a t i o n  o f  an o i l  p r o d u c t  i s  shown i n  
F i g u r e  1. F i g u r e  2 shows t h e  r e c o n s t r u c t e d  T o t a l  I o n  Chromatogram 
(T IC)  o f  t h e  a r o m a t i c  f r a c t i o n  o f  t h e  o i l  f r om PSOC-739. The l a r g e  
peaks a t  scan numbers 370 t o  410 i n  t h e  T I C  i n  f i g u r e  2 a r e  due t o  
b i n a p h t h y l s  and r e l a t e d  compunds, wh ich  e v i d e n t l y  make up an i m p o r t a n t  
f r a c t i o n  by we igh t  o f  t h e  who le  a r o m a t i c  f r a c t i o n .  S i m i l a r  r e s u l t s  
were ob ta ined  w i t h  o t h e r  c o a l s .  F i g u r e  3 shows t h e  S p e c i f i c  I o n  
Chromatograms (SIC) f o r  m/e va lues  o f  254, 258 and 262 c o r r e s p o n d i n g  
t o  the  m o l e c u l a r  i o n s  o f  b i n a p h t h y l  and i t s  t e t r a h y d r o  and oc tahyd ro  
d e r i v a t i v e s .  The peaks a re  numbered and i d e n t i f i e d  by number i n  T a b l e  
2. I t  w i l l  be seen t h a t ,  i n  peaks h e i g h t ,  2 ,2 ' -b inaph thy l  and i t s  
d e r i v a t i v e s  predominate ,  i n d i c a t i n g  t h e  h i g h e r  r e a c t i v i t y  o f  t h e  
2 - p o s i t i o n  compared t o  t h a t  o f  t h e  1 - p o s i t i o n .  
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When a l l  t h e  peaks a re  examined a t  t h e  same a t t e n u a t i o n ,  it i s  
seen t h a t  b i n a p h t h y l s  and hydrogenated  d e r i v a t i v e s  accoun t  f o r  ove r  
70% o f  t h e  d i m e r i c  a r t i f a c t s  fo rmed i n  the  hyd rogena t ion  o f  a l l  c o a l s  
b u t  t h a t  o f  h i g h e s t  rank ,  PSOC-801 ( S t i g l e r  seam, Oklahoma). Hav ing  
r e g a r d  t o  t h e  smal l  s i z e  o f  o t h e r  peaks i n  t h e  TIC, it i s  u n l i k e l y  
t h a t  b i n a p h t h y l s  genera ted  f rom t h e  Coa ls  account  f o r  much o f  t h e  peak 
h e i g h t s  observed.  P h i l i p  e t  a l .  r e p o r t e d  t h e  presence o f  tvro i somers  
o f  o c t a h y d r o b i n a p h t h y l s  i n  a sample f rom t h e  l i q u e f a c t i o n  o f  a Texas 
l i g n i t e  u s i n g  t e t r a l i n  as t h e  hydrogen-donor  s o l v e n t  (16 ) .  The a c t u a l  
amount o f  t hese  and o t h e r  p r o d u c t s ,  however,  was n o t  s p e c i f i e d .  
S c h u l t z  e t  a l .  i d e n t i f i e d  2 , 2 ' - b i n a p h t h y l  ( o n l y )  among t h e  a romat i c  
hydrocarbons  i n  a SRC p i l o t  p l a n t  p r o d u c t  w i t h  a m i x t u r e  o f  Kentucky  
Nos. 9 and 14 c o a l s  as feeds tock ,  b u t  o n l y  i n  t r a c e  amount ( 6 ) .  Thus 
t h e  b i n a p h t h y l s  found i n  o u r  work a r e  i ndeed  v e r y  l a r g e l y  a r t i f a c t s  o f  
t h e  s o l v e n t .  I n  what f o l l o w s ,  a l l  of  t he  compounds named a re  assumed 
t o  be d e r i v e d  e n t i r e l y  f rom t h e  s o l v e n t .  

I n  a d d i t i o n  t o  t h e  b i n a p h t h y l s  d i scussed ,  a number o f  pheny l  
naphtha lene were i d e n t i f i e d :  CI-, C2- and Cq-phenyl  naphtha lenes ,  and 
a pheny l  t e t r a l i n .  On ly  t h e  sum of t hese  compounds a r e  shown i n  
Tab le  3 ,  under  t h e  head ing  C+v. Fur the rmore ,  a number o f  a l k y l  naph- 
tha lenes  and e i t h e r  a l k y l  i n d a n s  o r  a l k y l  t e t r a l i n s  ( o r  a m i x t u r e )  
were found  (Ci-Cq).  Again,  o n l y  t h e  sum o f  t h e  c o n c e n t r a i t o n s  o f  
these compounds i s  shown i n  T a b l e  3, under  t h e  head ing  E C,-v . The 
p a r t  o f  t h e  HPLC f r a c t i o n  2 ( a r o m a t i c s )  accoun ted  f o r  by s o l v e n t  a r t i -  
f a c t s  i s  shown as a pe rcen tage  i n  t h e  f i n a l  column o f  T a b l e  3. 

There  i s  a f a i r l y  c l e a r  tendency  f o r  t h e  c o n c e n t r a t i o n  o f  b i n a -  
p h t h y l s  and d e r i v a t i v e s  t o  decrease w i t h  i n c r e a s i n g  rank. The concen- 
t r a t i o n  o f  pheny l  naph tha lenes ,  whose f o r m a t i o n  i n v o l v e s  r i n g -  
s p l i t t i n g ,  t ends  t o  i n c r e a s e  w i t h  rank ,  as does t h e  c o n c e n t r a t i o n  o f  
a l k y l  nap tha lene / indan  d e r i v a t i v e s ,  whose f o r m a t i o n  i n v o l v e s  i s o m e r i -  
za t i on .  As ment ioned  b e f o r e ,  t h e  i s o m e r i z a t i o n  o f  t e t r a l i n  t o  methy l  
indans  i s  c a t a l y z e d  by  p y r i t e  (13 ) ;  y e t  t h e r e  i s  no c o r r e l a t i o n  
between t h e  c o n c e n t r a t i o n  o f  t h e s e  d e r i v a t i v e s  and p y r i t e  c o n t e n t .  I n  
fac t ,  it i s  reasonab le  t o  suppose t h a t  many f a c t o r s  de te rm ine  t h e  
y i e l d s  o f  t h e  v a r i o u s  k i n d s  o f  a r t i f a c t s .  T h i s  i s  s u b s t a n t i a t e d  by  an 
equa t ion  deve loped b y  s t e p w i s e  m u l t i p l e  r e g r e s s i o n :  

C o n c e n t r a t i o n  o f  a r t i f a c t s  (%) = 0.919 MM t 14.5 Spyr - 9.81 fa  t 38.2 

The v a r i a b l e s  p r o v i d e d  f o r  t h e  r e g r e s s i o n  were :  c o n t e n t s  o f  C, 0, Sp, 
Stat and MM, and t h e  a r o m a t i c i t y ,  fa. The f r a c t i o n  o f  v a r i a n c e  
e x p l a i n e d  by  t h i s  r e g r e s s i o n ,  R2, i s  0.851. The e q u a t i o n  suggests  
t h a t  b o t h  c l a y  m i n e r a l s  and p y r i t e  i n d e p e n d e n t l y  c a t a l y z e  one o r  more 
of t h e  t y p e s  o f  a r t i f a c t  f o rma t ion .  Abde l -Baset  (13 )  found t h a t  c l a y  
m i n e r a l s  c a t a l y z e  t r a n s f e r  o f  hydrogen f rom hyd roa romat i cs  t o  aroma- 
t i c s .  Thus t h e  s i g n i f i c a n c e  o f  f a  i n  t h e  e q u a t i o n  may l i e  i n  t h e  f a c t  
t h a t  i t  i n d i c a t e s  t h e  number o f  C atoms a v a i l a b l e  f o r  a c c e p t i n g  H 
atoms and hence (p resumab ly )  f o r  g e n e r a t i n g  f r e e  r a d i c a l s  i n  t h e  
s o l v e n t  ( a d m i t t e d l y  t h i s  t e r m  may be n o t  v e r y  s i g n i f i c a n t  s i n c e  t h e  
range o f  v a l u e s  o f  fa  i s  s m a l l ) .  
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I n  compar ing  t h e  y i e l d s  and c o m p o s i t i o n  o f  t h e  p r o d u c t s  o f  l i q u e -  
f a c t i o n  exper imen ts ,  i t  m i g h t  be c o n s i d e r e d  d e s i r a b l e  t o  s u b t r a c t  o u t  
t h e  components d e r i v e d  f rom t h e  s o l v e n t .  The a r o m a t i c  f r a c t i o n  o f  t h e  
O i l  (HPLC f r a c t i o n  2) can be c o r r e c t e d  as f o l l o w s :  

100 - % a r t i f a c t s  % a r o m a t i c s  ( c o r r . )  = % a r o m a t i c s  (HPLC) x 

Consequent ia l  changes a r e  needed i n  o t h e r  f i g u r e s  c h a r a c t e r i z i n g  t h e  
P roduc t  d i s t r i b u t i o n .  Thus: 

% hexane-so l .  o i l  ( c o r r )  = % s a t .  t % arom. ( c o r r . )  + % p o l a r s  
% benzene-so l .  t o t a l  l i q u i d s  ( c o r r . )  = % o i l  ( c o r r . )  + I asph. 
% gases ( c o r r . )  = % c o n v e r s i o n  - X t o t a l  l i q u i d s  ( c o r r . )  

The c o r r e c t e d  and u n c o r r e c t e d  y i e l d s  o f  v a r i o u s  f r a c t i o n s  o b t a i n e d  
from the  l i q u e f a c t i o n  o f  c o a l s  l i s t e d  i n  Tab le  1 a r e  shown i n  Tab le  
4. From t h e  t a b l e ,  it i s  c l e a r  t h a t  t h e  ad jus tmen t  o f  t h e  f i g u r e s  f o r  
hexane-so lub le  o i l s  and f o r  t h e  a r o m a t i c  HPLC f r a c t i o n  makes a q u i t e  
a p p r e c i a b l e  d i f f e r e n c e  t o  t h e  d a t a  and ought  t o  be de te rm ined  b e f o r e  
p roduc t  d i s t r i b u t i o n s  f o r  any b a t c h  system a re  e v a l u a t e d .  

CONCLUSION 

An i m p o r t a n t  f r a c t i o n  by  we igh t  o f  t h e  whole a ro ina t i c  f r a c t i o n  o f  
t h e  o i l s  o b t a i n e d  f rom t h e  l i q u e f a c t i o n  o f  coa l  u s i n g  t e t r a l i n  as t h e  
hydrogen-donor s o l v e n t  was made up o f  b i n a p h t h y l  s and r e l a t e d  
compounds. The c o n c e n t r a t i o n s  o f  t h e s e  a r t i f a c t s  were a f f e c t e d  by t h e  
c o a l  c h a r a c t e r i s t i c s .  Both  c l a y  m i n e r a l s  and p y r i t e  seem t o  indepen-  
d e n t l y  c a t a l y z e  one o r  inore o f  t h e  t ypes  o f  a r t i f a c t  f o r m a t i o n f r o m  
t e t r a l i n .  T h i s  i s  a somewhat unexpected  e f f e c t  o f  c o a l  c h a r a c t e r i s -  
t i c s  on t h e  c o m p o s i t i o n  o f  l i q u e f a c t i o n  p r o d u c t s .  Other  donor  s o l -  
v e n t s ,  such as p a r t i a l l y  hydrogenated  phenanthrene o r  a commercial  r e -  
c y c l e  o i l ,  a r e  o b v i o u s l y  l i k e l y  a l s o  t o  undergo changes d u r i n g  p r o -  
cess ing ,  whose magn i tude and n a t u r e  w i l l  va ry  w i t h  t h e  feeds tock ,  and 
whose e f f e c t s  on p r o d u c t  c o m p o s i t i o n  w i l l  be a p p r e c i a b l e .  
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Tab le  1 

S e l e c t e d  C h a r a c t e r i s t i c s  o f  Coa ls  Used 

PSOC ASTM % c x s x M M , ~  fa 
d r Y  - P r o v i n c e *  Rank dmmf d r y  -__ No. 

833 
791 
785 
240A4 
240A1 
866 
548 
680 
854 
739 
773 
808 
821 
801 

F o r t  Un ion  Bed, Mont. 
A P i t ,  Texas 
Lower W i  l c o x ,  Texas 
B i g  Dirty, Wash. 
B i g  Dirty, Wash. 
G Seam, Colo.  
Wol f  Creek, Co lo .  
I nd iana  No. 6, I nd .  
J u n i a t a  C, Co lo .  
Kentucky No.12, Ky. 
Ohio No.6, Ohio 
Croweburg, Okla.  
P i t t s b u r g h ,  W. Va. 
S t i g l e r ,  Okla.  

3 
6 
6 
5 
5 
4 
4 
2 
4 
2 
1 
2 
1 
2 

L i g  
L I 9  
s bb 
sbb 
s bb 
HVC 
HVC 
HVC 
HVR 
HVB 
HVB 
HVA 
HVA 
MV 

70.43 
72.13 
73.21 
74.34 
75.11 
76.97 
78.98 
80.61 
81.64 
83.29 
83.29 
84.71 
84.92 
88.35 

0.55 
0.81 
1.06 
0.39 
3.36 
0.50 
0.52 
3.58 
0.40 
2.72 
2.83 
3.20 
2.56 
4.65 

16.26 
20.75 
14.29 
17.82 
33.93 
22.22 
13.11 
14.23 
6.71 

15.05 
9.30 
6.57 
6.00 

13.83 

0.68 
0.55 
0.54 _ _  
--  

0.64 
0.64 

0.63 
0.70 
0.75 
0.73 
0.70 
0.79 

-- 

- - _ _ _ _ ~ - _ _ ~  -_ - * Key t o  p r o v i n c e  numbers: 1, Eas te rn  o r  Appa lach ian ;  2, I n t e r i o r :  3. 
N o r t h  Great  P l a i n s ;  4, Rocky Mounta in ;  5, P a c i f i c ;  6, G u l f .  

U n i v e r s i t y  o f  Iowa, now p u b l i s h e d  by him (10) .  

t C a l c u l a t e d  by a m o d i f i c a t i o n  o f  t h e  P a r r  f o rmu la  (G iven  and Yarzab, 1 7 ) .  

** Data f rom 1% nmr, k i n d l y  p r o v i d e d  b y  P r o f e s s o r  B. G e r s t e i n ,  
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Table 2 

Identification o f  Peaks in Specific Ion Chromatograms 
o f  Figure 3 

Figure 3(a): 1. 1,l'-hinaphthyl 
2. 1,2'-binaphthyl 
3. 2,2'-binaphthyl 

Figure 3(bj: i. i,2,3,4-tetrahydro-l,l'-binaphthyl 
2. 1,2,1',2'-tetrahydro-Z,Z'-binaphthyl 
3. 1,2,3,4-tetrahydro-2,2'-binaphthyl 
4. 1,2,3,4-tetrahydro-Z,l'-binaphthyl 

(three other unidentified peaks)  

Figure 3(c): 1. 1,2,3,4,1',2',3',4'-octahydrohinaphthyl 
2. 1,2,3,4,1',2',3',4'-octahydro-l,2'-binaphthyl 
3. 1,2,3,4,1'.2',3',4'-octahydro-2,2'-binaphthyl 
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Tab le  3 

C o n c e n t r a t i o n s  o f  S o l v e n t  A r t i f a c t s  i n  t h e  
A romat i c  HPLC F r a c t i o n  o f  Some Coa ls  

p e r c e n t  o f  t o t a l  f r a c t i o n  

PSOC 
No. C B i n a p h t h y l s  

a33 15.6 
791 17.7 
785 10.3 
240A4 14.0 
240A1 19.1 
866 16.0 

680 6.1 
a54 12.6 
739 7.1 

548 8.7 

773 7.1 
aoa 3.9 
821 5.7 
801 4.9 

Te t  rahyd ro -  
b i n a p h t h y l s  

Octahydro-  
b i n a p h t h y l  s 

B i  naph t  hyl 
d e r i v a t i v e s  

( t o t a l )  

7.6 
13.3 
12.4 
20.2 
22.4 
12.5 
9.7 
7.9 

12.7 
6.7 
9.4 
4.5 
6.9 
6.2 

15.8 
13.4 
15.6 

16.7 
15.1 
10.4 
9.5 
9.7 
7.7 

8.4 

7.1 
5.9 

10.6 
5.7 

38.9 
44.4 
38.3 
42.5 

43.6 

23.5 

58.2 

28.8 

35.4 
21.6 
23.5 
14.3 
23.2 
16.8 

* 
Z&v c c,-v 
_ _ _ _ _  

1.9 5.5 

0.7 5.4 
1.5 3.5 
1.2 4.4 
1.8 6.7 
2.2 15.5 
3.9 11.1 
3.5 4.2 

3.9 9.3 
3.3 15.5 
3.4 5.5 

0.7 7.8 

2.8 11.1 

4.1 38.2 

T o t a l  
a r t i f a c t s  

46.3 
52.9 
44.4 
47.5 
63.8 
52.0 
46.6 

42.7 
35.5 
36.8 
33.0 
32.0 
59.0 

38.5 

* T o t a l  pheny l  naphtha lenes .  

** T o t a l  a l k y l - t e t r a l i n s  and naphtha lenes .  
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FATE OF SELECTED 1-, 2-, AND 3-RING COMPOUNDS 
DURING RECYCLE COAL LIQUEFACTION OPERATION 

D. C. Cronauer, R. I. McNei1, D. A. Danner 

Gulf Research L Development Company 
P.O. Drawer 2038, P i t t s b u r g h ,  PA 15230 

and J. H. Wieland, and J. S. Abichandani 

Department of Petroleum L Chemical m g i n e e r i n g  
Univers i ty  of  P i t t s b u r g h ,  P i t t s b u r g h ,  PA 15261 

INTRODUCTION 

To observe t h e  adduct ion ,  i s o m e r i z a t i o n ,  and cracking  of l a b e l e d  
s o l v e n t  s p e c i e s ,  a s e r i e s  of c o a l  l i q u e f a c t i o n  runs was undertaken us ing  a 
bench-scale u n i t  capable  of cont inuous recyc le  opera t ion .  These experiments  
were made wi th  3C-labeled s o l v e n t s  i n c l u d i n g  octahydrophenanthrene,  phenan- 
t h r e n e ,  methylphenanthrene, d i m e t h y l t e t r a l i n ,  and mesi tylene.  ' This work 
served  a s  an ex tens ion  of p r e v i o u s l y  r e p o r t e d (  1-3)  l abora tory-sca le  e x p e r i -  
ments using s i m i l a r  labe led  model l i q u e f a c t i o n  s o l v e n t s .  

EXPERIMENTAL 

The r e c y c l e  runs wi th  l a b e l e d  compounds were performed using a 
cont inuous,  bench-scale ,  c o a l  l i q u e f a c t i o n  u n i t ,  a schematic  of which i s  shown 
i n  Figure 1.  In summary, the  u n i t  c o n s i s t e d  of feed and product  systems,  a 
p r e h e a t e r  of 8 min nominal space time, and a 1 L s t i r r e d  au toc lave  of 60 min 
space t i m e .  

The opera t ing  procedure c o n s i s t e d  of prepar ing  a feed s l u r r y  i n  a 
hea ted ,  s t i r r e d  tank s e p a r a t e  t o  t h e  u n i t .  The feed was made up of mwhatan 
No. 5 Mine c o a l ,  a p o r t i o n  of r e c y c l e  heavy product  s l u r r y  from the  previous 

' per iod ,  and a r o c e s s  s o l v e n t  genera ted  dur ing  previous  SRC-I1 runs i n  t h e  
GR&Dc p-99 mu(') feed ing  t h e  same c o a l .  The ana lyses  of the  s o l v e n t  and c o a l  
a r e  given i n  Table I. This feed blend was introduced i n t o  the  bench-scale 
u n i t  every 4 h. 

The 13C-labeled compounds were prepared under t h e  d i r e c t i o n  of 
Professor  E. J .  Eisenbraun of  Okalhoma S t a t e  Univers i ty  with a p o r t i o n  of t h e  
ana lyses  of in te rmedia tes  and products  being done a t  GR&DC. A d e t a i l e d  
d e s c r i p t i o n  of t h e  techniques  of s y n t h e s i s  and ana lyses  of a p o r t i o n  of t h e s e  
compounds a r e  repor ted  by Seshadri  e t  al.") and i n  Reference 3. 

In a d d i t i o n  t o  sample d i s t i l l a t i o n  and r o u t i n e  e lementa l  a n a l y s e s ,  
samples of heavy product  s l u r r y  were Soxhlet  e x t r a c t e d  us ing ,  i n  sequence, t h e  
s o l v e n t s :  pentane,  t o l u e n e ,  and t e t r a h y d r o f u r a n  (THF). The Soxhlet  e x t r a c -  
t i o n s  with pentane and toluene were t y p i c a l l y  of 48 h d u r a t i o n ,  and the THF of 
24 h. The s o l v e n t s  were s t r i p p e d  on a steam t a b l e  ( 8 0 T )  with a s t ream of 
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ni t rogen  p r i o r  t o  a n a l y s i s .  Se lec ted  samples of s e p a r a t o r  l i q u i d s  (combined 
NO. 2, No. 3, and i c e  t r a p s )  and pentane s o l u b l e s  were separa ted  by HPLC i n t o  
s a t u r a t e s ,  a romat ics ,  and r e s i n  ( p o l a r )  f r a c t i o n s .  An in-house HPLC was used 
with Bio-si1 A s i l i c a  g e l  (20-44 micron) .  a d e s c r i p t i o n  of t h e  o p e r a t i n g  
procedure was repor ted  by Suatoni and Swab.I6) 

The l e v e l  of 13C-labeling i n  t h e  product  f r a c t i o n s  was determined by 
the standard technique of combustion t o  CO, followed by use of a Varian 
MAT 250 MS to  determine the  r a t i o  of mass 45 t'o 44 

which fo l lows:  
I s o t o p i c  compositions a r e  repor ted  a s  

13c = x 1000% ( p a r t s  per  
RR 

where R, and R. r e f e r  t o  t h e  13C/12C r a t i o  i n  

( s t a t e d  s e n s i t i v i t y  of < 2  x 
va lues ,  t h e  d e f i n i t i o n  of 

thousand ) 

t h e  samule and r e f e r e n c e ,  a 
r e s p e c t i v e l y .  @he r e f e r e n c e  i s  PDB (Peedee Formation carbonate  [ b e l e m n i t e l )  
with a value of 0.0112372. Coal has a t y p i c a l  range of -20 to  -30 p a r t s  per  
mi l l ion  (mis a n a l y s i s  was done a t  G R & E  and a t  Global Geochemistry Corp.) 

RESULTS 

Overa l l  Mater ia l  Balance of Recycle Runs--Lined-out opera t ion  of the 
bench-scale u n i t  was f i r s t  e s t a b l i s h e d  with a feed c o n s i s t i n g  of Fuwhatan 
No. 5 c o a l ,  p rocess  s o l v e n t  ( b o i l i n g  p o i n t  40O0-8OO0F), heavy recyc le  product  
s l u r r y ,  and hydrogen. The product  s t reams p r i m a r i l y  c o n s i s t e d  of gases ,  No. 2 
and 3 condensates ,  and heavy product  s l u r r y .  The r e a c t o r  was run a t  condi-  
t i o n s  of 45SoC, 1.0 h space t ime, and 13.8 MPa (2000 p s i g ) .  Af te r  l i n e d - o u t  
opera t ion  was achieved (34 h ) ,  a small  sample of labe led  octahydrophenanthrene 
(HPh) was in t roduced  t o  t h e  feed tank a t  a l e v e l  of 26 g/5000 g charge.  Af te r  
26 h,  t h e  next  labe led  compound, d i m e t h y l t e t r a l i n  ( D M T ) ,  was s i m i l a r l y  
charged,  and t h e  product  s t reams were analyzed.  For t h i s  and the  remaining 
t h r e e  labe led  s o l v e n t s ,  a 24-h per iod was used. The runs with labe led  s o l v e n t  
were done i n  t h e  fo l lowing  o r d e r :  (89-1) octahydrophenanthrene (HPh), (89- 
2 )  d i m e t h y l t e t r a l i n  ( D M T ) ,  (89-3) mesi tylene (MST), (89-4) methylphenanthrene 
(MePh), and (89-5) phenanthrene. 

In a l l  of the  runs,  it was assumed t h a t  the a d d i t i o n  of the  labe led  
so lvent  a t  a l e v e l  of about  0.5 w t %  once every 24 h would not  a f f e c t  l i n e d - o u t  
recyc le  opera t ion .  Based on a d e t a i l e d  m a t e r i a l  balance of t h e  second and 
f o u r t h  per iods ,  t h i s  assumption appeared v a l i d  a s  shown i n  t h e  Tables I1 and 
111. 

Ext rac t ion  of Frocess Samples from the  Recycle Runs--TO i s o l a t e  
concent ra tes  f o r  GC/MS and '-'C/"%-MS analyses ,  samples of both the combined 
condensates  and heavy s l u r r y  products  were separa ted  i n t o  f r a c t i o n s  using 
e x t r a c t i o n  and HPLC. The r e s u l t s  f o r  89-1 and 89-5 a r e  given i n  Table Iv. 
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1 
Calcula ted  Mater ia l  Balance of Labeled Species--To fo l low t h e  course 

of t h e  13C-labeled s p e c i e s  dur ing  SRC-I1 type recyc le  runs,  it w a s  necessary  
t o  account f o r  both s l u r r y  product  withdrawal and losses due t o  
vapor iza t ion .  In  the  case  of very v o l a t i l e  compounds, most of t h e  13C-label 
was recovered i n  t h e  l i g h t  condensate  c o l l e c t e d  i n  t h e  t r a p s .  This m a t e r i a l  
was not  recyc led ,  and, t h e r e f o r e ,  it was quick ly  l o s t  from t h e  system. In the  
c a s e  of e s s e n t i a l l y  n o n v o l a t i l e  s p e c i e s ,  l o s s e s  occurred by removal of a 
p o r t i o n  of the  r e a c t o r  e f f l u e n t  s t ream a s  heavy product. To account  f o r  
vapor iza t ion  l o s s e s ,  the  r e a c t o r  system was modeled using average m a t e r i a l  
balances with a f a c t o r  "XVAP" g i v i n g  the  f r a c t i o n  of 13C-labeled compound t h a t  
was lost dur ing  each r e a c t o r  pass due t o  vapor iza t ion .  Figure 2 is a p l o t  of 
t h e  c a l c u l a t e d  concent ra t ion  of t r a c e d  (13C)  of t h e  s l u r r y  from t h c  product  
tank a s  func t ions  of time and l o s s e s  due to vapor iza t ion .  

R e s u l t s  of Analysis  of F lu ids  f o r  3C-Labeled Compounds--In a d d i t i o n  
t o  an a n a l y s i s  of t h e  product  s l u r r i e s  and condensate  s t reams,  i n d i v i d u a l  
samples of pentane s o l u b l e s  ( o i l s ) ,  a s p h a l t e n e s ,  and THF i n s o l u b l e s  were 
analyzed f o r  13C/12C r a t i o s  t o  determine t r e n d s  with time. o v e r a l l  13C 
m a t e r i a l  balances were c a l c u l a t e d  to show how the  labe led  compounds were 
d i s t r i b u t e d  between gases ,  condensates  (Traps 1-3) ,  heavy products  (asphal -  
t e n e s ,  e t c . ) ,  and bulk product. 

As shown i n  Figures  3 and 4 (13C/12C r a t i o s  of s l u r r i e s  and conden- 
s a t e s ) ,  the resul ts  show the  t r e n d s  p r e d i c t e d  from Figure 2. S p e c i f i c a l l y ,  a 
concent ra t ion  peak occurred a t  about  4-6 h i n t o  t h e  c y c l e ,  and this went 
e s s e n t i a l l y  t o  zero  a f t e r  24 h. In a d d i t i o n ,  the  curves f o r  t h e  phenanthrene 
(Ph)  and octahydrophenanthrene (HPh) r u n s  were s i m i l a r ,  a s  would be expected 
from the  c loseness  of t h e i r  b o i l i n g  p o i n t s .  The loss of labe led  s p e c i e s  i n t o  
t h e  condensates  recovered i n  t h e  v a r i o u s  t r a p s  a l s o  followed expected t rends .  
A s  ind ica ted  by 13C a n a l y s i s ,  about  11.8% of t h e  h i g h e s t  b o i l i n g  l a b e l e d  
compound, methylphenanthrene (MePh) was found i n  the  condensates .  However, 
t h e  13C-labeled methyl group r e a d i l y  cracked a s  i n d i c a t e d  by a high recovery  
(namely 46.9%) of labe led  gases ,  p r i m a r i l y  methane. The recovery of 13C- 
l a b e l e d  compounds i n  the  condensates  from the HFh and Fh runs was e s s e n t i a l l y  
i d e n t i c a l  a t  32.9 and 34.2%, r e s p e c t i v e l y .  In the  run with labe led  dimethyl-  
t e t r a l i n ,  i n  excess  of 80% of t h e  l a b e l  was observed i n  the  condensate. Only 
a l o w  recovery (about  10%) of the  low b o i l i n g  mesi tylene was recovered i n  t h e  
condensates .  From an a n a l y s i s  of the  remaining s t reams,  it appeared t h a t  t h i s  
compound was l o s t  from the  heated feed tank .  

The l e v e l s  of labe led  compounds i n  the  heavy product  f r a c t i o n s  
somewhat fol low a n t i c i p a t e d  t rends .  The amount of HPh held i n  t h e  asphal tene  
f r a c t i o n ,  by chemical adduct ion,  was 4.8% of t h a t  fed ,  while  t h a t  i n  t h e  THF 
i n s o l u b l e s  was 0.5%. I n  t h e  case  of Ph, the  r e s p e c t i v e  l e v e l s  were 1.5 and 
0.7%. The l e v e l  of adduct ion of MeE% was in te rmedia te  between HPh and ph a t  
2.9% i n  t h e  asphal tenes  and 0.3% i n  the  THF i n s o l u b l e s .  Consider ing the  high 
l e v e l  of MePh cracking ,  these  l a t t e r  v a l u e s  a r e  c o n s i s t e n t  with those  of 
HPh. E s s e n t i a l l y  no adduct ion of d i m e t h y l t e t r a l i n  and mesi tylene were 
observed i n  t h a t  t h e  13C/12C r a t i o s  of t h e  heavy f r a c t i o n s  from these  runs 
were t h e  same as those  of t h e  base case  before  l a b e l  use. 
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Reaction Trends of Indiv idua l  Phenanthrene Compounds--The aromatic 
c u t s  of condensates and s l u r r y  product streams were analyzed f o r  Run 89-1 
(HPh) and 89-5 (Ph) .  It i s  f i r s t  noted t h a t  octahydrophenanthrene was p r e s e n t  
i n  t h e  products a t  c o n c e n t r a t i o n s  less than 0.03 w t % .  This compound gave up 
a t  least a p o r t i o n  of i t s  hydrogen very r a p i d l y ,  and,  t h e r e f o r e ,  i t  can be 
considered t o  be a b s e n t  from a r e c y c l e  system unless  e x t e r n a l  c a t a l y t i c  
hydrogenation is used. Within the accuracy of  t h e  GC/MS a n a l y s i s ,  t h e  concen- 
t r a t i o n s  of phenanthrene, dihydrophenanthrene (fi2Ph), and tetrahydrophenan- 
t h r e n e  (H4Ph) remained e s s e n t i a l l y  c o n s t a n t  through the run p e r i d s  of Runs 89- 
1 and 89-5. The r e s u l t s  are given i n  Table V. 

I t  is f i r s t  obvious t h a t  t h e  r e s u l t s  from RUnS 89-1 and 89-5 a r e  
c o n s i s t e n t .  The t o t a l  concent ra t ions  of phenanthrene p l u s  hydrophenanthrenes 
averaged 2.9 and 2.8 w t %  i n  t h e  condensate and s l u r r y ,  r e s p e c t i v e l y .  ( N o t e  
t h a t  a l k y l  s u b s i t u t e d  phenanthrenes are n o t  inc luded . )  Due to  b o i l i n g  p o i n t s ,  
t h e  r e l a t i v e  d i s t r i b u t i o n s  of hydrophenanthrenes to  phenanthrenes were g r e a t e r  
i n  t h e  condensates than i n  t h e  s l u r r y .  From an o v e r a l l  m a t e r i a l  ba lance ,  t h e  
conversions of c o a l  t o  Ph, HZPh, and H4Ph were about 0.7, 0.2, and 0.2 g/100 g 
MAF c o a l ,  r e s p e c t i v e l y .  

By a GC/MS a n a l y s i s  of t h e  product f r a c t i o n  o f  Runs 89-1 and 89-5, 
it was found with t h e  i n t r o d u c t i o n  of l a b e l e d  Ph i n  SRC-I1 type o p e r a t i o n ,  
l i t t l e  of t h i s  component is hydrogenated t o  d ihydro  and t e t r a h y d r o  s p e c i e s ,  
In a d d i t i o n ,  an observed presence of l a b e l e d  compounds of C3-naphthalene and 
isomerized d e r i v a t i v e s  of octahydrophenanthrene confirms t h a t  r i n g  opening and 
i somer iza t ion  of hydroaromatics occurs  a t  coal l i q u e f a c t i o n  condi t ions .  
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Table I 

ANALYSIS OF COAI. AND P-99 DERIVED PROCESS SOLVENT 

Powhatan No.  5 Process  
Sample Designation Mine Coal Solvent  

1. Proximate Analysis  
% Moisture 1.1 

Ash 9.6 
Vola ti le  39.6 
Fixed Carbon 49.7 

2. Elemental Analysis (Dry)  
% Carbon 72.3 87.2 

Hydrogen 5.1 8.7 

Oxygen 7.8 ( d i f f )  2.8 
S u l f u r  3.6 0.4 
Ash 9.7 -_ 

100.0 100.0 

Nitrogen 1.5 0.9 

- - 

Table I1 

OVERALL MATERIAL BALANCE 
Recycle Run 89 

Feed (g /h)  Products (g /h)  

Run Period 89-2 89-4 Run Period - -  -- 89-2 89-4 

Coal 367.6 367.8 Gases (and HZO) 98.9 97.5 
96.9 69.6 Process  Solvent 196.0 202.3 No. 2 Condensate 

Heavy Product S l u r r y  661.6 656.0 No. 3 Condensate 95.1 141.8 

Hydrogen 
( p l u s  ice t r a p s )  

13.9 13.7 Heavy Product S l u r r y  900.5 882.3 
Tota l  1239.1 1239.8 lb ta l  1191.4 1190.2 
-- (Consumption ) 

Recovery 96.1% 96.0% 
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Table I11 

NET PRODUCT YIELDS (MAF BASIS) 
R e c y c l e  Run 89  

Yie ld  Component 89-2 - 89-4 Average - 

H2 Consumption -4.2 -4.2 -4.2 
16.5 15.7 16.1 

2.3 
'1-'4 
O t h e r  Gases (CO, e tc .  ) 2.3 2.3 
Water 5.9 5.9 5.9 

C5-3800F 15.5 16.8 16.1 
380-550°F 9.1 13.0 11 .1  

C5-9000F 34.9 37.4 36.2 
380-900°F 19.4 20.6 20.1 

550-900°F 10.3 __ 7.6 9.0 

900°F+ P.S. 35.3 34.2 34.7 
IOM 9.3 __ 8.7 9.0 
900°Ff O r g a n i c  44.6 42.9 43.7 

- - 

- 

T a b l e  IV 

HPLC EXTRACTION SUMMARY 

S a t u r a t e s  Aromatics R e s i n s  Hexane I n s .  
P r o d u c t  F r a c t i o n  (Wt%) ( W t % )  ( W t % )  ( W t % )  

Run P e r i o d  89-1: 
a. C o n d e n s a t e s  5.5 f 1.6 50.1 f 3.8 44.0 f 4.0 0.4 f 0.2 
b. Oils ( S l u r r y )  2.8 f 0.5 64.7 f 4.1 32.5 f 6.5 

Run P e r i o d  89-5: 
a .  C o n d e n s a t e s  4.8 f 2.4 53.0 f 5.0 41.9 * 3.7 0.3 f 0.2 
b .  O i l s  ( S l u r r y )  3.3 f 0.3 69.0 f 3.8 27.7 f 3.8 

T a b l e  V 

SUMMARY OF PHENANTHRENE CONCENTRATIONS, WT% 

Component 89-1 89-5 
C o n d e n s a t e  S l u r r y  C o n d e n s a t e  Slurry 

P h e n a n t h r e n e  1.66 2.10 1 .85 2.25 
HZPh 0.47 0.24 0.61 0.32 
H4Ph 0.67 0.33 0.51 0.30 
H8Ph <0.03 <0.03 <0.03 <0.03 
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C o r r e l a t i o n  o f  Coal Q u a l i t y  t o  Coal L i q u e f a c t i o n  

0. S .  Hoover 

I n t e r n a t i o n a l  Coal R e f i n i n g  Company 
P . O .  Box 2752, A l lentown,  PA 18001 

I n t r o d u c t i o n  
A l a rge -sca le  d i r e c t  c o a l  l i q u e f a c t i o n  p l a n t  w i l :  consume s u b s t a n t i a l  

q u a n t i t i e s  of m a :  as a feedstock m a t e r i a l .  Due t o  the  na tu re  o f  t h e  coa l  
m in ing  i n d u s t r y  t h i s  supply  w i l l  be acqu i red  from seve ra l  mines o p e r a t i n g  i n  
d i f f e r e n t  coa l  reserves.  Procurement o f  coa l  from m u l t i p l e  sources, over t ime  
w i l l  undoubtebly l e a d  t o  v a r i a t i o n s  i n  t h e  c h a r a c t e r i s t i c s  o f  t he  p l a n t  feed. 
Phys i ca l  and chemical coa l  p r o p e r t i e s  are known t o  va ry  w i t h i n  a rese rve  due 
t o  t h e  mechanisms o f  seam f o r m a t i o n  and subsequent geo log i c  metamorphism. I n  
a d d i t i o n ,  m in ing  methods and p h y s i c a l  b e n e f i c i a t i o n  a f f e c t  t h e  o rgan ic  and 
ino rgan ic  c o n s t i t u e n t s  i n  t h e  mine p roduc t .  Furthermore, t h e  s p e c i f i c a t i o n  o f  
a s i n g l e  seam, f o r  example Ky #9 o r  Ill. #6 as t h e  source f o r  p o t e n t i a l  feed- 
coa ls ,  i s  i n s u f f i c i e n t  s i n c e  i t  has been shown t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  
coal  p r o p e r t i e s  can e x i s t  w i t h i n  a s i n g l e  seam. 

Although it i s  c l e a r  t h a t  v a r i a t i o n s  i n  feed coa l  p r o p e r t i e s  can a f f e c t  
p l a n t  operat ions and y i e l d s ,  few q u a n t i t a t i v e  r e l a t i o n s h i p s  have been developed. 
The d i f f i c u l t y  i n  understanding t h e  impor tance o f  coa l  c h a r a c t e r i s t i c s  i s  i n  
p a r t  r e l a t e d  t o  the complex na tu re  o f  c o a l ,  and problems i n  t h e  s e l e c t i o n ,  
c h a r a c t e r i z a t i o n  and t e s t i n g  o f  r e p r e s e n t a t i v e  feedstock samples. 
f o r c e  f o r  develop ing t h i s  unders tand ing  i s  d i r e c t l y  r e l a t e d  t o  the s e l e c t i o n  
and procurement o f  t h e  e s s e n t i a l  raw m a t e r i a l  f o r  l i q u e f a c t i o n  process ing.  A 
s c i e n t i f i c a l l y  based understanding o f  how t o  s e l e c t  coa l  sources from w i t h i n  a 
m i n i n g  reg ion  and how t o  compensate f o r  v a r i a t i o n s  f rom an i n d i v i d u a l  mine 
w i l l  improve t h e  o p e r a b i l i t y  and economics o f  any d i r e c t  l i q u e f a c t i o n  p l a n t .  

T h i s  s tudy has i n v e s t i g a t e d  t h e  degree t o  which coa l  p r o p e r t i e s  change 
w i t h i n  a supply r e g i o n  and how these v a r i a t i o n s  impact on y i e l d s  and economics 
o f  an S R C - I  t ype  process. S t a t i s t i c a l  data a n a l y s i s  has i s o l a t e d  c r i t i c a l  
coa l  p r o p e r t i e s  i n f l u e n c i n g  l i q u e f a c t i o n  r e a c t i v i t y  and q u a n t i t a t i v e  p r e d i c t i o n  
equat ions have been developed. 

General Coal C h a r a c t e r i s t i c s  I n f l u e n c i n g  R e a c t i v i t y  

f a c t i o n  were b gun by the  U . S .  Bureau o f  Mines s t a t i o n  a t  Bruceton, PA i n  t h e  
e a r l y  1940’s’ ”. These e f f o r t s  i n v e s t i g a t e d  c o a l s  o f  v a r y i n g  pe t rog raph ic  
compos i t i on  and rank, conc lud ing  t h a t  these c h a r a c t e r i s t i c s  s i g n i f i c a n t l y  
a f f e c t e d  the ease by which a c o a l  c o u l d  be l i q u e f i e d .  More r e c e n t l y ,  work has 
been completed by a number o f  i n v e s t i g a t o r s  which con f i rms  t h a t  t he  t o t a l  
r e a c t i v e  maceral con ten t  o f  t h e  co 1 i r e l a t e d  d i r e c t l y  t o  i t s  o v e r a l l  
conve rs ion  t o  e x t r a c t a b l e  products ’  ’4 ”. 

Although coal  rank  i s  recognized as a d e r i v e d  p r o p e r t y  r e l a t e d  d i r e c t l y  
t o  a c o a l ’ s  composite o rgan ic  chemical s t r u c t u r e ,  i t s  impact  on l i q u e f a c t i o n  
r e a c t i v i t y  i s  n o t  c l e a r l y  understood. Most researchers a re  i n  agreement t h a t  
c o a l s  h i g h e r  i n  rank than  h i g h  v o l a t i l e  A b i tuminous a re  poor  candidates f o r  
l i q u e f a c t i o n  feedstocks due t o  l o w  r e a c t i v i t y .  
l i t t l e  problem f o r  t he  development o f  a c o a l  l i q u e f a c t i o n  i n d u s t r y  s i n c e  these 
h i g h  rank  coals  rep resen t  o n l y  t e n  p e r c e n t  o f  t h e  c o u n t r y ’ s  p roduc t i on .  

The d r i v i n g  

Research work t o  i d e n t i f y  t h e  s u i t a b i l i t y  o f  U.S. Coals f o r  d i r e c t  l i q u e -  

Th is  l i m i t a t i o n  p resen ts  

The 
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' more abundant lower rank c o a l s  have d i sp layed  d i v e r g e n t  r e a c t i v i t i e s  depending 
upon the  experimental c o n d i t i o n s  and method o f  i n v e s t i g a t i o n .  Neavel has 
shown t h a t  t h e  coal  conve rs ion  t o  benzene so lub les  p l u s  gases i s  i n v e r s e l y  
P roPor t i ona l  t o  the  rank o f  t h e  coa l  f o r  res idence t imes f rom 2 .56 to  30 minUtgS. 
These r e s u l t s  are g e n e r a l l y  i n  agreement w i t h  &hose o f  Wh i tehu rs t  
f o r  l o n g  residence t imes.  However, Wh i tehu rs t  
t ime  coa l  l i q u e f a c t i o n ,  low rank  coa ls  a re  s u b s t a n t i a l l y  l e s s  r e a c t i v e  than  
h igh  v o l a t i l e  b i tuminous c o a l s  o f  s i m i l a r  pe t rog raph ic  composi t ion.  
ProceSaing coa ls  under S R C - I 1  c o n d i t i o n s  u s i n g  d isposable i r o n  c a t a l y s t s ,  
Wr igh t  
and g rea te r  y i e l d s  o f  d i s t i l l a t e  than h i g h  v o l a t i l e  b i t um inous  P i t t s b u r g h  Seam 
coa ls .  Thus, p r o v i d i n g  t h a t  r e a c t i o n  c o n d i t i o n s  a r e  chosen c o r r e c t l y ,  t h e  
coal  i s  Prepared p r o p e r l y  p r i o r  t o  l i q u e f a c t i o n  and s u f f i c i e n t  c a t a l y s t  i s  
Present ,  lower  rank c o a l s  would appear t o  have h ighe r  r e a c t i v i t y  t han  h i g h  
v o l a t i l e  bituminous coa ls .  

One coal  c h a r a c t e r i s t i c  n o t  exp la ined  by measures o f  rank  and pe t rog raph ic  
composi t ion i s  t he  na tu re  o f  i n h e r e n t  m ine ra l  ma t te r .  Many au tho rs  have shown 
t h a t  minera l  ma t te r  i n  coa l  can a c t  as an i n h e r e n t  c a t a l y s t  f o r  improv ing 
l i q u e f a c t i o n  y i e l d s .  The concensus o f  t h i s  work has been t h a t  i r o n  s u l f i d e s ,  
p a r t i c u l a r l y  p y r i t e , g a r e  t h e  most e f f e c t i v e  c a t a l y s t s  p resen t  i n  t h e  i n h e r e n t  
coal  minera l  matte Al though some d i f f e r e n c e s  i n  p y r i t e  c a t a l y s i s  a c t i v i t y  
have been reported", most work has shown t h a t  t he  ve ry  h i g h  l e v e l s  (up t o  10% 
p y r i t e  on coa l )  must be added t o  a f f e c f l t 1 3 i g n i f i c a n t  change i n  t h e  y i e l d  
s t r u c t u r e  o f  Eastern Bituminous Coals. 
be made more r e a c t i v e  w i t h  somewhat lower  l e v e l s  o f  p y r i t e  a d d i t i o n .  

Experimental I n v e s t i g a t i o n  o f  Coal R e a c t i v i t y  

h e a v i l y  i nvo l ved  w i t h  develop ing exper imenta l  data t o  suppor t  t he  S R C - I  
Demonstrat ion P l a n t  P r o j e c t .  
e f f e c t s  o f  feed coal  v a r i a t i o n  on p l a n t  performance. A l though t h e  m a j o r i t y  o f  
p o t e n t i a l  feed coa ls  f o r  t h i s  p l a n t  would come from a r e s t r i c t e d  a rea  ( I l l i n o i s  
Basin) ,  i t  became c l e a r  i n  t h i s  program t h a t  t h r e e  major  t e c h n i c a l  areas would 
need i n v e s t i g a t i o n  as f o l l o w s :  

and Yarzab 
has shown t h a t  i n  s h o r t  res idence  

I n  

has found t h a t  l i g n i t e s  and subbituminous c o a l s  have h i g h e r  convers ions 

Low i r o n  subbituminous ?ga ls  can 

The I n t e r n a t i o n a l  Coal R e f i n i n g  Company ( I C R C )  Research Group has been 

A p o r t i o n  o f  t h i s  e f f o r t  was t o  determine t h e  

o Coal v a r i a t i o n  from an i n d i v i d u a l  mine, 
o Coal v a r i a t i o n  w i t h i n  t h e  reserve area,  and 
o E f f e c t s  o f  these v a r i a t i o n s  on l i q u e f a c t i o n  y i e l d s .  

Due t o  des ign and o p e r a t i o n  cons ide ra t i ons ,  a d e c i s i o n  was made e a r l y  i n  
the  demonstrat ion p l a n t  program t o  cons ide r  o n l y  use o f  washed coa ls .  
c o n s t r a i n t  s i g n i f i c a n t l y  l i m i t e d  t h e  number o f  mine o p e r a t i o n s  which c o u l d  be 
considered as s u p p l i e r s .  

An exper imenta l  program was e s t a b l i s h e d  w i t h  the  I n s t i t u t e  o f  M in ing  and 
M ine ra l s  Research, U n i v e r s i t y  o f  Kentucky, t o  sample m i n i n g  opera t i ons  i n  a 
p a t t e r n  t o  p r o v i d e  geographic and s t r a t o g r a p h i c  d i v e r s i t y .  
i n  r e l a t i o n  t o  the  m in ing  reg ions  a re  shown i n  F igu re  1. Samples were c o l l e c t e d  
from the  run-of -mine coa l  as w e l l  as t h e  washed coa l .  Severa l  m i n i n g  opera t i ons  
were s t u d i e d  f o r  b o t h  long-  and sho r t - te rm v a r i a t i o n  i n  c o a l  p r o p e r t i e s .  

o p e r a t i o n  d a i l y  and analyzed f o r  changes i n  composi t ion.  
d a i l y  s h i f t s  i n  s u l f u r  and ash con ten t  f o r  a mine i n  the  KY #9 seam. 
r e s u l t s  demonstrate t h a t  t h e  coa l  c lean ing  p l a n t  i s  necessary n o t  o n l y  t o  

T h i s  

The sample l o c a t i o n s ,  

I n  the  s h o r t  term coa l  v a r i a b i l i t y  s tudy,  samples were c o l l e c t e d  f rom the  
F igu re  2 shows t h e  

These 
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reduce the  amount o f  m ine ra l  m a t t e r  i n  t h e  coa l ,  b u t  a l s o  t o  b u f f e r  v a r i a t i o n s  
i n  composi t ion due t o  min ing.  
an increase o f  app rox ima te l y  t h r e e  p e r c e n t  i n  t h e  t o t a l  r e a c t i v e  maceral 
con ten t  o f  t h e  c lean  c o a l ,  enhancing the  l i q u e f a c t i o n  p o t e n t i a l .  

se lec ted  as t h e  t ime  i n  which t o  composite a sample t o  d e f i n e  a p l a n t ' s  average 
ou tpu t .  
each o f  s i x  months. These r e s u l t s  (F igu re  3)  show t h a t  some long  te rm s h i f t s  
i n  c lean coa l  compos i t i on  can occur. The v a r i a t i o n s  may r e s u l t  from changing 
c h a r a c t e r i s t i c s  o f  an i n d i v i d u a l  c o a l  rese rve  o r  changes i n  mine opera t i ons .  
A l i q u e f a c t i o n  p rocess ing  p l a n t  w i l l  need t h e  f l e x i b i l i t y  t o  deal w i t h  these 
chanoes i f  they  would s i g n i f i c a n t l y  a f f e c t  ope ra t i ons .  

The second p o r t i o n  o f  t h i s  p r o j e c t  was t o  d e f i n e  the  r e g i o n a l  v a r i a t i o n  
i n  c o a l  composi t ion.  Table 1 shows t h e  range i n  seve ra l  c l e a n  coa l  p r o p e r t i e s  
across the r e g i o n  compared t o  t h e  v a r i a t i o n  which m igh t  be expected from an 
i n d i v i d u a l  p l a n t .  These r e s u l t s  i l l u s t r a t e  t h a t  t h e  v a r i a t i o n  across t h e  
r e g i o n  i s  g e n e r a l l y  two t o  f o u r  t imes  t h a t  which m igh t  be expected f rom an 
i n d i v i d u a l  p l a n t .  Fur thermore,  t h e  abso lu te  ranges i n  v a r i a b l e s ,  such as 
v i t r i n i t e  r e f l e c t a n c e ,  p y r i t i c  s u l f u r  and t o t a l  r e a c t i v e  macerals, a re  such 
t h a t  they w i l l  a f f e c t  s u b s t a n t i a l l y  coa l  l i q u e f a c t i o n  r e s u l t s .  Therefore,  
d e s p i t e  t h e  c o n t e n t i o n  t h a t  coa l  supp ly  from an i n d i v i d u a l  mine w i l l  s h i f t  
w i t h  t ime,  t h e r e  a re  p robab le  advantages t o  s e l e c t i n g  and b lend ing  c o a l s  f rom 
mines whose average compos i t i on  i s  i n  t h e  h i g h  r e a c t i v i t y  range. 

determine the  e f f e c t s  o f  v a r i a t i o n s  i n  p r o p e r t i e s  on coal  l i q u e f a c t i o n .  I n  
t h i s  program t h e  c o a l s  were l i q u e f i e d  i n  a 100 pound p e r  day cont inuous bench 
sca le  process development u n i t  (CPDU) under s tandard c o n d i t i o n s  as f o l l o w s :  

An a d d i t i o n a l  b e n e f i t  from coa l  p r e p a r a t i o n  i s  

Based upon the  r e s u l t s  from t h e  s h o r t  term study,  a f i v e  day p e r i o d  was 

Thus, once a month a f i v e  day p e r i o d  was sampled and composited f o r  

The t h i r d  p o r t i o n  o f  t h i s  program was t o  t e s t  t h e  s e t  o f  c lean  coa ls  t o  

o Reaction Temperature 
o Reaction Time 
o To ta l  Pressure 
o Hg Flow Rate 
o Coal Concen t ra t i on  

84OoF 
30 min 
2000 p s i g  
28,000 SCF/Ton Coal 
40 w t . %  i n  W i l s o n v i l l e  Recycle Solvent  

These a r e  e s s e n t i a l l y  t h e  S R C - I  s tandard process c o n d i t i o n s  w i t h  t h e  
except ion o f  t h e  s h o r t e r  (30 min) res idence  t ime. .  A l l  samples from the  process 
u n i t  were analyzed by a s tandard  workup procedure t o  determine the  y i e l d s  o f  
products  on a d r y  ash - f ree  c o a l  b a s i s  and hydrogen consumption. 

r e l a t e d  t o  o i l s  y i e l d  and hydrogen consumption. 
f o r  assessing coa l  r e a c t i v i t y  s ince  t h e y  a re  among t h e  most s e n s i t i v e  economic 
parameters i n  a l i q u e f a c t i o n  p l a n t .  The r e s u l t s  show a group o f  h i g h  r e a c t i v i t y  
coa ls  (>25% o i l s  y i e l d ) ,  a group o f  average c o a l s  (15-25% o i l s  y i e l d ) ,  and one 
very low a c t i v i t y  sample. 

and on revenue economics. Improvements t o  p l a n t  o p e r a t i o n  may inc lude :  
improved s o l v e n t  balance, l e s s  l o s s  o f  preasphal tenes t o  t h e  g a s i f i e r  res idue ,  
and t h e  f l e x i b i l i t y  t o  ope ra te  a t  l ower  s e v e r i t y .  The advantages o f  o p e r a t i o n  
a t  a decreased s e v e r i t y  a r e  l ower  d u t y  on t h e  f i r e d  p rehea te r  and b e t t e r  
r e a c t i o n  s t a b i l i t y .  O f  course,  t o  ope ra te  w i t h  a h i g h  r e a c t i v i t y  coa l  a t  h i g h  
s e v e r i t y  would r e q u i r e  some a d d i t i o n a l  hydrogen c a p a c i t y  and t h i s  element does 
impact  on opera t i ons  and economics. 

F igu re  4 shows t h e  range i n  r e a c t i v i t y  demonstrated by these c o a l s  as 
These two f a c t o r s  a r e  u s e f u l  

Ranges i n  coa l  r e a c t i v i t y  o f  t h i s  magnitude impact b o t h  on p l a n t  ope ra t i ons  
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as heavy O i l .  

w i t h  an average and, a l t e r n a t i v e l y ,  a h i g h  a c t i v i t y  coa l .  
aSSeSSement has been s i m p l i f i e d  and con ta ins  seve ra l  assumptions, i t  i s  C lea r  
t h a t  u s i n g  the  h i g h  a c t i v i t y  coa l ,  i n c l u d i n g  t h e  hydrogen p e n a l t y ,  r e s u l t s  i n  
a s i g n i f i c a n t  (11%) improvement i n  revenues. S ince these coa ls  a r e  s o l d  
CUr ren t l y  on a f u e l  b a s i s  (cents/mm b t u )  t h e r e  can be compe l l i ng  economic 

The advantages i n  ope ra t i ons  and economics f o r  a s imple thermal  process 

The comparisons a re  shown on an i d e n t i c a l  p l a n t  case, o p e r a t i n g  
Al though t h i s  

I i n c e n t i v e s  f o r  choosing h i g h  a c t i v i t y  coa ls .  

( i . e .  S R C - I )  a l s o  appear t o  be p resen t  f o r  more complex c a t a l y t i c  systems. 

Ana lys i s  o f  L i q u e f a c t i o n  Data 
I n  o rde r  t o  r e a l i z e  an advantage due t o  coa l  r e a c t i v i t y  i n  e i t h e r  ope ra t i ons  

o r  economics, i t  i s  necessary t o  understand methods o f  s e l e c t i n g  h i g h  a c t i v i t y  
coa ls .  One o b j e c t i v e  o f  t h i s  research program was t o  develop c o r r e l a t i o n s  
between coal  c h a r a c t e r i s t i c s  and l i q u e f a c t i o n  p roduc t  y i e l d s .  I n  o rde r  t o  
develop these types o f  c o r r e l a t i o n s  i t  i s  necessary t o  have a homogeneous data 
s e t  which prov ides a s u f f i c i e n t l y  broad, and no rma l l y  d i s t r i b u t e d ,  p a t t e r n  o f  
va r iab les .  A l though t h e  c u r r e n t  da tase t  i s  p robab ly  t o o  sma l l  (13 c o a l s )  t o  
develop h i g h l y  c o r r e l a t e d  r e l a t i o n s h i p s ,  i t  i s  u s e f u l  f o r  de te rm in ing  t rends  
i n  the  data.  

The coa l  c h a r a c t e r i s t i c s  and l i q u e f a c t i o n  y i e l d  da ta  s e t s  were b o t h  
analyzed t o  d e t e c t  and min imize s t r o n g  s t a t i s t i c a l  i n t e r c o r r e l a t i o n s .  Th is  
a n a l y s i s  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  f o u r  independent c o a l  v a r i a b l e s  and 
f i v e  r e l a t i v e l y  independent l i q u e f a c t i o n  v a r i a b l e s  which were c o r r e l a t e d  
aga ins t  each o t h e r  (Table 3) .  Based on t h e  r e l a t i o n s h i p s  de tec ted  f rom Table 
3 the  f o l l o w i n g  e m p i r i c a l  p r e d i c t i o n  models were c a l c u l a t e d .  

To ta l  Conversion = (14.1 ( P y r i t i c  S u l f u r )  + 4 .1  ( V i t r i n i t e  Eq. 1 
r e f l e c t a n c e )  + 77.2) x T o t a l  Reac t i ve  
Maceral S A 0 0  

2 R = 0.82 

O i l  Y i e l d  = 16.2 ( P y r i t i c  S u l f u r )  - 1.2 ( V o l a t i l e  M a t t e r )  + Eq. 2 
13.6 ( V i t r i n i t e  Ref lectance)  + 52.9 

2 R = 0.47 

The m u l t i p l e  R-squared f o r  equa t ion  # 1  (0.82) i s  r e l a t i v e l y  good f o r  
complex m u l t i v a r i a t e  r e l a t i o n s h i p s  such as those e x i s t i n g  i n  coal  research. 
The cons tan t  term i n  t h i s  equa t ion  (77.2) i s  r e l a t i v e l y  l a r g e  i n  comparison t o  
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the va lues  of t h e  p r e d i c t e d  v a r i a b l e  and at tempts t o  generate a s t r o n g  r e l a t i o n -  
s h i p  would work t o  reduce t h i s  va lue.  
observed convers ion  versus t h e  p r e d i c t e d  convers ion shows t h e r e  a re  no s i g n i f i c a n t  
o u t l i e r s  ( o r  l a r g e  r e s i d u a l s )  i n  t h i s  da ta  s e t  and t h a t  p r e d i c t i v e  r e l a t i o n s h i p  
i s  r e l i a b l e .  Un fo r tuna te l y ,  t h e  R-squared f o r  equa t ion  #2 i s  n o t  as good 
(0.47). 
p r e d i c t e d  f o r  t h i s  equat ion;  it i n d i c a t e s  t h a t  t h e r e  a re  no s i n g l e  o r  pa t te rned  
o u t l i e r s .  Th i s  suggests t h a t  a n  a d d i t i o n a l  c h a r a c t e r i z a t i o n  f a c t o r  i s  p robab ly  
necessary t o  improve t h e  p r e d i c t i o n  o f  o i l  y i e l d .  

T h i s  a n a l y s i s  of t h e  da ta  s e t  r e s u l t e d  i n  t h e  s e l e c t i n g  o f  many o f  t h e  
same v a r i a b l e s  as those determined by t he  P i t t q h u r g  & Midway Coal M in ing  Co. 
f o r  t h e  p r e d i c t i o n  of S R C - I 1  y i e l d  s t r u c t u r e s .  The r e l a t i o n s h i p  between 
p y r i t i c  s u l f u r  i n  t h e  c l e a n  coa l  and t h e  convers ion  o f  t o t a l  r e a c t i v e  macerals 
de tec ted  i n  t h e  s t a t i s t i c a l  a n a l y s i s  ( c o r r e l a t i o n  c o e f f i c i e n t  equals  0.902) i s  
shown i n  F i g u r e  8. Th is  r e l a t i o n s h i p  shows t h a t  as p y r i t i c  s u l f u r  drops below 
1.10 w t .  pe rcen t ,  t h e  coa l  conve rs ion  r e a c t i v i t y  decreases s i g n i f i c a n t l y .  
However, i n  another  p o r t i o n  o f  t h e  research program, exper iments on t h e  importance 
o f  coa l  p r e p a r a t i o n  showed t h a t  l e v e l s  o f  p y r i t i c  s u l f u r  had l i t t l e  a f f e c t  on 
l i q u e f a c t i o n  y i e l d s .  The r e s u l t s  f rom one o f  these exper iments a re  shown i n  
F igu re  9. Desp i te  coa l  samples wh ich  range i n  ash and p y r i t i c  s u l f u r  i n  
excess o f  t hose  de tec ted  i n  t h e  da ta  a n a l y s i s ,  t h e  l i q u e f a c t i o n  y i e l d s  are 
r a t h e r  c o n s i s t e n t .  

The r e c o n c i l i a t i o n  o f  these seemingly  d i a m e t r i c a l l y  opposed r e s u l t s  
appears t o  r e s i d e  i n  t h e  a c t i v i t y  o f  t h e  p y r i t e  p resen t  i n  c leaned c o a l s  
versus t h a t  i n  t h e  run-of-mine and p a r t i a l l y  c leaned samples. A s e r i e s  o f  
c o a l s  a l l  c leaned t o  app rox ima te l y  t h e  same ash l e v e l  would be expected t o  
c o n t a i n  app rox ima te l y  t h e  same amount o f  p y r i t e ,  i f  i t  were d i s t r i b u t e d  i n  t h e  
same manner i n  a l l  t h e  samples. The c leaned c o a l s  i n  t h e  data a n a l y s i s  s e t  
( s i m i l a r  i n  p r e p a r a t i o n  and ash con ten t )  ranged i n  p y r i t i c  s u l f u r  from 1.42 t o  
0.65 pe rcen t ,  i n d i c a t i n g  t h a t  some o f  t h e  samples p robab ly  con ta ined  p y r i t e  
which was f i n e l y  d ispersed i n  t h e  o r g a n i c  m a t r i x  and was n o t  removed by c lean ing .  
Genera l l y ,  these coa ls  were those which had h i g h  a c t i v i t y  f o r  l i q u e f a c t i o n .  
The p y r i t e  t h a t  would be p resen t  i n  t h e  l e v e l  1 and l e v e l  2 c l e a n i n g  shown i n  
F i g u r e  9 would be comprised s u b s t a n t i a l l y  o f  coarse m a t e r i a l  f rom seam p a r t i n g s  
and p y r i t e  nodules.  The exper imenta l  d a t a  on these samples i n d i c a t e  t h a t  t h i s  
t y p e  o f  p y r i t e  has l i t t l e  c a t a l y t i c  e f f e c t  i n  t h e  SRC-I l i q u e f a c t i o n  system. 
The m a j o r i t y  o f  t h e  c a t a l y t i c  a c t i v i t y  appears t o  be p r o v i d e d  by t h e  f i n e l y  
d i spe rsed  p y r i t e  r e t a i n e d  i n  c e r t a i n  c leaned coals .  

r e s u l t s  determined i n  t h e  d i sposab le  c a t a l y s t  programs. ' 22'15 These workers 
found t h a t  a d d i t i o n s  o f  p a r t i c u l a t e  p y r i t e  a t  l e v e l s  approaching 5 we igh t  
pe rcen t  p y r i t i c  s u l f u r  on c o a l  were necessary t o  show much c a t a l y t i c  a c t i v i t y .  
However, when i r o n  was added t o  t h e  c o a l  in lg  d i spe rsed  system, much lower  
l e v e l s  r e s u l t e d  i n  h i g h  c a t a l y t i c  a c t i v i t y .  Hence, n o t  o n l y  t h e  amount, b u t  
more i m p o r t a n t l y  t h e  form o f  t h e  p y r i t e  i n  t h e  coa l  appears t o  be t h e  most 
impor tan t  f a c t o r  i n  c o n t r o l l i n g  i t s  c o n t r i b u t i o n  t o  t h e  coa l  a c t i v i t y .  

One can conclude a l s o  f rom t h e  da ta  a n a l y s i s  t h a t  t h e  l e v e l  o f  geochemical 
m a t u r i t y ,  o r  rank  o f  t he  c o a l  as measured by  v i t r i n i t e  r e f l e c t a n c e ,  i s  o f  
s i g n i f i c a n c e  t o  l i q u e f a c t i o n  y i e l d s .  A l though  the  range o f  rank i n  these 
samples i s  n o t  as l a r g e  as m igh t  be necessary t o  f u l l y  i d e n t i f y  t h i s  e f f e c t ,  
i nc reases  i n  r a n k  c o r r e l a t e  n e g a t i v e l y  w i t h  b o t h  o i l  y i e l d  and convers ion.  
The s u b t l e  d i f f e rences  i n  t h e  ranks o f  t h e  c o a l s  i n  t h i s  sample s u i t e  do 
r e f l e c t  changes i n  t h e  s t r u c t u r a l  c h e m i s t r y  o f  t h e  coa l  macerals. I n  t h i s  
range o f  geochemical m a t u r i t y ,  c o a l s  l o s e  oxygen and a r e  b e l i e v e d  t o  undergo 

The p a r i t y  p l o t  i n  F i g u r e  6 o f  t h e  

F i g u r e  7 i s  t h e  p a r i t y  p l o t  o f  o i l  y i e l d  observed versus o i l  y i e l d  

The importance o f  p y r i t e  d i s p e r s i o n  i s  a l s o  i n  genpra? eement w i t h  
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rearrangement and r i n g  condensation. These r e a c t i o n s  may tend  t o  r e s u l t  i n  a 
more r e f r a c t o r y  o rgan ic  phase t o  d i s s o l u t i o n  and l i q u e f a c t i o n .  
c o r r e l a t i o n  o f  l i q u i d  y i e l d  79d convers ion w i t h  coa l  rank  parameters was a l s o  
repo r ted  by the  P&M workers. 

Summary 
I t i s  c l e a r  from t h e  preceeding d i s c u s s i o n  t h a t  v a r i a t i o n s  i n  coa l  p r o p e r t i e s  

do a f f e c t  l i q u e f a c t i o n  r e s u l t s .  The observed d i f f e r e n c e s  between coa ls  can 
be as l a r g e  as those between Western Subbituminous compared t o  Eas te rn  Bi tuminous,  
o r  as small  as changes i n  coa l  w i t h i n  a s i n g l e  seam o r  i n d i v i d u a l  mine: These 
v a r i a t i o n s  i n  p r o p e r t i e s  do a f f e c t  l i q u e f a c t i o n  y i e l d s ,  p l a n t  ope ra t i ons  and 
economics. S e l e c t i o n  o f  coa ls ,  even from a r e s t r i c t e d  reg ion ,  can be advantageous 
s i n c e  c r i t i c a l  p r o p e r t i e s  va ry  more from source t o  source then  from an i n d i v i d u a l  
m in ing  operat ion.  

Research a t  I C R C  and elsewhere has shown t h a t  q u a n t i t a t i v e  r e l a t i o n s h i p s  
can be developed between coa l  c h a r a c t e r i s t i c s  and y i e l d s .  These e f f o r t s  have 
shown t h a t  t h e  amount o f  d i spe rsed  p y r i t e  i n  t h e  c o a l ,  t h e  geochemical m a t u r i t y  
and the pe t rog raph ic  composi t ion a r e  impor tan t  coa l  parameters. 
from t h i s  r e g i o n  w i t h  l e s s  than  1.10 w t .  p e r c e n t  p y r i t i c  s u l f u r  were found t o  
have s i g n i f i c a n t l y  reduced l i q u e f a c t i o n  r e a c t i v i t y .  U n f o r t u n a t e l y ,  t h e  p r e d i c t i o n  
o f  o i l  y i e l d  from coa l  p r o p e r t i e s  has proven d i f f i c u l t  and w i l l  p robab ly  
r e q u i r e  t h e  a d d i t i o n  o f  more fundamental parameters o f  coa l  chemis t r y  t o  
improve i t s  p r e c i s i o n .  

An improved understanding o f  t h e  r e l a t i o n s h i p  o f  coa l  p r o p e r t i e s  t o  
l i q u e f a c t i o n  r e s u l t s  would be u s e f u l  from a s c i e n t i f i c  p o i n t  o f  v iew as w e l l  
as a process ing s tandpo in t .  
c o a l s  f o r  improved p rocess ing  r e s u l t s  are s e l f  ev iden t .  
d i s p e r s i o n  i n  the  o rgan ic  m a t r i x  may i n d i c a t e  t h a t  i n i t i a l  d i s s o l u t i o n  r e a c t i o n  
and associated hydrogen rearrangement, promoted by an i n - s i t u  c a t a l y s t ,  a re  
i ns t rumen ta l  i n  d e f i n i n g  t h e  f i n a l  p roduc t  d i s t r i b u t i o n .  The a b i l i t y  t o  
b e t t e r  understand t h e  mechanisms o f  coal  d i s s o l u t i o n  f rom a fundamental p o i n t  
o f  view may l e a d  t o  new improved p rocess ing  concepts, as w e l l  as a b e t t e r  
understanding o f  t h e  U.S. coa l  resource.  
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TABLE 1 
COAL CHARACTERISTICS VARIATION IN SUPPLY REGION 

MAXIMUM 
COEFFICIENT COEFFICIENT OF 

OF VARIATION OF A 
MEAN VARIABILITY' VARIATION SINGLE PLANT 

ASH 9.2 f 4 . 7  0.25 0.1 1 

HEATING VALUE 12283 i l l 0 0  0.09 0.04 
TOTAL SULFUR 3.1 f1.3 0.21 0.12 

PYRITIC SULFUR 1.4 f l .O 0.36 0.23 

T. R. MACERALS 93.3 f3.1 0.02 0.01 

VIT REFLECTANCE 0.57 f0.18 0.16 0.04 

'f 2 STANDARD DEVIATION 

TABLE 2 
YIELD AND ECONOMIC COMPARISON 

AVERAGE HIGH 
A C T I ~ ~ T Y  COAL ACTWIG COAL 

PRODUCTS YIELD. YIELD' 

FUEL GAS 4.5 7.4 

LIGHT OILS 

MIDDLE OILS :::l 25.5 t:] 41.9 
HEAVY OILS 17.5 

44.8 27.1 SOLID SRC 

TOTAL PRODUCTS 74.8 76.4 

- ~ 

TOTAL REVENUE*' $ 8.90 $9.88 
'LBS OF PRODUCT/100 LBS OAF FEED COA. 

"DOLLARS OF REVENUE/100 LBS OAF FEED COAL (1990 PRICES IN 1981 DO-LARS, 

TABLE 3 
CORRELATION OF INDEPENDENT COAL CHARACTERISTICS 

AND LIQUEFACTION YIELD DATA 

UYDROGEN HYDROCARBON TOTAL CONVERSION ASPUALTENES/ 
CONSUMPTION GASES OILS OF TRM PREASPUALTENES 

DAF HYDROGEN 0.176 0.156 0.022 0.103 -0,191 

DRY PYRITIC 
SULFUR 0.661 0.131 0.527 0.902 0.214 
DAF VOLATILE 
MATTER - 

VlTRlNlTE 
REFLECTAWE -0.153 -0.289 -0.159 -0.360 -0,120 

0.283 -0.243 0.121 -0.31 1 
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C o r r e l a t i o n  o f  Recycle So lven t  Q u a l i t y  t o  Coal L i q u e f a c t i o n  

F. K. Schweighardt 

I n t e r n a t i o n a l  Coal R e f i n i n g  Company 
P. 0. Box 2752, A l lentown,  PA 18001 

INTRODUCTION 

"Solvent  q u a l i t y "  i s  a c o n t r i v e d  s o l v s n t  p r o p e r t y  used i n  coa l  l i q u e f a c t i o n .  
It i s -  assumed t o  be an impor tan t  gu ide f o r  exp ress ing  how w e l l  a r e c y c l e  s o l v e n t  
w i l l  conve r t  coa l  t o  p roduc ts  s o l u b l e  i n  t e t r a h y d r o f u r a n  (THF) o r  p y r i d i n e .  Over 
t h e  past  40-50 years,  much has been w r i t t e n  about t h e  so l ven ts  used t o  prepare 
c o a l  s l u r r i e s ,  y e t  few s o l v e n t  q u a l i t y  parameters have been q u a n t i f i e d  and r e l a t e d  
t o  process c o n d i t i o n s  o r  feedstocks.  

For t h i s  r e p o r t ,  s o l v e n t  q u a l i t y  was measured by k i n e t i c  m ic roau toc lave  t e s t  
as used a t  t h e  W i l s o n v i l l e  Advanced Coal L i q u e f a c t i o n  F a c i l i t y  (1). The micro-  
au toc lave  method, o r i g i n a l l y  developed by the  Conoco Coal Development Company, 
has been used t o  q u a n t i f y  s o l v e n t  q u a l i t y  a t  W i l s o n v i l l e  s ince  1978. Th is  method 
(Note 1) de f i nes  s o l v e n t  q u a l i t y  as t h e  we igh t  pe rcen t  t e t r a h y d r o f u r a n  so lub les  
generated, based on weight  pe rcen t  mois ture-  and ash - f ree  (MAF) c o a l .  T r a d i t i o n -  
a l l y ,  a s o l v e n t  q u a l i t y  t e s t  r e s u l t  i n  t h e  l ower  range (z65) warned o f  p o t e n t i a l  
p rehea te r  cok ing  problems. More r e c e n t l y ,  s o l v e n t  q u a l i t y  has been used t o  
mon i to r  the e f f e c t s  o f  add ing  l i g h t  s o l v e n t  r e f i n e d  coa l  (LSRC) and d i s t i l l a t e s  
t o  t h e  so l ven t  stream t o  enhance c o a l  l i q u e f a c t i o n  and m a i n t a i n  s o l v e n t  balance. 

T h i s  s tudy  at tempts t o  i d e n t i f y  i m p o r t a n t  independent and dependent v a r i a b l e s  
assoc ia ted  with the  s o l v e n t  r e f i n i n g  o f  coa l  (SAC) by  r e l a t i n g  p l a n t  o p e r a t i o n  t o  
coa l  feedstock and p roduc t  s l a t e  and by c o r r e l a t i n g  t h e  impact t o  changes i n  the  
r e s u l t s  f r o m  t h e  m ic roau toc lave  s o l v e n t  q u a l i t y  t e s t .  

PROPERTIES AN0 CHARACTERISTICS OF COAL LIQUEFACTION SOLVENTS 
I n  SRC l i q u e f a c t i o n ,  an e f f e c t i v e  process so l ven t  should be (a) coa l -de r i ved  

t o  p e r m i t  cont inuous p l a n t  ope ra t i on ;  (b) a d i s t i l l a t e  w i t h  a nominal b o i l i n g  
range o f  450-85OOF; (c)  a b l e  t o  s u s t a i n  a 10-40 w t  % coa l  s l u r r y  through feed 
pumps; (d)  ab le t o  r a p i d l y  accept  coal  d i s s o l u t i o n  p roduc ts  i n  s o l u t i o n  o r  suspens- 
i o n ;  (e) ab le t o  a c t  as a hydrogen donor o r  s h u t t l i n g  agent f o r  hydrogen t r a n s f e r  
under a predominant ly  f r e e - r a d i c a l  mechanism; and ( f )  capable o f  c a r r y i n g  t h e  
l i q u e f a c t i o n  p roduc t  stream th rough  s o l i d / l i q u i d  separa t i on  processes and u l t i m a t e l y  
o f  b e i n g  recyc led  t o  con t inue  t h e  process.  

The chemical p r o p e r t i e s  o f  r e c y c l e  s o l v e n t s  have been well-documented by 
Wh i tehu rs t  e t  a l .  (2) ,  Burke e t  a1.,(3) and Neavel (4). A r e c y c l e  s o l v e n t  
generated under S R C - I  process c o n d i t i o n s  e x h i b i t s  a complex mo lecu la r  compo- 
s i t i o n .  The s o l v e n t  i s  composed o f  a m i x t u r e  o f  a l k y l  (C - C  ) - s u b s t i t u t e d  p o l y -  
n u c l e a r  he te ro -  and hydroaromat i c compounds. Gas chromatoghapf!y/mass spec t romet ry  
(GC/MS) da ta  have revea led  t h a t  40 i n d i v i d u a l  components comprise a lmost  60 w t  % 
o f  t h e  so l ven t .  The remain ing 40 w t  % may i n c l u d e  hundreds t o  thousands o f  
i n d i v i d u a l  compounds (5). The major  mo lecu la r  spec ies a r e  (5-30%) s u b s t i t u t e d  
naphthalenes and (5-1096) phenanthrenes. 

Dur ing  S R C - I  l i q u e f a c t i o n ,  each t i m e  t h e  so l ven t / coa l  m i x t u r e  passed through 
t h e  r e a c t o r  0-30 w t %  new s o l v e n t  m a t e r i a l  i s  generated, on an MAF feed  coa l  
bas i s .  Therefore,  t h e  mo lecu la r  compos i t i on  would be expected t o  c o n s t a n t l y  
change and s h i f t  i n  response t o  p rocess ing  c o n d i t i o n s  and feed  s l u r r y  composi t ion.  
A t  W i l s o n v i l l e ,  the v i r g i n  d i s t i l l a t e  s o l v e n t  e x i t s  t h e  process a t  vacuum tower 
T102, t r a y s  3 and 8 (see F igu re  1 f o r  a process f l o w  scheme). The s o l v e n t  i s  
t hen  h e l d  b r i e f l y  i n  a h o l d i n g  tank (V178), from which d a i l y  samples a re  taken 
f o r  s o l v e n t  q u a l i t y  t e s t i n g .  
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Recently, the s o l v e n t  i n  V178 ( o r i g i n a l l y  V131A) has been mixed w i t h  LSRC o r  
o t h e r  product  streams i n  tank  V131B j u s t  be fo re  i t  i s  r e c y c l e d  i n t o  the  process 
a t  V l O l A  as a new coa l  s l u r r y .  The LSRC, a p roduc t  s t ream from the  c r i t i c a l  
So lven t  deasher, i s  added t o  t h e  d i s t i l l a t e  s o l v e n t  f o r  seve ra l  reasons. Most 
impor tan t  t o  t h e  o v e r a l l  process i s  t h a t  LSRC appears t o  enhance s o l v e n t  q u a l i t y  
by adding h i g h - b o i l i n g  compounds (6 ) ,  and somehow promotes d i s t i l l a t e  y i e l d  so 
t h a t  so l ven t  balance i s  mainta ined.  Handl ing the  LSRC i n  m a t e r i a l  ba lance 
c a l c u l a t i o n s  i s  a problem. If the  LSRC i s  i n e r t ,  i t  can s imp ly  be sub t rac ted .  
However, i f  t h e  LSRC i s  a r e a c t a n t ,  i t s  degree o f  conve rs ion  must be q u a n t i f i e d  
before an o i l  y i e l d  can be computed (7). Because the  a d d i t i o n  of LSRC t o  t h e  
d i s t i l l a t e  s o l v e n t  has n o t  been con t inous  f o r  a l l  coa l  types,  s o l v e n t  q u a l i t y  
va lues from V131B samples a re  n o t  i nc luded  throughout  t h i s  r e p o r t .  

Anthracene o i l  i s  sometimes added t o  the  system a t  V178 t o  m a i n t a i n  s o l v e n t  
balance. For  t h i s  s tudy ,  data p o i n t s  were e l i m i n a t e d  i f  more than  5% by volume 
anthracene o i l  was added t o  t h e  V178 s o l v e n t  w i t h i n  5 days o f  a m a t e r i a l  balance 
pe r iod .  

THE ROLE OF SOLVENT I N  S R C - I  LIQUEFACTION 
Our c u r r e n t  understanding o f  coa l  l i q u e f a c t i o n  i s  t h a t  b i tuminous coa l ,  when 

mixed w i t h  s o l v e n t  a t  200-250°F begins t o  d i s s o l v e ,  b u t  t h a t  most o f  t h e  coa l  
m a t r i x  i s  i n  suspension. The p r imary  d i s s o l u t i o n  p roduc ts  a re  b e l i e v e d  t o  be 
smal l  molecules a l ready  t rapped  w i t h i n  t h e  coa l  (8) .  Depending on coa l  t ype  and 
rank,  these compounds may rep resen t  5-20% o f  t he  coa l .  

A t  W i l s o n v i l l e ,  t he  feed s l u r r y  i s  h e l d  a t  150-250°F (depending on t h e  
pe rcen t  LSRC added) f o r  8-12 h r  w i t h o u t  hydrogen be fo re  i t  e n t e r s  t h e  p rehea te r  
(8102) under p a r t i a l  hydrogen pressure.  Under these h o l d i n g  c o n d i t i o n s  i n  tanks  
V l O l A  and V1018, the  r e c y c l e  s o l v e n t  must e x h i b i t  good d i s s o l v i n g  power. That  
way, t h e  so l ven t  can e x t r a c t  and exchange w i t h  t he  sma l l  molecules t rapped  i n  t h e  
coa l  and f i l l  o t h e r  vo ids  c rea ted  by loss  o f  water  and s w e l l i n g .  

Thermal r e a c t i o n s ,  i n  which s i s s i l e  bonds (9) break and i n i t i a t e  ac tua l  c o a l  
m a t r i x  l i q u e f a c t i o n ,  do n o t  occur u n t i l  -6OOOF. Such temperatures a r e  f i r s t  
reached i n  t h e  p rehea te r  (8102) under -2,000 p s i  hydrogen pressure.  A t  l i q u e -  
f a c t i o n  temperatures, t h e  nascent f r e e  r a d i c a l s  apparen t l y  r a p i d l y  combine w i t h  
l a b i l e  hydrogen from t h e  feed  coa l  d u r i n g  the  f i r s t  . l - 5  min, forming a c r e s o l -  
( o r  p y r i d i n e - )  s o l u b l e  p roduc t  (4). When temperatures i n  t h e  p rehea te r  reach 
78OoF, the  r e c y c l e  s o l v e n t  appears t o  r a p i d l y  s o l v a t e  t h e  p r imary  l i q u e f a c t i o n  
product .  A f t e r  t h e  process s l u r r y  stream en te rs  t h e  r e a c t o r ,  t h e  exothermic 
r e a c t i o n  d r i v e s  the  temperature t o  a lmost  84OOF d u r i n g  a res idence t ime  o f  30-60 
min. I n  the  r e a c t o r  t he  o r i g i n a l  r e c y c l e  s o l v e n t  and t h e  new coa l  product  
components s h u t t l e  hydrogen t o  f r e e - r a d i c a l  s i t e s  generated from s p l i t t i n g  and 
c rack ing  a t  r e a c t i o n  temperature (840OF). 

The so l ven t ,  which i s  now m o d i f i e d  i n  mo lecu la r  composi t ion by  t h e  a d d i t i o n  
o f  c r a c k i n g  and s p l i t t i n g  products  from 0-30 w t  % MAF c o a l ,  can i t s e l f  be rehydro- 
genated. Th is  newly a v a i l a b l e ,  "donatable"  hydrogen can be s h u t t l e d  t o  more 
r e c e n t l y  generated a c t i v e  s i t e s  formed i n  r e a c t o r  R l O l  t o  f u r t h e r  s t a b i l i z e  the 
system. 

That p o r t i o n  o f  t h e  s o l v e n t  t h a t  i s  a c t i v e  i n  s h u t t l i n g  hydrogen t o  f ree -  
r a d i c a l  s i t e s  has been assoc ia ted  w i t h  t h e  hydroaromat ic  con ten t .  Other  hydrogen- 
t r a n s f e r  spec ies have been suggested ( 2 )  t o  be a c t i v e  when hydroaromat ic  species 
were absent o r  depleted,  i n c l u d i n g  aromat ic  hyd roxy l  (e .g . ,  p-naphthol )  and a l k y l  
(methy l )  s i d e  chains l i k e  those found on 2-methylnaphthalene. Curran e t  a l .  (10) 
concluded t h a t  t h e  l i q u e f a c t i o n  s o l v e n t  needs s u f f i c i e n t  donatable hydrogen t o  
promote g r e a t e r  d i s t i l l a t e  y i e l d  and reduce cok ing,  and t h a t  t h e  hydrogen can 
come from many sources. 

i 
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C o r r e l a t i o n  o f  So lven t  Q u a l i t y  t o  Process Opera t i on  
A rev iew  o f  p a s t  o p e r a t i n g  r e p o r t s  from W i l s o n v i l l e  and i n t e r v i e w s  w i t h  

W i l s o n v i l l e  s t a f f  r e s u l t e d  i n  an- assemblage o f  48 p r imary  parameters t h a t  def ine 
a p i l o t  p l a n t  r u n  under t h e  S R C - I  f i r s t - s t a g e  regime (Note 2) .  F i f t y - s e v e n  data 
p o i n t s  analyzed f o r  these 48 v a r i a b l e s  span f rom 1978 ( r u n  133) t o  1982 ( run  
234). D u r i n g  t h i s  pe r iod ,  f i v e  ma jo r  c o a l  types were processed f o r  3-58 days on 
stream, p e r  run. Usua l l y  one t o  t h r e e  da ta  p o i n t s  from each run were se lec ted  t o  
rep resen t  a m a t e r i a l  ba lance a t  nominal s teady -s ta te  c o n d i t i o n s .  These m a t e r i a l  
balance p o i n t s  form the  da ta  base o f  t h i s  r e p o r t .  

In ana lyz ing  these data,  we assumed t h a t  each coal  t y p e  can be viewed inde -  
pendent ly ,  and t h a t  data f o r  each c o a l  t y p e  can be averaged. The reason f s r  t h i s  
assumption was t h a t  we b e l i e v e  t h e  v a r i a b i l i t y  i n  csa i  r e a c t i v i t y  changes t h e  
demand o n  t h e  o p e r a t i n g  c o n d i t i o i l s ,  generates a c o a l - s p e c i f i c  r e c y c l e  s o l v e n t  
a f t e r  l i n e  au t ,  and would promote a un ique p roduc t  d i s t r i b u t i o n .  A l l  coa l s  o r  
s i m i l a r  c o a l  types a re  combined o n l y  when deemed necessary f o r  genera l  comparison 
purposes. The o b j e c t i v e  o f  t h i s  s tudy  i s  t h e r e f o r e  t o  r e l a t e  t h e  m ic roau toc lave  
s o l v e n t  q u a l i t y  t e s t  r e s u l t  t o  process f a c t o r s  t h a t  cause o r  a r e  a f f e c t e d  by a 
change i n  t h e  s o l v e n t ' s  r o l e  i n  S R C - I  l i q u e f a c t i o n .  

The o b j e c t i v e s  o f  f i r s t - s t a g e  SRC-I l i q u e f a c t i o n  a r e  assumed t o  be: 

o Maximum convers ion o f  coa l  t o  c r e s o l  ( o r  p y r i d i n e )  so lub les  
o Minimum hydrogen consumption based on MAF coa l  convers ion 
o Maintenance o f  process s o l v e n t  i n  s o l v e n t  ba lance 
o Minimum hydrocarbon and maximum heteroatom gas p r o d u c t i o n  
o Minimum preasphal tene c o n t e n t  i n  t h e  vacuum tower  (T102) bottoms 

The ma jo r  process v a r i a b l e s  cons ide red  a re  c o a l  t ype ,  d i s s o l v e r  (R101) 
temperature and pressure,  and coa l  space r a t e  i n  t h e  d i s s o l v e r .  

React ion s e v e r i t y ,  i . e . ,  t h e  degree o f  coa l  conve rs ion  t o  d i s t i l l a t e  and 
gas, can be assessed from y i e l d  s t r u c t u r e  i n f o r m a t i o n ,  such as hydrocarbon and 
heteroatom gas p r o d u c t i o n  ( t o t a l  gas minus H20) and n e t  hydrogen consumption. 

A l though t o t a l  gas p r o d u c t i o n  may n o t  seem t o  r e l a t e  t o  t h e  r e c y c l e  s o l v e n t ' s  
p h y s i c a l  or chemical p r o p e r t i e s ,  i t  i s  presumed t o  be a f f e c t e d  by " s o l v e n t  q u a l i t y . "  
So lven t  q u a l i t y  i n  t h i s  case r e f e r s  t o  t h e  s o l v e n t ' s  a b i l i t y  t o  s h u t t l e  hydrogen 
t o  those coal  spec ies t h a t  have s p l i t  i n t o  l a r g e  components and t o  min imize 
hydrocarbon c r a c k i n g  t h a t  forms C1;C4 gases. 

The benzene so lub les  (SRC o i l s  and asphal tenes)  o f  t he  vacuum tower  bottoms 
(T102) and t h e  t o t a l  SRC ( p y r i d i n e  s o l u b l e s )  o f  t h i s  same stream may be t h e  b e s t  
analyzed samples t o  q u a n t i f y  b o t h  p r o d u c t  d i s t r i b u t i o n  and r e a c t i o n  s e v e r i t y .  
T h i s  T102 bottoms stream i s  "process-normal ized"  i n  t h a t  minor  process excu rs ions  
a r e  averaged by t h e  volume and th roughpu t  o f  t h e  tower. 

Process s o l v e n t  i s  n o t  measured, b u t  i t  i s  determined by d i f f e r e n c e  when 
c a l c u l a t i n g  a m a t e r i a l  ba lance f rom l a b o r a t o r y  d i s t i l l a t i o n  (450-end p o i n t )  and 
subsequent gas chromatography r e s u l t s  (450-850OF). We b e l i e v e  process s o l v e n t  
y i e l d  i s  n e i t h e r  a p r e c i s e  n o r  an accu ra te  parameter t o  cons ide r  f o r  c o r r e l a t i o n .  

The l i g h t  o i l s  (C5-45OoF), which a r e  q u a n t i f i e d  by  gas chromatography data,  
p r o v i d e  another  measure o f  l i q u e f a c t i o n  s e v e r i t y  and s o l v e n t  breakdown independent 
o f  t o t a l  gas p roduc t i on .  

Table 1 l i s t s  t y p i c a l  process parameters w i t h  t h e  l i m i t s  o f  t he  va lues 
accepted as equ iva len t  i n  t h i s  s tudy.  
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Table 1 

W i l s o n v i l l e  SRC Process Cond i t i ons  

D i s s o l v e r  pressure 

D i s s o l v e r  temperature 

D isso lve r  volume i n  use 

Coal space r a t e  

1,700 _+ 100 p s i g  

825 f 10°F 

7 5% 

38 t 3 l b / h r - f t  
3 

H2 p a r t i a l  pressure (hea te r  i n l e t )  

Representat ive s o l v e n t  q u a l i t y  t e s t  r e s u l t s  f o r  V178 ( h o l d i n g  tank )  s o l v e n t  
c o l l e c t e d  over t h e  p a s t  4 yea rs  a r e  p l o t t e d  as a f u n c t i o n  o f  t ime  and coa l  t ype  
i n  F igu re  2. Day-to-day v a r i a t i o n  can be as g r e a t  as 10 u n i t s  on t h e  s o l v e n t  
q u a l i t y  scale. As an a n a l y t i c a l  t e s t ,  s o l v e n t  q u a l i t y  may be considered t o  have 
a p r e c i s i o n  o f  +2. 

RESULTS 

To ta l  Gas Product ion 
F igu re  3 p l o t s  t h e  e n t i r e  data s e t  f o r  t o t a l  hydrocarbon and heteroatom gas 

p roduc t i on  (MAF c o a l )  vs. s o l v e n t  q u a l i t y  f o r  a l l  coa ls .  The d i s t r i b u t i o n  i s  
c l u s t e r e d  a t  8 * 2% t o t a l  gas and 75 2 6 s o l v e n t  q u a l i t y .  R e p l o t t i n g  t o t a l  gas 
p roduc t i on  from Kentucky #9 coal  o n l y  g i v e s  f o u r  d i s t r i b u t i o n  curves,  one f o r  
each mine. F igu re  4 shows t h a t  each p l o t  has d i s t i n c t  c l u s t e r s  and a few o u t l y i n g  
data p o i n t s .  I n  F igu re  4, t h e  data p o i n t s  a re  coded t o  d e f i n e  common d i s s o l v e r  
c o n d i t i o n s  (pressure,  temperature, and volume used). Only i n  t h e  F i e s  Mine 
Kentucky #9 coa l  i s  t h e r e  an apparent s h i f t  t o  g r e a t e r  gas p r o d u c t i o n  a t  h ighe r  
d i s s o l v e r  temperature and pressure.  F igu re  5 p rov ides  a d i f f e r e n t  p e r s p e c t i v e  by 
p l o t t i n g  t o t a l  gas p r o d u c t i o n  data as a f u n c t i o n  o f  days on stream over  4 years.  
Note t h a t  because da ta  p o i n t s  a re  presented, process c o n d i t i o n s  v a r i e d  more 
than the  accepted l i m i t s  g i v e n  i n  (Table 1) f o r  any one common p rehea te r / reac to r  
c o n d i t i o n .  Note t h a t  h i g h  gas p roduc t i on  u s u a l l y  f o l l o w s  a change i n  coa l  type.  
Th is  t r e n d  i s  apparen t l y  independent o f  r e a c t o r  pressure,  coa l  space r a t e ,  and 
a lmost  independent o f  temperature (825-840OF). 

Gas p r o d u c t i o n  i s  graphe'd as a f u n c t i o n  o f  t o t a l  e lementa l  hydrogen consump- 
t i o n  i n  F igu re  6; a l l  da ta  p o i n t s  a r e  presented.  I f  a t o t a l  gas p r o d u c t i o n  range 
o f  5-10% and a hydrogen consumption o f  1.5-3% on MAF coa l  a r e  a r b i t r a r i l y  s e t  as 
lower  and upper l i m i t s ,  t he  p o i n t s  o u t s i d e  these l i m i t s  a r e  m a i n l y  those from t h e  
m a t e r i a l  balance pe r iods  taken  w i t h i n  30 days a f t e r  a change i n  coa l  t ype  f o r  
S R C - I  process ing.  These same p o i n t s  a re  t h e  o u t l y i n g  da ta  p o i n t s  i n  F i g u r e  4. 

1,470 ? 75 p s i  

Product  C o r r e l a t i o n  t o  So lven t  Q u a l i t y  
I n  o rde r  t o  analyze the  da ta  mean ing fu l l y  and o b j e c t i v e l y ,  we r e l a t e d  s o l v e n t  

q u a l i t i e s  t o  p roduc t  d i s t r i b u t i o n  by coa l  t ype  a t  t h e  s e l e c t e d  m a t e r i a l  balance 
pe r iods .  Process v a r i a b l e s  such as p rehea te r  temperature and r e a c t o r  pressure,  
temperature, and volume a re  documented i n  t h e  d iscuss ion.  

D o t i k i  Kentucky #9 Coal. The major d i f f e r e n c e s  i n  p rocess ing  D o t i k i  coa l  
occurred between Runs 202/203 and 204/206/208. The f i r s t  s e t  o f  runs was 
conducted a t  a lower  d i s s o l v e r  temperature (825 vs. 84OOF). A lso,  t h e  p y r i t e  
con ten t  o f  t h e  coa l  i n  runs 2068 and 208 was l e s s  than  1.1%, whereas i n  r u n  203 
i t  was 1.3%. 

F igures 7A-7D p l o t  s o l v e n t  q u a l i t y  vs. s p e c i f i c  p r o d u c t  components. F igu re  7A 
( p y r i t e  con ten t  vs. s o l v e n t  q u a l i t y )  i d e n t i f i e s  each p o i n t  by run/  m a t e r i a l  
balance number and can be used as a gu ide  t o  i d e n t i f y  t h e  e q u i v a l e n t  r u n  i n  
F igu res  76-70. 
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Solvent  q u a l i t y  does n o t  appear t o  a f f e c t  p roduc t  y i e l d .  However, the 
pe rcen t  p y r i t e  i n  the  feed  c o a l  appears t o  a f f e c t  s o l v e n t  q u a l i t y ;  t h a t  i s ,  if 
t h e  percent  p y r i t e  i s  below 1 .1  w t  %, t h e  s o l v e n t  q u a l i t y  va lue  dev ia tes  from the 
major  d i s t r i b u t i o n  c l u s t e r .  The o p e r a t i n g  c o n d i t i o n s  d u r i n g  runs 206 and 207 
were upset because the  h igh -p ressu re  separator  f a i l e d  and n e a r l y  70 v o l  % o f  the 
u n i t  was f i l l e d  w i t h  c r e s o l - i n s o l u b l e  m a t e r i a l .  Run 208, which was s h o r t ,  however, 
had t h e  h i g h e s t  s o l v e n t  q u a l i t y  (70) and lowes t  (1.1%) p y r i t e  con ten t .  Th is  
s o l v e n t  q u a l i t y  v a l u e  i s  u n u s u a l l y  h igh ;  i t s  cause i s  unknown and o n l y  one m a t e r i a l  
ba lance (MB) sample was taken f o r  t h i s  run. D a i l y  s o l v e n t  q u a l i t i e s  measured 
b e f o r e  and a f t e r  t h e  208AB MB were between 64 and 66. 

La faye t te  Kentucky #9 Coal. Runs 163 t o  201 were conducted w i t h  La faye t te  
c o a l .  Runs 163, 166, and 201 were a t  75% d i s s o l v e r  volume a t  1,700 p s i  and 
825OF; d i s s o l v e r  p ressu re  i n  runs 167, 168, 171, and 172 increased t o  2,100 p s i  
with ori iy 50 v o i  X o f  t h e  d i s s o l v e r  i n  use; and r u n  190 was per formed a t  2,100 
p s i ,  825OF. and 75% d i s s o l v e r  volume. The l a r g e s t  volumes o f  anthracene o i l  were 
added t o  t h e  system between runs 170 and 182. So lven t  q u a l i t y  increased from 65 
t o  75, bu t  f e l l  t o  68 a f t e r  r u n  182 and remained t h e r e  u n t i l  t h e  n e x t  coa l  type 
( D o t i k i )  was used. F igu res  8A-8D i l l u s t r a t e  t h e  r e l a t i o n s h i p  f o r  L a f a y e t t e  coal .  
Note t h a t  most L a f a y e t t e  feed  c o a l s  had a p y r i t e  c o n t e n t  o f  l e s s  than  1 .2  w t  %. 

Pyro Kentucky #9 Coal. Pyro Mine c o a l  was r u n  under d i s s o l v e r  c o n d i t i o n s  o f  
1,700 p s i  and 825OF f o r  runs 151, 159, 160. and 161, and a t  2,100 p s i  and 825OF 
f o r  r u n  162. These process c o n d i t i o n s  a r e  the  most cons tan t  f o r  t h e  coa ls  tested.  
Because r u n  151 was conducted w i t h  Ind iana  V s o l v e n t  and processed 3 months 
b e f o r e  run 159, r u n  151 can be e l i m i n a t e d  from each s o l v e n t  q u a l i t y  c o r r e l a t i o n .  
F igu res  9A-9D show t h e  r e l a t i o n s h i p  between Pyro coa l  s o l v e n t  q u a l i t y  and product  
d i s t r i b u t i o n .  Product  y i e l d  ranged w i d e l y  (+8%), b u t  s o l v e n t  q u a l i t y  changed 
o n l y  s l i g h t l y  (+ 2 ) .  The range o f  p r o d u c t  d i s t r i b u t i o n  i s  no l e s s  than  t h a t  f o r  
o t h e r  coal types t h a t  exper ienced s o l v e n t  q u a l i t y  changes o f  more than  + l o  from 
t h e  average. 

F ies  Kentucky #9 Coal. F i e s  Mine c o a l  was processed under t h e  most v a r i e d  
c o n d i t i o n s  o f  a l l  coa l  types (Note 2). Most F i e s  Mine coa l  was r u n  a t  d i s s o l v e r  
c o n d i t i o n s  o f  2,100 p s i ,  84OoF, and 75 v o l  %. Only  t h r e e  feed coa ls  (229A, 2298, 
and 210AB) had a p y r i t e  c o n t e n t  be low 1.1%. Anthracene o i l  was added o n l y  once, 
a f t e r  run 210. So lven t  q u a l i t y  was 75 and was n o t  g r e a t l y  a f f e c t e d  (i2). The 
reason f o r  t h i s  i s  n o t  c l e a r ,  b u t  t h e  optimum a c t i v i t y  o f  hydrogenated anthracene 
o i l  may be 75 k 2 as measured by t h e  s o l v e n t  q u a l i t y  t e s t .  So lven t  q u a l i t y  and 
p r o d u c t  d i s t r i b u t i o n  f o r  F i e s  Mine coa l  are compared i n  F igu res  10A-100. I n  
genera l ,  o n l y  t o t a l  gas p r o d u c t i o n  (dep ic ted  e a r l i e r  i n  F i g u r e  4) shows any 
apparent  c o r r e l a t i o n  between s o l v e n t  q u a l i t y  and d i s s o l v e r  temperature: lower 
d i s s o l v e r  temperature and h i g h e r  s o l v e n t  q u a l i t y  y i e l d  t h e  l owes t  gas p roduc t i on .  

E f f e c t  o f  So lven t  Q u a l i t y  on t h e  A t ta inmen t  o f  L i q u e f a c t i o n  Ob jec t i ves  
We assume so lven ts  a r e  p r i m a r y  p roduc ts  o f  t he  feed  coa ls ,  t h e r e f o r e  t h e i r  

composi t ions a re  a f f e c t e d  f i r s t  by  t h e  c o a l ' s  s t r u c t u r e ,  second by process ing 
c o n d i t i o n s ,  and t h i r d  by  a d d i t i o n  o f  e x t e r n a l  m a t e r i a l  (LSRC), c o n t r o l  o f  d i s t i l -  
l a t e  b o i l i n g  p o i n t  d i s t r i b u t i o n ,  o r  m o d i f i c a t i o n  by  chemical means. 

Once a new s teady -s ta te  process c o n d i t i o n  i s  reached and t h e  s o l v e n t  l i n e d  
o u t ,  t he  s o l v e n t ' s  new p r o p e r t i e s  apparen t l y  a l l o w  a d i f f e r e n t  p roduc t  y i e l d  
d i s t r i b u t i o n  t o  be mainta ined.  The p rehea te r  and r e a c t o r  temperatures have t h e i r  
g r e a t e s t  impact  on t h e  r a t e  o f  f o r m a t i o n  o f  p r imary  l i q u e f a c t i o n  p roduc ts  t h a t  
p l a c e  a demand on t h e  s o l v e n t  f o r  r a p i d  coa l  d i s s o l u t i o n  and hydrogen donat ion.  

If the s o l v e n t  i s  r e t u r n e d  t o  t h e  f r o n t  end w i t h o u t  a d d i t i o n  from another 
s t ream (LSRC o r  d i s t i l l a t e ) ,  we can a t  b e s t  a n t i c i p a t e  an apparent  s teady -s ta te  
s o l v e n t  because t h e  feed coa l  i s  c o n s t a n t l y  changing. Most i m p o r t a n t l y ,  t he  
c o a l ' s  p y r i t e  c o n t e n t  and d i s t r i b u t i o n  i s  more v a r i a b l e  than t h e  o rgan ic  macro- 
mo lecu la r  s t r u c t u r e .  F i g u r e  11 shows t h e  range i n  s o l v e n t  q u a l i t y  as a f u n c t i o n  
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O f  Coal t ype  w i t h  and w i t h o u t  LSRC a d d i t i o n ,  independent o f  process c o n d i t i o n s ,  
f o r  a l l  m a t e r i a l  balance pe r iods .  C i r c l e s  rep resen t  average r e s u l t s ,  and t h e  
ba rs  de f i ne  the  upper and lower  l i m i t s  o f  t h e  s o l v e n t  q u a l i t y .  

Next, we considered o n l y  those s o l v e n t  q u a l i t y  r e s u l t s  ob ta ined  from m a t e r i a l  
ba lances more than 30 days a f t e r  a change i n  feed  coa l  t ype  and more than  5 days 
a f t e r  a d d i t i o n  o f  anthracene o i l .  A l l  da ta  p o i n t s  were averaged by  coa l  t ype  
w i t h  respec t  t o  t h e i r  p y r i t e  c o n c e n t r a t i o n  (F igu re  12). 

F igu re  12 shows t h a t  t he  F ies,  Pyro, and Ind iana  V c o a l s  w i t h  >1.2% p y r i t e  
generated so l ven ts  w i t h  average SQ values above 72. The t r e n d  o f  F i e s ,  Pyro, and 
Ind iana  coal  data c l u s t e r i n g  toge the r  and D o t i k i  and L a f a y e t t e  coa l  d a t a  c l u s t e r i n g  
toge the r  was a l s o  observed f o r  n e a r l y  a l l  average p roduc t  d i s t r i b u t i o n s  (e .g . ,  
F igu res  7-11) as w e l l  as o t h e r  v a r i a b l e s  n o t  i n c l u d e d  i n  t h i s  r e p o r t .  

Measurement o f  L i q u e f a c t i o n  Behavior 
Based on these obse rva t i ons ,  a l o g i c a l  approach t o  d e f i n i n g  coa l -de r i ved  

r e c y c l e  s o l v e n t  q u a l i t y  i s  t o  r e a c t  samples o f  t h e  s o l v e n t ,  o r  t he  m o d i f i e d  
so l ven t ,  i n  t h e  microautoc lave t e s t  w i t h  t h e  d a i l y  f eed  coa l .  T h i s  s o l v e n t  
q u a l i t y  t e s t  would i n v o l v e  comparison o f  t h e  d a i l y  m ic roau toc lave  p roduc t  d i s t r i -  
b u t i o n  ( res idue,  preasphal tenes,  and t o t a l  benzene s o l u b l e s )  w i t h  t h e  p roduc t  
d i s t r i b u t i o n  f o r  a we l l -ma in ta ined  s tandard coa l  o f  t he  same type. The p r imary  
l i q u e f a c t i o n  a c t i v i t y  o f  t he  s o l v e n t  would be determined under hydrogen-starved, 
s o l v e n t - r i c h  c o n d i t i o n s ,  t o  mimic t h e  s l u r r y  tanks and t h e  r a p i d  coa l  d i s s o l u t i o n  
process i n  the  p rehea te r  a t  750 f Z0F. The secondary l i q u e f a c t i o n  a c t i v i t y  o f  
t h e  so l ven t  would be determined from a s i m i l a r  p roduc t  d i s t r i b u t i o n  under hydrogen- 
r i c h  c o n d i t i o n s  (2,000 p s i ) ,  t o  q u a n t i f y  t h e  s u s t a i n i n g  hyd rogen- t rans fe r  r e a c t i o n s  
i n  t h e  reac to r .  

These two t e s t s  would be made w i t h i n  t h e  same sand ba th ;  a t  t h e  same t ime ,  a 
t h i r d  t e s t  microautoc lave would be run. I n  t h i s  t h i r d  bomb, t h e  s tandard coa l  
t ype  would be reac ted  w i t h  a s tandard model compound s o l v e n t  m ix tu re .  Together, 
a l l  t h r e e  r e s u l t s  would p r o v i d e  i n t e r n a l  checks on t h e  r e l i a b i l i t y  o f  t h e  t e s t  
(s tandard coa l  vs. s tandard so l ven t ) ;  optimum con t inued  d i s s o l u t i o n  o f  process 
coa l  ( f eed  coa l  vs. r e c y c l e  so lvent /no H ) ;  and optimum con t inued  convers ion  t o  
t h e  des i red  p roduc t  s l a t e  ( feed  coa l  5. r e z y c l e  so l ven t /  H2). 

F igu re  13 summarize how t h i s  approach t o  measuring s o l v e n t  q u a l i t y  c o u l d  be 
used t o  p r e d i c t  l i q u e f a c t i o n  behavior  o f  t h e  nex t  day ' s  ope ra t i on .  Over a 3-month 
p e r i o d  i n  ou r  l a b o r a t o r i e s ,  we have demonstrated t h a t  s o l v e n t s  from h o l d i n g  t a n k  
V178  y i e l d  d i f f e r e n t  SQ va lues depending on whether t h e y  a r e  t e s t e d  w i t h  t h e  feed  
coa l  t h a t  t hey  w i l l  be s l u r r i e d  w i t h i n  t h e  nex t  r u n  o r  a s tandard  Ind iana  V c o a l .  
The g r e a t e s t  d i f f e r e n c e  i s  t he  r e l a t i v e  d i s t r i b u t i o n  o f  benzene s o l u b l e s  t o  
preasphal tenes.  S i l v e r  and M i l l e r  (11) were f i r s t  t o  n o t e  s i m i l a r  c o a l  conve rs ion  
d i f f e r e n c e s  when u s i n g  a s o l v e n t  generated from Wyodak coa l  and r e a c t i n g  i t  w i t h  
Kentucky #9 coa l .  

SUMMARY 
The concept o f  q u a n t i f y i n g  s o l v e n t  q u a l i t y  by  a m ic roau toc lave  t e s t  does 

have m e r i t  i f  t h e  t e s t  i s  r u n  w i t h  t h e  same c o a l - t y p e  used t o r  coa l  l i q u e f a c t i o n .  
C o r r e l a t i o n  o f  t h e  s o l v e n t  q u a l i t y  r e s u l t  t o  p rehea te r  chemis t r y  ( r a p i d  coal  
d i s s o l u t i o n  w i t h  minimum hydrogen s h u t t l i n g )  and r e a c t o r  chemis t r y  ( r a p i d  and 
s u s t a i n i n g  hydrogen d o n a t i o n / s h u t t l i n g )  i s  apparen t l y  poss ib le .  A s  used a t  
W i l s o n v i l l e  d u r i n g  runs 133-234, the m ic roau toc lave  SQ r e s u l t  was o f  t a n g e n t i a l  
s i g n i f i c a n c e  f o r  abso lu te  day-to-day p i l o t  p l a n t  ope ra t i on .  However, d u r i n g  the 
p a s t  4 yea rs  t h e  W i l s o n v i l l e  s t a f f  has c o l l e c t e d  SQ d a t a  under t h e  most v a r i e d  o f  
c o n d i t i o n s ,  e.g., changes i n  feed  coa l ,  a d d i t i o n  o f  LSRC t o  t h e  s o l v e n t ,  r e d e f i n i t -  
i o n  o f  s o l v e n t  b o i l i n g  range, and most r e c e n t l y ,  a d d i t i o n  o f  h y d r o t r e a t e d  m a t e r i a l  
t o  t he  so l ven t .  These SQ r e s u l t s  do p r o v i d e  us w i t h  a r e l a t i v e  measure o f  coal 
convers ion behav io r  t o  s o l v e n t  composi t ion under p i l o t  p l a n t  c o n d i t i o n s  t o  consider  
f o r  f u t u r e  process design. The W i l s o n v i l l e  s t a f f  has prepared a t o p i c a l  r e p o r t  
on s o l v e n t  a c t i v i t y  c o v e r i n g  t h i s  s u b j e c t  (12). 
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From o u r  SQ s tudy of W i l s o n v i l l e  i t  i s  our  o p i n i o n  t h a t  bench-scale exper i -  
ments comparing d i f f e r e n t  c o a l s  w i t h  s o l v e n t s  o f  ques t i onab le  parentage f o r  
s i n g l e  pass convers ion a re  a t  b e s t  of  l i m i t e d  r e l a t i v e  value, and r e s u l t  i n  
c o n f l i c t i n g  i n t e r p r e t a t i o n s  from l a b  t o  l ab .  Such experiments do d e f i n e  t h e  k ind  
o f  s o l v e n t  composi t ion t h a t  p rov ides  s p e c i f i c  r e s u l t s .  I f  such r e s u l t s  o r  such 
so l ven ts  can be produced i n  s i t u  i s  another  ques t i on .  Laboratory  l i q u e f a c t i o n  
experiments t h a t  may be t h e  most meaningfu l  (a l t hough  t h e  most time-consuming and 
expensive) a re  f u l l  r e c y c l e  o f  t h e  s o l v e n t  f o r  a t t a i n i n g  apparent s teady-state 
ope ra t i on .  We es t ima te  5-12 s o l v e n t  passes a re  r e q u i r e d  f o r  l i n e - o u t  depending 
on process c o n d i t i o n s .  
Note 1 

W i l s o n v i l l e  So lven t  Q u a l i t y  T e s t  (#43080-GO): I n t o  a 30 mL bomb, add 
1.5 g o f  s tandard 1nd;an.i '4 c o a l ,  12 g o f  so l ven t ,  and a 1 - i n .  s t e e l  rod. 
P lace i n  sandbath (750°F) f o r  10 min and shake a t  1,000 spm over 1.5 i n .  
E x t r a c t  t h e  r e a c t i o n  p roduc ts  w i t h  t e t r a h y d r o f u r a n  (THF) t o  determine THF 
i n s o l u b l e s .  Ca lcu la te  pe rcen t  conve rs ion  on MAF coa l .  See Reference 12 f o r  
d e t a i l s .  

Note 2 
The f u l l  data base i s  a v a i l a b l e  upon reques t  f rom t h e  author .  
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FIGURE 8 
SOLVENT OUALITY VS. 

PRODUCT YIELDS FOR LAFAVETTE COAL 
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F I Q U R E B  
SOLVENT DUALITY VS. 

PRODUCT YIELDS FOR PVRD COAL 
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I n t r o d u c t i o n  

The q u a l i t y  o f  t h e  r e c y c l e  s o l v e n t  i s  c r i t i c a l l y  impor tan t  i n  a l l  d i r e c t  
coa l  l i q u e f a c t i o n  processes. The f a c t  t h a t  o v e r a l l  so l ven t  q u a l i t y  can be g r e a t -  
l y  improved by adding some o f  t h e  l i g h t e r  n o n d i s t i l l a b l e  products  t o  the  s o l v e n t  
i s  one o f  t h e  m s t  impor tan t  d i s c o v e r i e s  i n  d i r e c t  coa l  l i q u e f a c t i o n  research i n  
r e c e n t  years.(1! Many r e c e n t  s t u d i e s  have focused on t h e  r o l e  o f  s o l v e n t  i n  
d i r e c t  l i q u e f a c t i o n .  
s o l v i n g  coal d u r i n  i n ' t i a l  preasphal tene format ion comes from t h e  s o l v e n t  r a t h e r  
than hydrogen gas.71321 The h i g h  mo lecu la r  we igh t  aromat ic  hydrocarbons i n  t h e  
r e c y c l e  so l ven t  a r e  p a r t i c u l a r l y  adept a t  t r a n s f e r r i n g  hydrogen t o  coa l  and can 
r e t a r d  r e t r o g r e s s i v e  r e a c t i o n s  which can l e a d  t o  t h e  format ion o f  undes i rab le  
i n s o l u b l e  products .  
i n  l a r g e  p a r t  by h i a h  mo lecu la r  we igh t  s o l v e n t  

r e c y c l e  so l ven t .  
have been shown t o  be e x c e l l e n t  hydrogen t r a n s f e r  agents(4L and may a l s o  r e a d i l y  
pene t ra te  t h e  coa l  s t r u c t u r e  t o  r e  c w i t h  r e a c t i v e  coa l  species be fo re  r e t r o -  
g ress i ve  reac t i ons  can take  p l a c e . 7 5 j  

One o f  t h e  problems encountered i n  a l l  o f  these s tud ies  has been t h a t  when 
a c t u a l  process de r i ved  so l ven ts  a r e  used, t hey  a re  s o  complex t h a t  t h e  r e s u l t s  
a r e  ha rd  t o  ass ign unambiguously t o  p a r t i c u l a r  chemical p r o p e r t i e s  o f  t h e  so lvent ,  
w h i l e  t h e  use o f  model compounds have s imp ly  no t  i n c l u d e d  m a t e r i a l s  o f  s u f f i c i e n t l y  
h i g h  molecular  weight  t o  adequate ly  rep resen t  the  heav ie r  species i n  t r u e  r e c y c l e  
s o l  vents. 

t h e  heavier  m a t e r i a l s  i n  a process d e r i v e d  l i q u e f a c t i o n  so l ven t .  Solvents  obta ined 
from near e q u i l i b r i u m  o p e r a t i o n  o f  t h e  Lummus ITSL Process a r e  being used because 
o the rs  hav 
processes .76S 

It has been shown t h a t  most hydrogen t r a n s f e r r e d  t o  t h e  d i s -  

On t h e  o t h e r  hand, t h e  coke format ion r e a c t i o n s  a re  a l s o  caused 
ponents, p a r t i c u l a r l y  those con- 

t a i n i n g  phenol ics  and p o l y f u n c t i o n a l  compounds. FBT 
Other s t u d i e s  have focused on t h e  r o l e  o f  n i t r o g e n - c o n t a i n i n g  aromat ics i n  the  

The lower  mo lecu la r  we igh t  aromat ics whi h c o n t a i n  bas i c  n i t r o g e n  

The purpose o f  t h i s  work i s  t o  f u r t h e r  s tudy the  l i q u e f a c t i o n  chemist ry  o f  

hown t h a t  t h i s  s o l v e n t  i s  l e s s  complex than so l ven ts  f rom o t h e r  

Experimental 

Samples o f  SCT Recycle So lven t  (2SCT16-1122), t h e  s o l v e n t  recyc led  t o  the  
s h o r t  con tac t  t ime coa l  d i s s o l u t i o n  s tep,  and SCT Heavy O i l  Product (2SCT16-1122), 
t h e  500'F product  f rom the  same process step, were ob ta ined  from t h e  Lummus ITSL 
Process p i l o t  p l a n t .  

Analyses a re  
l i s t e d  i n  Table 1. Both have number average molecular  weights  (by vapor pressure 
osmometry) between 400-500 grams/mole. 
i m a t e l y  a 1.8: l  m ix tu re  o f  reac ted  SCT Recycle Solvent  and d i sso l ved  coa l ,  has an 
H/C r a t i o  o f  0.80, s l i g h t l y  h i g h e r  than  t h e  H/C r a t i o  o f  t h e  s t a r t i n g  I l l i n o i s  #6 
coa l  and somewhat l e s s  than t h e  H/C r a t i o ,  0.95, o f  t h e  SCT Recycle Solvent .  

I l l i n o i s  #6 coa l  used i n  t h e  Lummus ITSL Process was a l s o  obta ined and 
analyzed w i t h  the  r e s u l t s  shown i n  Table 2 .  
mately  4 percent  mo is tu re  and ground t o  more than 70 percent  -200 mesh f o r  use 
i n  t h e  process. 

Both o f  these m a t e r i a l s  a r e  b lack  s o l i d s  a t  room temperature. 

The SCT Heavy O i l  Product, which i s  approx- 

Ihe coa l  has been d r i e d  t o  approx i -  
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The procedure used f o r  t h e  l i q u e f a c t i o n  s t u d i e s  cons is t s  o f  m ix ing  s o l v e n t  
and Coal i n  a microautoc lave (%18 cc volume) and p r e s s u r i z i n q  w i t h  e i t h e r  hydrogen 
O r  hel ium, con ta in ing  a smal l  amount o f  k ryp ton  as an i n t e r n a l  standard, t o  1000 
Psis ( a t  room temperature). Standard r e a c t i o n  c o n d i t i o n s  a re  800 F f o r  5 minutes.  
The autoc lave i s  a g i t a t e d  w i t h  a w r i s t  a c t i o n  shaker and heated i n  a f l u i d i z e d  
sand bath. 
transducer. A t y p i c a l  pressure and temperature versus t ime  curve i s  shown i n  
F igu re  1. A f te r  r e a c t i o n ,  
quenching t o  600 F r e q u i r e s  %0.5 minutes. Th is  method g i ves  e x c e l l e n t  c o n t r o l  o f  
res idence t ime  a t  temperature. 

The gases a r e  t rans fe r red  t o  s torage i n  a 2 - l i t e r  evacuated gas b u l b  f o r  
l a t e r  analyses. The l i q u e f a c t i o n  products  a r e  washed f rom the  au toc lave  w i t h  THF 
and t h e  i n s o l u b l e s  a re  e x t r a c t e d  w i t h  THF i n  a Soxhlet  e x t r a c t o r .  Conversions of 
MAF THF i n s o l u b l e s  a re  c a l c u l a t e d  us ing  t h e  weights  o f  i n s o l u b l e  o rgan ic  m a t e r i a l  
( I O M )  i n  t h e  coal  and so l ven t ,  t h e  s t a r t i n g  ash con ten t  o f  t h e  s o l v e n t  and c o a l  
and t h e  mois ture con ten t  o f  t he  coa l .  
on a r o t a r y  evaporator  and t h e  r e s u l t i n g  concentrated s o l u t i o n  i s  s l o w l y  added t o  
20 p a r t s  o f  b o i l i n g  heptane pe r  p a r t  o f  THF t o  p r e c i p i t a t e  heptane i n s o l u b l e s .  
A f te r  t h e  THF i s  d i s t i l l e d  f rom t h e  m ix tu re ,  t h e  p r e c i p i t a t e  i s  a l lowed t o  s e t t l e  
ove rn igh t  and removed by vacuum f i l t r a t i o n .  The heptane i s  d i s t i l l e d  f rom t h e  
f i l t r a t e  and each o f  t h e  f r a c t i o n s  i s  d r i e d  i n  a vacuum oven o v e r n i g h t  a t  110 C, 
cooled and weighed. Net changes i n  the  amounts o f  THF solub le-heptane i n s o l u b l e s  
(asphaltenes and preasphal tenes)  and heptane so lub les  ( o i l s )  a r e  c a l c u l a t e d  by 
s u b t r a c t i n g  blank e x t r a c t i o n  data f o r  t h e  s t a r t i n g  so l ven t  and coa l  t o  o b t a i n  
d i f f e r e n t i a l  s o l u b i l i t y  changes caused by l i q u e f a c t i o n .  

A f t e r  normal iza-  
t i o n  t o  a standard k ryp ton  concenf;ation, n e t  y i e l d s  (o r  losses o f  hydrogen) f o r  
each gas a r e  ca l cu la ted .  

I 
j 
I 
I 

The au toc lave  i s  equipped w i t h  a thermocouple and r e c o r d i n g  p ressu re  

The average heatup t ime,  t o  790 F, i s  1.9 minutes.  

Excess THF i s  s t r i p p e d  f rom t h e  THF so lub les  

The gases a r e  analyzed f o r  H CO, C02, CHg, C2's and K r .  

Resul ts  and Discuss ion 

I n  order  t o  s tudy t h e  chemist ry  o f  t h e  800'F Recycle Solvent  components, t h e  
SCT Recycle Solvent  was separated by vacuum d i s t i l l a t i o n  i n t o  f r a c t i o n s  w i t h  b o i l -  
i n g  p o i n t s  above and below 800 F (427 C ) .  L i q u e f a c t i o n  experiments u s i n g  t h e  
800-F m a t e r i a l  serve as a base l i ne  t o  a l l o w  a systemat ic  s tudy o f  t h e  e f f e c t s  o f  
a d d i t i o n  o f  va r ious  f r a c t i o n s  o f  t h e  800'F m a t e r i a l s  t o  the  l i q u e f a c t i o n  so l ven t .  
A d d i t i o n a l  chemical i n s i g h t  may be obta ined by running r e a c t i o n s  i n  t h e  presence 
and absence o f  a 1000 p s i a  ( c o l d )  hydrogen atmosphere. A lso,  t h e  use o f  t h e  same 
chemical c lass  f r a c t i o n s  obta ined f rom t h e  800-F and 800'F f r a c t i o n s  may h e l p  
i l l u s t r a t e  the  e f f e c t s  o f  h ighe r  mo lecu la r  weight  on t h e  r e a c t i o n s  o f  t h e  so l ven t .  

The SCT Recycle Solvent  sample has been d i s t i l l e d  under vacuum t o  o b t a i n  
800'F and 800-F f r a c t i o n s  w i t h  t h e  r e s u l t s  l i s t e d  i n  Table 3. 
percent  o f  the sample d i s t i l l e d  below 800 F. 
r a t i o  and about 50 percent  lower  number average molecular  weight. 
i s  a lmost  e n t i r e l y  heptane so lub le .  
t h e  n i t rogen,  84 percent  o f  t h e  s u l f u r  and 76 percent  o f  t h e  oxygen i n  65 we igh t  
percent  of t he  sample. The heteroatom concen t ra t i ons  a r e  no t  l a rqe ,  however, and 
t o t a l  o n l y  about one heteroatom per  molecule ( c o n t a i n i n g  an average o f  34 carbon atoms) 

Recycle Solvent  o r  t h e  800-F SCT Recycle Solvent  f r a c t i o n  w i t h  3 g o f  I l l i n o i s  #6 
coa l  under 1000 ps ia  (room temperature) hydrogen o r  hel ium. The r e s u l t s  a r e  
l i s t e d  i n  Table 4. 

when exposed t o  t h e  workup procedure be fo re  l i q u e f a c t i o n  a t  e leva ted  temperature, 
t he  r e s u l t s  have been co r rec ted  us ing  b lank e x t r a c t i o n s  o f  t h e  s t a r t i n g  m a t e r i a l s  

Approximately 36 
The 800-F m a t e r i a l  has a h ighe r  H/C 

As expected, i t  
The 800'F f r a c t i o n  con ta ins  80 percent  o f  

L ique fac t i on  experiments have been done u s i n g  6 g o f  e i t h e r  t h e  t o t a l  SCT 

Since both so l ven ts  and t h e  coa l  a r e  p a r t i a l l y  s o l u b l e  i n  THF and heptane 
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t o  r e f l e c t  t h e  changes in the three  so1ubilit.v f r ac t ions  before and a f t e r  l ique- 
fac t ion .  The r e s u l t s  have a l s o  been corrected t o  rei:iove the ash a n d  moisture 
present in the s t a r t i n g  coal.  The reaction conditions have been chosen t o  obtain 
good, b u t  not complete conversions so t h a t  differences due t o  the solvent and gas 
atmosphere can be seen. The reaction conditions gave nearly equal conversions of 
MAF THF inso lubles ,  except for the 800-F SCT Recycle Solvent under hydrogen, which 
gave a s ign i f i can t ly  higher conversion. Most of the  THF insoluble material i s  
converted t o  THF soluble-heptane insolubles (preasphaltenes plus asphal tenes) .  
Under helium there  i s  a small ne t  loss of heptane solubles ( o i l s ) .  

Hydrogen i s  produced on balance under a helium atmosphere while hydrogen i s  
incorporated i n t o  the  products on balance under a hydrogen atmosphere. The 800-F 
SCT Recycle Solvent may be exceptional in t h i s  respect and ac tua l ly  re lease  a 
small amount of hydrogen, even in the presence of 1000 p s i q  of hydrogen. The 
e f f e c t s  of d i f f e r e n t  solvents a n d  gas atmospheres on CO i s  negligible b u t  more 
CO2 i s  produced under helium a n d  more CH 

The 800-F and 800'F SCT Recycle Sotvent f r ac t ions  a re  now being separated 
in to  c emical c lasses  using the l iqu id  chromatography method described by Later,  
e t  a l . ? 8 ) '  Preliminary r e s u l t s  from the  separation of the  800+F SCT Recycle Solvent 
f r ac t ion  a re  l i s t e d  in Table 5. 

i s  produced under hydrogen. 

Table 5. Separation of 800'F SCT Recycle Solvent 
Fraction by Liquid Chromatoqraphy 

Recovery, 
Solvent Chemi cal  C 1  ass Weight Percent 
Hexane Aliphatic hydrocarbons 4 . 9  

Benzene Aromatic hydrocarbons 27 .9  
Chloroform N-Aroma t i cs 4.8 
THF-EtOH (10%) OH-Aromatics 33.3 
Total recovery 70.8 

The 800'F material i s  approximately one-quarter aromatic hydrocarbons and 

These separations wi l l  be extended t o  the 800-F SCT Recycle Solvent f r ac t ion  
5 percent of a l ipha t i c  hydrocarbons and N-aromatics. 

and then these f rac t ions  will  be added separa te ly  t o  the 800-F recycle solvent t o  
determine the e f f e c t  of various types of solvent molecules on the  conversion and 
y i e lds  during the  coal d i sso lu t ion  s t ep .  
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TABLE 1. ANALYSES OF SCT RECYCLE SOLVENT AND 
HEAVY OIL PRODUCT FROM THE LUMMUS 
ITSL PROCESS PILOT PLANT 

Sample SCT Recycle Solvent  SCT Heavy O i l  Product 

Elemental Analyses, H t  % 
Ash 1.30 3.61 
Carbon 86.77 85.87 
Hydrogen 6.88 5.74 
N i t rogen  0.94 1.02 
S u l f u r  0.53 0.99 
Oxygen (by d i f f e r e n c e )  3.6 2.8 
H/C 0.95 0.80 

D i s t i l l a t i o n  Data, W t  % 

800-F 35.6 38.2 
800'F 64.4 61.8 

THF S o l u b i l i t y ,  Wt % 96.4 88.6 
Molecular  Weight, g/mole 477 424 

(2SCT16-1122) (2SCT-1122) 

TABLE 2. ANALYSES OF ILLINOIS #6 COAL FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Proximate Analyses, W t  % As-Recei ved 0 r Y  
Mois ture 3.99 
Ash 9.72 10.12 
Elemental Analyses, klt % 

Carbon 69.73 72.63 
Hydrogen 4.93 4.67 
Ni t rogen 1.18 1.23 
S u l f u r  2.88 3.00 
Oxygen (by d i f f e r e n c e )  8.35 

H/C 0.77 
P a r t i c l e  S i ze  D i s t r i b u t i o n ,  W t  % 

+70 mesh 
-70 +120 
-120 +zoo 
-200 +325 
-325 

0.07 
3.64 

18.90 
14.84 
62.55 

THF S o l u b i l i t y ,  b i t  % 13.7 
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TABLE 3. ANALYSES OF I C C - F  AN0 800+F FRACTIONS FROM 
THE DISTILLATICP, OF SCT RECYCLE SOLVENT 
(2SCT16-1122) 

._ ___ ... _ _ - _  
Sample m- F 800'F 

Weioht % o f  
S t a r t i n o  M a t e r i a l  35.6 64.4 

Elemental Analyses, \.It % 

Carbon 90.96 87.88 
Hvdroqen 7.12 6.18 

0.57 1.30 
0.23 0.69 
1.12 1.95 

G t r o i j e n  
S u l f u r  
Oxygen (by d i f f e r e n c e )  

Ash <0.01 2.00 
H/C 0.94 0.84 
Molecular  Weight, g/mole 257 456 
S o l u b i l i t i e s ,  W t  % 

THF i n s o l u b l e s  0.0 5.5 
39.5 
57.9 

Heptane i n s o l u b l e s  
Heptane so lub les  

TABLE 4. SUMMARY OF MICROAUTOCLAVE LIQUEFACTION RESULTS 
WITH SCT RECYCLE SOLVENTS AND ILLINOIS 66 COAL 

Run No. 7 15 9 17 
So lven t  T o t a l  SCT Recycle So lven t  800-F SCT Recycle Solvent  

Gas Atmosphere He 
Conversion o f  MAF 
THF Inso lub les ,  % 78.2 
Net Chanqe o f  Heptane 
Inso lub les ,  % o f  T o t a l  19.0 
MAF Products 
Net  Chanqe o f  Heptane 
So lub les ,  % o f  T o t a l  -2 .0 
MAF Products 
Gas Analyses, Volume % 

0.85 
0.16 
1.06 
0.77 
0.49 

"2 He H2 

75.0 78.6 84.6 

17.8 18.0 19.2 

0.5 -0.0 1.1 

-7.87 1.09 1.55 
0.12 0.13 0.14 
0.75 1.15 0.58 
0.98 0.75 0.90 
0.39 0.35 0.34 
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THE ORTHO-ALLYLBENZYL RADICAL: A S E N S I T I V E  PROCEDURE FOR 
THE ASSESSMENT OF HYDROGEN DONOR SOLVENT REACTIVITY .* 

James A. Franz, Russe l l  D. Barrows and Donald M. Camaioni 

P a c i f i c  Northwest Laboratory ,  P.O. Box 999, Rich land,  WA 99352 

The thermal convers ion o f  coal  i n v o l v e s  t h e  decomposi t ion o f  i n t e r -  
connected hydroaromatic s t r u c t u r e s  i n t o  resonance s t a b i l i z e d  b e n z y l i c  r a d i c a l  
fragments. Capping o f  these r a d i c a l s  w i t h  hydrogen from a donor so l ven t  
leads t o  the fo rma t ion  i n  h i g h  y i e l d s  o f  lower  molecular  we igh t  s o l u b l e  
and v o l a t i l e  products  (1 -5 ) .  I n  the  absence o f  a donor so l ven t ,  the 
r a d i c a l s  a b s t r a c t  hydrogen from a l k y l  coa l  s t r u c t u r e s  and depending on the  
supply  o f  donatable hydrogen w i t h i n  the  c o a l ,  conve rs ion  y i e l d s  may be 
g r e a t l y  a f f e c t e d  (3,  6 ) .  I n  view o f  the g r e a t  v a r i e t y  o f  r a d i c a l s  which 
must form d u r i n g  coa l  l i q u e f a c t i o n  and the  many p o s s i b l e  competing r e a c t i o n s  
which lead t o  products ,  t h e  a b i l i t y  o f  a donor s o l v e n t  t o  t r a n s f e r  hydrogen 
t o  coa l  r a d i c a l s  i s  undoubtedly  o f  g r e a t  importance. 

A l though much q u a n t i t a t i v e  da ta  d e s c r i b i n g  the  r e a c t i o n s  o f  a l k y l  and 
I heteroatom r a d i c a l s  w i t h  hydroaromat ic  donor so l ven ts  e x i s t s ,  (7 -9 )  sur-  

p r i s i n g l y  l i t t l e  d a t a  i s  a v a i l a b l e  on the r e a c t i o n s  o f  resonance s t a b i l i z e d  
r a d i c a l s  w i t h  hydroaromat ic  donors (10-14) .  R e a l i z i n g  t h e  importance o f  
t h i s  d a t a  t o  the  development o f  a bas i c  understanding of coa l  convers ion 
chemis t r y  we have developed a procedure f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  
of hydrogen donor s t r e n g t h s  toward benzyl r a d i c a l .  
rearrangement o f  o - a l l y l  benzyl r a d i c a l  aga ins t  hydrogen t r a n s f e r  t o  t h e  
r a d i c a l  from a donor so l ven t ,  see Equat ions 1 and 2. A t  t h i s  t ime,  the  
method p rov ides  r e l a t i v e  and es t ima ted  abso lu te  r a t e s  of hydrogen atom 
t r a n s f e r .  
r e l a t i v e  r a t e s  t o  abso lu te  r a t e s  w i t h  a h igh  degree o f  accuracy and 
p rec i s ion .  

Experimental 

The method competes the 

Experiments are in progress which are designed t o  c o n v e r t  these 

Synthes is  o f  o - a l l  y l  azo to l  uene. o-a1 l y l  benzy laz i  ne was synthes ized 
from o -a l l y l benza ldehyde  and hydraz ine s u l f a t e  accord ing t o  t h e  procedure 
o f  H. H.  H a t t  (15 ) .  The az ine was reduced t o  i t s  corresponding hydraz ine 
d e r i v a t i v e  w i t h  Na-Hg(5%) i n  methanol. o - A l l y l b e n z y l h y d r a z i n e  was o x i d i z e d  
t o  o - a l l y l a z o t o l u e n e  accord ing t o  the  procedure o f  Cohen and Wang ( 1 6 ) ;  
m.p. 47.5-49.OOC; NMR (CDC13) , 7.33-7.20 ( sha rp  m, 8H, aromat ic-H) ,  6.25- 
5.75 and 5.15-4.80 (m, 6-H, o l e f i n i c - H ) ,  4.96 ( s ,  4-H, benzyl-H t o  n i t r o g e n  
atom, superimposed on v i n y l  r e g i o n ) ,  3.48 ( d  o f  t, 4-H, J = 6.2, 1.5Hz, 
benzyl-H t o  v i n y l  group) ;  Analyses: Calc., C, 82.72, H, 7.64, N, 9.65; 
found, C, 82.6, H, 7.73, N, 9.58. 

De te rm ina t ion  o f  r e l a t i v e  r a t e s  o f  hydrogen atom t r a n s f e r  t o  o - a l l y l b e n z y l  
S o l u t i o n s  o f  t h e  o - a l l y l a z o t o l u e n e ,  hydrogen donor, and sometimes r a d i c a l .  

an i n e r t  s o l v e n t  such as benzene o r  phenyl e t h e r ,  were degassed and sealed 
i n  pyrex tubes and then  the rmos ta t ted  f o r  20 minutes ( a p p i o x i m a t e l y  2 h a l f -  
l i v e s ) .  The c o n c e n t r a t i o n  o f  azo compound was kep t  low (<.OlMj t o  min imize 
r a d i c a l  induced decomposi t ion and t o  min imize consumption o f  donor so l ven t  
( u s u a l l y  ~ 5 %  consumed). The r e l a t i v e  amounts o f  2-rnethyl indan (2MI)  and 

* Th is  work was supported by  t h e  U.S. Department o f  Energy, Processes and 
Techniques Branch, D i v i s i o n  o f  Chemical Sciences, O f f i c e  o f  Basic Energy 
Sciences, under Con t rac t  DE-AC06-76 RLO-1830. 
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and o-allyltoluene (OAT)  were determined by cap i l l a ry  g a s  chromatography 
analysis a f t e r  they were separated from the unreacted azo compound by high 
performance liquid chromatography. 
e ra ture  concentrations of donor solvents were corrected t o  r e f l e c t  the 
solution dens i ty  a t  l6O0C ( 1 7 ) .  
-+5% due t o  lack of precise information about the actual l iquid dens i t ies .  

I n  ca lcu la t ing  kabs/kre, the room temp- 

We expect the e r ro r  in these values t o  be 

Results and Discussion 

o-Allyazotoluene i s  a conviently prepared thermal source of o-a l ly l -  
I n  donor  solvents equi l ivant  t o  or be t te r  than m-xylene 

Upon decomposition, 
benzyl rad ica ls .  
i t  has a ha l f - l i f e  o f  approximately 10 m i n  a t  i6U"C. 
a pair  of o-allylbenzyl rad ica ls  form and undergo reac t ions  of rearrangement, 
hydroyen abstraction and combination. 

~ c U 2 C H = C H ,  

+ DH 
c u,. 

ac$cH=CHz / CH,. + 

acqcH=CH2 + D a  
CH, * aCHFH*Hz CH,D 

The yields of products, 2-methylindan ( Z M i ) ,  and  o-allyltoluene ( O A T ) ,  
formed from the competing reactions of rearrangement, Equation 1 and hydrogen 
atom abstraction, Equation 2 ,  are observed t o  vary according t o  the hydrogen 
donor strength of the donor solvent ( D H ) .  Under the experimental conditions,  
the formation o f  2MI and OAT are i r r eve r s ib l e  and the amount of DH consumed 
i s  small, so t h a t  the r a t e  constant for  hydrogen abs t rac t ion ,  k a b s ,  r e l a t ive  
t o  rearrangement, kre, for a given donor i s  provided by the expression, 

- kabs = [OAT] 
kre [2MI][DH]n 

5)  

where n i s  the number of donatable hydrogens per donor  molecule. 

The formation of 2MI i s  controlled by the unimolecular rearrangement 
of o-allylbenzyl and the r a t e  constant,  k re ,  for  t h i s  reaction i s  independent 
of solvent composition, such tha t  the values,  kabs/kre, provide a quanti- 
t a t i v e  index of hydrogen donor strength.  I n  Table I ,  index values for  a 
s e r i e s  of hydrogen donor solvents and  model compounds have been compiled 
from kabs /k re  values. For convience of comparison, the values have been 
indexed r e l a t ive  to in-xylene for  which kabs/kre i s  2.53 x 10-3. 

ship between donor strength and  resonance s t ab i l i za t ion  energy of the radical 
formed from the  donor molecule, i . e . ,  9,lO-dihydroanthracene > allylbenzene 
9,10-dihydrophenanthrene > diphenylmethane > m-xylene. 

In te res t ing ly  the index quan t i t a t ive ly  bears out the expected re la t ion-  

Diphenylmethane i s  
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a much Poorer so l ven t  than d ihydroanthracene because s t e r i c  h inderance 
p reven ts  both phenyl r i n g s  f rom being s imu l taneous ly  conjugated w i t h  t h e  
r a d i c a l  s i t e .  L i t t l e  s t e r i c  hinderance i s  i n  e f f e c t  f o r  the r a d i c a l  de- 
r i v e d  from a l l y l  benzene and t h e r e f o r e  the  r a d i c a l  exper iences g r e a t e r  
resonance s t a b i l i z a t i o n  than d iphenylmethy l  r a d i c a l  and e x h i b i t s  a g r e a t e r  
r a t e  o f  hydrogen donat ion.  
i s  a f a r  super io r  donor t o  t e t r a l i n  o r  9,lO-dihydrophenanthrene. 

p o l a r  and resonance e f f e c t s  i n  a c c e l e r a t i n g  atom t r a n s f e r  r e a c t i o n s ,  i .e.,  
th iophenol  >phenol > xy lene.  These r e s u l t s  i n d i c a t e  t h a t  compounds such 
as naphthols  and t h i o l s  are among the most impor tan t  donors i n  h i g h  s u l f u r  
c o a l s  and oxygen r i c h  medium ranked coa ls .  
impor tan t  and as y e t  r e l a t i v e l y  unknown r o l e s  i n  the f o r m a t i o n  o f  s o l u b l e  
convers ion products  and chars ( l a ) .  

f o r  assessing donor so l ven t  s t reng ths .  
e s t i m a t i n g  the  Arrhenius parameters f o r  t he  abso lu te  r a t e  o f  rearrangement 
f o r  o - a l l y l b e n z y l  r a d i c a l  are a t  hand (19 )  and an exper imen ta l  de te rm ina t ion  
i s  i n  progress. 
t o  researchers i nvo l ved  i n  develop ing thermochemical k i n e t i c  models o f  coa l  
l i q u e f a c t i o n  and t o  i n v e s t i g a t o r s  i n t e r e s t e d  i n  understanding bas i c  chemical 
t rans fo rma t ions .  

O f  t he  r e c y c l a b l e  so l ven ts ,  9 , lO-d ihydroanthracene 

The index q u a n t i t a t i v e l y  i l l u s t r a t e s  the  as ton ish ing  e f f e c t s  o f  combined 

I t  i s  c l e a r  t h a t  t h e y  p l a y  

These r e s u l t s  e a s i l y  show the  importance of e s t a b l i s h i n g  such a method 
Furthermore, good methods f o r  

Therefore,  t h i s  body o f  da ta  w i l l  be o f  g r e a t  va lue bo th  

Table I .  Hydrogen Donor S t reng th  o f  Selected Solvents  and Model Compounds 
Towards o - A l l y l b e n z y l  Rad ica l .  

Donor R e l a t i v e  Donor S t reng th  

m-xylene ( a )  
1,5-Cycloctadiene 
Diphenylmethane 
T e t r a l i n  
9,lO-Dihydrophenanthrene 
Phenol 
A l ly lbenzene 
9, I O - D i  hydroanthracene 
Tr  i -n- b u t y l  s t  annane 3 .  
1-Naphthol 
Thi ophenol 1. 

1 
1 1  
20 
27 
33 
76 

114 

t32 1 0 5  
1970 
10x106 
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THE USE OF 0-TERPHENYL AND DIBENZO(c,g)PHENANTHNE 
TO STUDY H-DONOR SOLVENTS 
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The use of H-donors t o  i n c r e a s e  y i e l d s  o f  d i s t i l l a b l e  l i q u i d s  i n  d i r e c t  coa l  l i q u e -  
f a c t i o n  i s  well-documented ( 1 , 2 , 3 ) .  Severa l  mechanisms have been proposed i n c l u d i n g  
t h e  rad ica l - t rapping  of  hydrogen from t h e  H-donors ( 4 , 5 ) .  Another mechanism sug- 
gested on t h e  b a s i s  of  thermochemical da ta  (6) i s  a t r a n s f e r  of a hydrogen atom 
( r a d i c a l )  t o  an aromatic  compound. This  t r a n s f e r  i s  e n e r g e t i c a l l y  favorable  when 
s p e c i f i c  atoms i n  t h e  aromatic  molecule a r e  a t t a c k e d .  Phenanthrene, f o r  example, i s  
s t a b i l i z e d  by 38 kcal/mole when a t tacked  by a hydrogen r a d i c a l  t o  form t h e  9-hydro- 
phenanthryl  r a d i c a l .  This  a d d i t i o n  of hydrogen has n o t  been s t u d i e d  t o  any e x t e n t  a t  
e i t h e r  of  t h e  model compound l e v e l  o r  t h e  process  l e v e l .  

Another r e a c t i o n  which may resemble t h e  r a d i c a l  a d d i t i o n  r e a c t i o n  was observed when 
1 , l ' - b i n a p h t h y l  was heated wi th  an H-donor t o  form t h e  thermal ly  s t a b l e  pery lene  
(PER) (7) .  An H-donor was e s s e n t i a l  f o r  coupl ing and d i f f e r e n t  H-donors produced 
pery lene  i n  d i f f e r e n t  y i e l d s .  This  r e a c t i o n  was used t o  s tudy  t h e  r e l a t i v e  a b i l i t y  
of an H-donor t o  t r a n s f e r  i t s  hydrogens a t  t h e  high temperatures  and p r e s s u r e s  used 
i n  l i q u e f a c t i o n .  The coupl ing r e a c t i o n  appeared t o  have p o t e n t i a l  a s  a system t o  
s tudy t h i s  v a r i e t y  of H- t ransfer  which may have important  impl ica t ions  i n  t h e  d i r e c t  
coa l  l i q u e f a c t i o n  process .  

Problems encountered i n  t h i s  method of e v a l u a t i n g  H-donors included t h e  low y i e l d s  
of pery lene  and t h e  low s o l u b i l i t y  of pery lene  i? many s o l v e n p .  Molar r a t i o s  of 
pery lene  t o  s t a r t i n g  m a t e r i a l s  ranged from 1 x 10 t o  28 x 10 a f t e r  1 hour reac-  
t i o n  a t  470OC. I t  was thought  t h a t  a h igher  conversion of  s u b s t r a t e  would improve 
t h e  r e l i a b i l i t y  of t h e  a n a l y t i c a l  method and would a l low f o r  s h o r t e r  r e a c t i o n  t imes.  
One s o l u t i o n  t o  t h e  problem connected with t h e  coupl ing t o  form pery lene  would be t o  
f i n d  another  molecule which would r e a c t  by a s i m i l a r  mechanism b u t  would g i v e  h igher  
y i e l d s  of a thermal ly  s t a b l e  product  under s i m i l a r  r e a c t i o n  condi t ions .  Copeland, 
Dean, and McNiel (8) repor ted  t h a t  o- terphenyl  (OTP) gave h igher  (60 p c t )  y i e l d s  of  
coupled product ,  t r iphenylene  (TP), than b inaphthyl  (18.7 p c t )  gave pery lene  when 
r e a c t e d  wi th  d e c a l i n  a t  49OOC wi th  a c a t a l y s t  and hydrogen f o r  3 hours .  Triphen- 
y lene  was very s t a b l e  and t h i s  r e a c t i o n  appeared t o  be a good a l t e r n a t i v e  candida te  
f o r  eva lua t ion  of H-donor r e a c t i v i t i e s .  Severa l  r e a c t i o n s  were c a r r i e d  o u t  wi th  t h e  
o- terphenyl  (Wiley Organics)  and var ious  H-donors a t  47OOC f o r  1 hour wi thout  hydro- 
gen gas  i n  small microreac t ion  v e s s e l s .  The r e s u l t s  of t h e s e  r e a c t i o n s  a r e  summar- 
ized  i n  Table I and a r e  compared t o  prev ious ly  obta ined  r e s u l t s  wi th  1 , l -b inaphthyl  
( 7 ) .  
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TABLE I 

MOLAR RATIOS OF PRODUCT OF REACTANT FOR REACTIONS OF 0-TERPHENYL 
AND l,l'-BINAPHTHYL WITH H-DONORS AT 47OOC FOR 1 HOUR'; 

H-Donor TP/OTP x PER/BN x 

9,lO-dihydrophenanthrene 
1,2-dihydronaphthalene 
1,2,3,4-tetrahydronaphthalpne 
fluorene 
4,5-dihydropyrene 
1,2,3,6,7,8-hexhydropyrene 
indane 
1,2,3,4-tetrahydroquinoline 
1,2,3,4-tetrahydroisoquinoline 
2,3-cyclohexenepyridine 
indoline 
5-indanol 
indene 

2.05 
2.41 
2.51 
5.91 
1.65 

0.42 
0.37 
0.40 
0.88 

0 . 4 9  
1.92 

-- 

--  

3.1 
3.4 
1.3 
2.0 
14.1 
28.0 
1.27 

1.38 

3.84 
1.24 
3.19 

-- 
-- 

"Obtained by (Mole % coupled product)/(Mole % starting OTP o r  BN + sum of mole % of 
by-products) 

The ratios of coupled product to starting materials were less satisfactory than 
those of binaphthyl in predicting H-donor ability. Some H-donors which promoted 
higher yields of perylene from binaphthyl also produced higher yields of triphenyl- 
ene from o-terphenyl. There were exceptions including fluorene, 4,5-dihydropyrene 
and 1,2,3,6,7,8-hexhydropyrene which gave differing amounts of coupled product and 
in some cases even gave opposing trends. It was found with both substrates that 
many H-donors known to be good donors at lower temperatures did not give significant 
amounts of coupling at the higher temperatures used. This was particularly true o f  
the heteroaromatic compounds with hydrogen attached to the heteroatom such as with 
1,2,3,4- te trahydroquinoline . 
The conversion of o-terphenyl to triphenylene was not as great as  expected based 
upon the three-fold yield of triphenylene over perylene (Equation 1). Moreover, very 
close to the peak of triphenylene in the gas chromatogram (using 6' x 2 nun I D  3 pct 
Dexsil 300 on Supelcoport 100/120 with programmed temperature) were several peaks 
analyzed by GCMS to be quatraphenyls (MW 306). Large amounts of biphenyl from the 
cracking of the terphenyl also reduced the possible yield of triphenylene and this 
complicated the analysis and the possible implications of the reactions to lique- 
factions. 

Kinetics of the conversion of o-terphenyl to triphenylene were studied and compared 
with previous results of conversion of 1,l'-binaphthyl to perylene under similar 
conditions. The results are summarized in Table 11. 
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TABLE I1 

PSEUDO FIRST ORDER RATE CONSTANTS FROM THE CONVERSIONS OF 0-TERPHENYL 
AND 1,l'-BINAPHTHYL TO TRIPHENYLENE AND PERYLENE RESPECTIVELY 

H-Donor 

9,lO-dihydrophenanthrene 
1,2,3,4-tetrahydronaphthalene 
1,2-dihydronaphthalene 

o-Terphenyl 1,l'-Binaphthyl 
(k, min-') (k, min-') 

7.4 x 10 1.9 x 10 
7.0 1013 1.2 x 1012 

--- --- 

The similarity between the products and the similar rate constants for each H-donor 
implied that the same mechanism was involved. When modeled as a first order reaction 
(Table 11), o-terphenyl conversion was slower than binaphthyl conversion. It was 
interesting that 1,2-dihydronaphthalene formed no more coupled product with either 
binaphthyl or o-terphenyl after 45 minutes substantiating a similarity in the mech- 
anism. The lower rate constants and the extra side products formed with o-terphenyl 
led to the conclusion that this system was less advantageous binaphthyl than 
coupling in the study of H-donor solvents. 

Dibenzo(c,g)phenanthrene (DBP) (Equation 1) was investigated as another substrate 
likely to be a substitute for o-terphenyl and binaphthyl. Its structure suggested 
the possibility of facile coupling which could lead to enhanced rates and greater 
yields of coupled products. Dibenzophenanthrene was synthesized by coupling 
1-tetralone to bis-dialin (BD) which was then reacted with maleic anhydride (9,lO). 
The adduct was then brominated, dehydrobrominated, decarboxylated, and finally 
dehydrogenated to the desired dibenzocc ,g)phenanthrene, (Equation 1) .  

The low yield (7.5% overall) of dihenzophenanthrene was quite poor compared to that 
in the synthesis of binaphthyl (60%) from the common intermediate, 1,l'-dialin. The 
final product separated on an alumina chromatographic column with petroleum ether 
was 89% (VPC) pure. A small amount of this compound was reacted with 9,lO-dihydro- 
phenanthrene in the microreactor under the usual conditions. The yield of 8% 
coupled benzo(l,l2)perylene (BP) product was an order of magnitude larger than 
either triphenylene or perylene. The retention time of the coupled product, ben- 
zoperylene, of 20.5 minutes was significantly longer than the retention times of 
other peaks in this reaction or of any component found in hydrogenated anthracene 
oil used as an experimental H-donor. There appeared to be no side reactions except 
some transfer of hydrogen from H-donor to the dibenzophenanthrene. Thus preliminary 
results indicate dibenzophenathrene might have distinct advantages over binaphthyl or 
o-terphenyl and would provide a very promising system to apply to the study of 
H-transfer reactions. 
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COAL STRUCTURE VS. FLASH PYROLYSIS PRODUCTS 

W. H. Calkins 
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Experimental Station 
Wilmington, DE 19899 

The fast pyrolysis of coal produces tar, char and a 
range of low molecular weight gases in various proportions and 
amounts depending on the pyrolysis conditions (temperature, pressure) 
and the coal being pyrolyzed. Much research effort has been devoted 
to study of the reaction kinetics and effect of process variables, 
attempting thereby to elucidate the pyrolysis mechanism(l) . 
effort has been focused on coal chemical structure and its relation- 
ship to the pyrolysis reactions and pyrolysis products. It was to 
attempt to better understand coal structure and its influence on 
pyrolysis products and pyrolysis mechanisms that this project was 
undertaken. This paper will report only on that portion of the work 
concerned with the aliphatic hydrocarbon products and particularly 
the light olefins. 

Less 

A continuous bench-scale pyrolysis apparatus (Fig. 1) was 
constructed similar to the design of Tyler(*). The coal entrained 
in a nitrogen stream was injected into a sand bed fluidized with 
nitrogen and heated in a split furnace to the temperature desired. 
Volatiles emitted from the sand bed were passed into two cold traps 
in series containing cellulose thimbles to filter out the tar and 
char from the off-gas. Gas exiting the cold traps was vented 
through a wet-test meter with a side stream entering a Perkin-Elmer 
Sigma One computer-controlled gas chromatograph which analyzed for 
some 16 components. At the end of a pyrolysis run, the tar and 
char caught in the two thimbles were extracted in a soxhlet extractor 
with methylene chloride and methanol to obtain the weight of tar and 
char produced. 

Figure 2 shows tar yields vs. temperature for a Texas 
Lignite. Figure 3 shows how the quantity and composition of the 
pyrolysis gas from the same coal varies with temperature. Only 
the major gases are shown. These curves are typical of many coals 
although the actual quantities vary(3). 
it is apparent that the tar produced goes through a maximum at 
about 60OoC and up to that temperature relatively small amounts of 
gases are evolved. Above 6OO0C, the production of the various 
gases increases rapidly while at the same time, the tar yield drops 
off. The inference can be drawn that the gas is coming from tar 
pyrolysis. That this is so, can be shown by pyrolyzing tar which 
has been produced at 600"C,  at higher temperatures. Similar 
gaseous products are produced and in similar ratio as when coal is 
pyrolyzed at the higher temperature ( 

From these two figures, 

) . 
The yields of the hydrocarbon gases produced on coal 

pyrolysis vary greatly depending on the particular coal. This 
is shown for ethylene, one of the major products, in the first two 
columns of Table 1. The ethylene yield is related to the propylene 

85 

i 



yield as shown by Figure 4. Similarly, the ethylene yield is 
related to the butadiene yield, suggesting that these gases have a 
common precursor. The methane and benzene, however, show no obvious 
relation to the ethylene yields. These products are apparently 
derived mainly from other components in the coal. 

Coal Structure vs. Pyrolysis Products 

To try to relate these yield differences to structural 
differences in the coals themselves, each coal whose pyrolysis 
behavior was studied was examined by I3C NMR (with cross polarization 
and magic angle spinning). This work was dGne by E. A .  Hagaman and 
H. Zeldes of Oak F.ic?ge iiational Laboratory in a cooperative program 
with i)u Pont. Typical pattern differences between a high ethylene- 
producing coal (PSOC 1241, a low ethylene-producing bituminous coal 
(Sewickley) and two intermediate coals (Con Paso Blue 2 and PSOC 181), 
are shown in Figure 5. While the PSOC 124 coal shows high aliphatic 
character and the Sewickley shows the expected higher aromaticity, 
various other evidence suggests that aliphatic character alone is not 
the determining factor. The fractional area representing a chemical 
shift at 31 ppm, however, which is associated with methylene chains 
greater than 5 or 6 segments long, appears to correlate with the 
ethylene yield results. This peak which occurs at a chemical shift 
of 29 ppm in substances in solution is apparently shifted slightly 
to 30-32 ppm in solid coal. This was shown by running stearic acid 
in solution, and impregnated on to anthracite coal. The 29 ppm peak 
was shifted up field and broadened on the coal. 

A plot of ethylene yield vs. the area fraction of the 13C 
NMR spectrum at a chemical shift of 31 ppm, times the weight fraction 
of carbon in the coal is shown in Figure 6. The line is the least- 
squares fit to the points shown. While there is scatter in the data, 
a correlation is apparent (Correlation coefficient = .92). 

Tar Structure Studies 

Low temperature (600'C or less) pyrolysis of coal produces 
high yields of tar which on further pyrolysis produces the volatile 
hydrocarbon products we observe on high-temperature pyrolysis of 
coal. This shows that this tar contains the aliphatic precursors 
we observe in the coal itself, although they may be changed somewhat 
from the form in which they are in in the coal. A number of tars 
were therefore produced by pyrolysis of several different coals at 
600°C in the laboratory coal pyrolysis unit for further study. 

in CDC13) from 6OO0C pyrolysis is shown in Figure 7 .  It shows 
a very strong peak at a chemical shift of 29 ppm. The 1H NMR 
spectrum was run on the same tar in CDCl3 solution (Figure 8 ) .  It 
shows a strong peak at 1.2 ppm known to be due to methylene chains 
over 5 units long. By using a DOW Corning silicone DC200 fluid 
(%H=8.06) internal standard in the CDC13 solvent, quantitative 
determination of the (CH2)n peak by ratio of its area to that of the 
0 ppm silicone peak was possible. 
the tar. Similar patterns are shown by tars of other coals. 

A 13C NMR pattern for a solution of Millmerran tar (10% 

This showed 33.6 wt. % (CH2)n in 
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To quantify the assignment of the 1.2 peak in the proton 
L NMR spectrum, a series of model compounds having long methylene 

chains was dissolved in CDC13 containing the silicone internal 
standard. In all cases, the 1.2-1.3 peak was very large and clearly 

in Table 2. As can be seen from the Table, not all methylene groups 
appear in the proton NMR spectrum at 1.2-1.3 ppm- Only those (CH2) 
groups shown in brackets in the structural formulas show up at that 
place. 
groups or benzene rinqs appear at higher chemical shifts, and methyl 
groups appear at 0.7-0.8 ppm. This clearly identifies the 1.2-1.3 
ppm peak as due to ( c H ~ ) ~  but at the same time indicates that any 
analysis based on this method will not include all of the (Cti,) 
groups in coal. If the chains are long, however, most of the 
methylene will be included. 

1 detectable. Weight % (CH2In calculated for each compound are shown 

Those CH2 groups conjugated with or close to the carboxyl 

Table 3 shows the distribution of types of protons in 600°C 
pyrolysis tars from four different coals representing a wide range 
of olefin yields on pyrolysis. The Table shows that roughly 35% of 
the protons in the tar are polymethylene protons, the rest are 
divided between methyl groups, hydroaromatic hydrogens, hydrogens 
attached to aromatic carbons, and a small number of olefinic and 
some unidentified protons. 

Table 4 shows the distribution of protons in tar from Texas 
Lignite pyrolyzed at various temperatures from 600°C to 92OoC. This 
clearly shows that as the pyrolysis temperature is increased, the 
content of polymethylene in the tar decreases as do the hydroaromatic 
hydrogens. The aromatic hydrogens on the other hand increase rapidly 
to become the predominant species. This provides a convenient measure 
of the completeness of pyrolysis. 

To try to isolate and purify larger quantities of the 
hydrocarbon precursors, a separation was made of the Millmerran tar 
by Preparative Liquid Chromatography. A number of fractions across 
the chromatogram were analyzed by FTIR and lH NMR and fraction 21 
representing 38% of the original sample turned out to be high in 
(CH2ln (concentration 68%). An Infrared spectrum cf that fraction 
(Figure 9 )  showed a well resolved peak ;It 720cm-1, known to be 
characteristic of long methylene chains. This peak has a low 
extinction coefficient and is rarely descernible above background 
in coals themselves. A GC/MS pattern of that fraction (Figure 10) 
shows olefin/paraffin pairs of peaks from C17 to C24. 

The polymethylene compounds in pyrolysis tars are mainly 
present as linear paraffins or olefins, however, there are indications 
of lesser amounts of branched paraffins and olefins and alkylaryl 
compounds as well in the unfractionated tars. The form the poly- 
methylene compounds have in the coal itself is not known, but 
extraction of various coals with methylene chloride for several days 
failed to remove more than 1% of the material, suggesting that the 
major part of the polymethylene compounds may be either chemically 
.combined in the coal structure or else trapped. 

Model compound Pyrolysis 

While it seemed likely on the basis of petroleum experience 
that polymethylene compounds would pyrolyze to form the low molecular 
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weight aliphatic hydrocarbons we observe on coal pyrolysis, known 
compounds as models of polymethylene and other structures in coal 
were pyrolyzed at similar temperatures and contact times as the 
coal. 

Table 5 summarizes the results of pyrolysis of 7 model 
compounds. Products are only shown as major and minor. As can be 
seen by referring to the Table, under the pyrolysis conditions used, 
compounds containing methylene chains such as dodecane, octadecane, 
stearic acid, ethylbenzene, propylbenzene, butylbenzene, and phenyl- 
dodecane on cracking give substantial quantities of ethylene along 
with butadiene, propylene and other hydrocarbons in amounts roughly 
comparable to what we observe in coal pyrolysis. The aromatic 
portion in alkylaryl compounds appears to go mainly to toluene 
althsugh sinali amounts of benzene and some styrene are produced as 
well. Some methane is also produced along with minor amounts of 
ethane, butane and other hydrocarbon. These results are quite 
consistent with what we find in coal pyrolysis and with petroleum 
cracking technology. 

Interestingly, the methylaryl compounds investigated thus 
far do not produce methane on pyrolysis under the conditions we used. 
Toluene and the three xylene isomers apparently are only slightly 
converted at 850°C and 0.5 to 1.0 second contact time in the sand bed. 
9-Methylanthracene and 3,6-dimethylphenanthrene produced no methane 
or other gaseous products, although they appeared to form tar or coke. 
This is consistent with the observations of Lang et a1 on methyl- 
naphthalenes(5) which form condensation products but not gases under 
pyrolysis conditions. 

Analysis for Polymethylene in Coal Itself 

With 13C NMR indication of the (CH ) moiety in coal and 
evidence of (CH2)n in low and high temperatugenpyrolysis tars, as 
well as model compound pyrolysis information, it seemed important 
to devise a quantitative analytical method for (CH ) in coal itself. 
This rnised the question whether coal could be liqaeaied under 
generally accepted solvent refining conditions and still retain 
undecomposed the polymethylene component? 
liberated but not destroyed, can it be detected and quantitatively 
determined by proton NMR? 

Also, if the (CH2)n is 

Figure 11 shows the proton NMR pattern of the liquefaction 
product of PSOC 124, a high ethylene yielding coal which was lique- 
fied using 3 grams of coal, 3 grams of tetralin as donor solvent, 
0.1 gram each of sodium sulfide and ferrous sulfide as liquefaction 
catalysts and 2000 psi pressure (cold) of hydrogen in a 10 ml 
shaker bomb. The liquefaction was run at 425°C for 2 hours in a sand 
bath with vertical shaking. The product liquid was washed out of 
the shaker tube with methylene chloride and filtered to remove the 
solids (ash, unconverted coal and catalysts). After removal of the 
CHZC12 by distillation, a weighed sample of the liquid was dissolved 
in deutero-chloroform containing a known amount of DC200 silicone 
fluid as internal standard. Examination of the NMR pattern clearly 
shows the (CH2)n peak at 1.2 ppm and the CH3 peak at about 0.8 ppm 
indicating that the polymethylene component of the coal is released 
from the coal matrix but not destroyed in the liquefaction process. 
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I 
The rest of the NMR pattern (beyond 1.3 ppm) is heavily affected by 
the presence of the donor solvent and its dehydrogenation products 
so that this method is only useful for detecting the (CH2)n.. 

first a series of batch shaker tube liquefaction runs were made in 
10 ml shaker tubes using the same recipe as previously but varying 
the time, temperature and donor solvent. Tests were made with three 
different donor solvents [tetralin, dihydrophenanthrene (DHP), 
and tetrahydroquinoline (THQ)]. The (CH2)n figures on the right 
hand 5 columns of Table 6 were obtained by separating the liquid 
from the solid by extraction with CH2C12, filtration to remove the 
solids, and distilling off the solvent (CHzC12). The (CH2)n content 
of the liquid was determined by dissolving a weighed sample of liquid 
into a volumetric flask and making up to the line with CCljD 
containing a known quantity of DC-200 silicone internal standard. 
All conversions were 85% or more and usually above 90%. 

I To develop a routine analysis based on coal liquefaction, 

In most cases, all three donor solvents gave similar 
results, but in a few cases the tetrahydroquinoline gave higher 
values. THQ was, therefore, selected for further investigation. 
Liquefactions were run, varying temperature and contact time. These 
results are shown in the three right-hand columns of Table 6 where 
results were reported for 4OO0C and 1.65 hours and 435°C for 4 hours. 
The lower temperature short contact time liquids were viscous and 
hard to work up. The high temperature longer time reactions showed 
little change over the 425'C/2 hour samples, so the latter conditions 
were selected as optimum. 

The values obtained for ( C H Z ) ~  content of coals from coal 
liquefaction are reasonable based on the amount of ethylene produced 
in pyrolysis shown in column 1 and ethylene plus other hydrocarbons 
believed to come from the same source shown in column 2 of Table 6. 
These should represent minimum amounts in the coal. Column 3 shows 
the ( C H Z ) ~  found in pyrolysis tars calculated on the basis of the 
original coal which should also be a minimum since not all the tar 
is driven out of the coal at 0.5 seconds pyrolysis contact time. 

For a number of reasons, it was desirable to be able to 
run this liquefaction analysis on a micro ( < l o  mg) scale. This would 
be much simpler to do if no added catalyst was required and hydrogen 
pressure was not needed. Experiments were, therefore, tried to see 
whether such an analysis could be developed under those conditions. 
Liquefactions were run in 3" long 3 mm pyrex glass tubes. Approx. 
5 mg of (-200 mesh) coal samples (weighed to .01 mg) were charged 
to the tubes along with 10 mg of calcined clean sand, 1.1 times the 
weight of coal of the donor solvent and a 1 cm long 2 mm glass rod 
(for agitation) and the tubes purged with nitrogen and sealed. 

Two such tubes were packed into each 10 ml shaker tube 
with steel wool packed around them. They were then subjected to 
425'C for 2 hours in a sand bath with rapid vertical agitation 
with approximately 5 minutes heat up time to temperature and rapid 
cool down in a cold air stream. 
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The tubes were worked up by breaking in the middle and 
rinsing repeatedly with CC13D containing a weighed amount of DC-200 
fluid, through a glass wool plug filter into a 1 ml volumetric flask. 
The contents of the flask were put into an NMR tube and run on the 
IBM NR-80 Fourier Transform NMR Spectrometer. The area of the 
1.2 ppm peak was determined relative to the silicone peak and the 
weight % (CH2)n calculated using the area ratio. 

The results of these experiments are shown in columns 1, 
2 and 3 in Table 7. They clearly show that low results are obtained 
with tetralin and dihydrophenanthrene under these conditions. This 
may be due in part to lower donor activity, but more likely due to 
low hydrogen content of the donor in the absence of a hydrogen 
atmosphere. The results with tetrahydroquinoline, however, appear 
to be about the same whether in the micro mode without hydrogen 
pressure or catalyst or in the macro mode with both. This system 
was, therefore, adopted as being simple, rapid and giving results 
equivalent to the macro system. Analysis of pairs of samples from 
some 40 coals by this method ranging in % (CH2In content by 
weight of from 0 to 17% (MF) showed a standard deviation of 0.59%. 
Table 1 column 3 shows these values for the coals previously dis- 
cussed together with the ethylene yields. In view of the sampling 
problems with a heterogeneous material like coal and the small 
sample size, analyses were normally run in pairs. The coal was 
ground fine (-200 mesh) and well blended. Where greater accuracy 
is desired, more replicates can be easily run and the lH NMR can be 
run with more scans. 

Ethylene yields (85OOC) vs. (CH2)n concentration for these 
coals are plotted in Figure 12 with the linear regression line shown. 
A correlation coefficient of 0.952 and a 0 intercept shows a good 
correlation. 

Similarly plots of propylene and butadiene yields for the 
same coals, vs. (CH2)n content also show strong correlations. 

Conclusions 

We conclude from the experiments described that the low 
molecular weight aliphatic hydrocarbons produced by flash pyrolysis 
of coal at temperatures of 700OC and over, result primarily from the 
cracking of long methylene chains which are part of the coal structure 
or trapped in it. Low temperature (6OOOC) pyrolysis of the coal 
drives off a portion of the coal as tar which contains these poly- 
methylene moieties, primarily in the form of normal paraffins and 
olefins from C17 to C 2 4  and higher. This polymethylene precursor(s) 
in coal is apparently destroyed during coalification, as it is 
essentially absent in anthracite and is much higher in lignite and 
subbituminous coals. However, even in low rank coals the concen- 
tration of the polymethylene moiety varies widely, probably 
determined by the types of plants from which the coals are derived. 
Cannel coals generally contain fairly large amounts of (CHz),, (up 
to 17% or more). Some lignites and subbituminous coals contain 
as much as 10% (CH2)n. 
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Several other investigators (6-15) have reported the 
presence of aliphatic hydrocarbons in coal based mainly on solvent 
extractions. The amounts reported, however, have been generally 
much less than was found in this work. The difference presumably 
is that most of the polymeth lene is chemically bound or trapped 
and non-extractable. 
methylene compounds by chemical degradation of the coal, however, 
no quantitative conclusions could be drawn from that work. 

Deno( lg) reported the presence of long chain 

The liquefaction method for estimation of (CH2)n content 
of coals is being used to determine the (CH21n content of coal 
macerals and to explore the geochemical origins of the polymethylene 
components in coal. 
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FIGURE 9 
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TABLE 1 

ETHYLENE YIELDS IN COAL PYROLYSIS AND ( C H , L  CONTENT (UT. % )  

(850°C 

Coal 
PSOC 124 
King Cannel 
Millmerran 
Lovelady-L-2 
Lovelady Y-4 
Lovelady 81 V L L - ~ ~  
Blind Canyon 
PSOC 435 
Emery 
Con Paso-Blue 3 
Con Paso-Blue 2 
Con Paso-Yellow 4 
Upper Hiawatha 
Wyodak 
Texas Lignite 
PSOC 181 
Con Paso-Yellow 6 
PSOC 464 
Lower Hiawatha 
Pittsburgh 8 
PSOC 1106 
PSOC 657 
Illinois 6-Burning Star 
PSOC 833 
Sewickley 
Ohio 9-Egypt Valley 
Anthracite 

*Moisture Free 
**Moisture and Ash Free 

0.5 sec. CT.) 

E* 
11.9 
9.47 
6.08 
5.91 
4.90 
4.82 
4.82 
4.75 
4.50 
4.36 
3.73 
3.67 
3.30 
3.21 
3.20 
3.07 
2.80 
2.78 
2.66 
2.50 
2.42 
1.85 
1.83 
1.77 
1.48 
.61 

0.0 

MAF** 

13.1 
11.04 
7.01 
7.94 
6.68 
7.00 
5.07 
4.98 
4.95 
4.88 
4.78 
4.17 
3.65 
3.52 
3.59 
3.33 
3.05 
3.06 
2.85 
2.98 
2.53 
2.28 
2.18 
2.01 
1.75 
.68 

0.0 

- (CHZ),, (MF)* 
17.0 
14.5 
9.65 
9.11 
8.40 
8.48 
6.56 
8.86 
7.12 
5.72 
7.21 
5.18 
5.03 
4.0 
6.01 
5.02 
4.31 
4.12 
5.00 
4.47 
4.04 
2.18 
1.75 
2.00 
2.20 
1.78 
0.0 
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CH3[(CH2 

ig3 [r( C H ~  
r 

TABLE 2 

( CHZ),, ANALYSIS OF KNOWN COMPOUNDS 
(Proton NMR) 

Theory 
I,,] CH2CH2-C-OH 64.0 

101 C"3 82,O 

CH3 bCH2) 13CH3 85,. 8 

CH3 [(CH2)17] CH3 88.8 

? 

1 

CH3 kCHZ)pd  CH3 91, l  

CH3 [(CH2)23] CH3 91 ;5 

51,2 

100 

Found 
62.6 

77.7 

81.8 

84.6 

91.7 

92,5 

49.1 
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t TABLE 5 

PYROLYSIS OF MODEL COMPOUNDS (LIQUIDS) 
( 0 . 3  m l / h r  L i q u i d  F e e d  i n  ca 2 . 1  l / m i n .  N 2 )  

8 5 0 ° C  0.5-1 .0  S e c .  C o n t a c t  Time 

G a s e o u s  o r  V o l a t i l e  P r o d u c t s  
Model  Compound P r i n c i p a l  P r o d u c t s  M i n o r  P r o d u c t s  

S t e a r i c  A c i d  

D o d e c a n e  

O c t a d e c a n e  

E t h y l  B e n z e n e  

P r o p y l  B e n z e n e  

n - B u t y l  B e n z e n e  

P h e n y l  D o d e c a n e  

S t y r e n e  
‘i’o 1 u e n e  
M e t h a n e  

T o l u e n e  
E t h y l e n e  
S t y r e n e  

E t h y l e n e  
T o l u e n e  
E t h y l  B e n z e n e  
M e t h a n e  
S t y r e n e  

E t h y l e n e  
P r o p y l e n e  
M e t h a n e  
T o l u e n e  
S t y r e n e  

B e n z e n e  

C2H6 

‘qH6 

C2H6 

‘qH6 

C2H6 

C2H6 
B e n z e n e  

C2H4 

B e n z e n e  
M e t h a n e  
E t h y l  B e n z e n e  

C2H6 

C3H6 
B e n z e n e  

‘qH6 

C2H6 
B e n z e n e  
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FLASH PYROLYSIS OF COAL I N  R E A C T I V E  AN0 
NON-REACTIVE GASEOUS ENVIRONMENTS 

Muthu S. Sundaram, Meyer S t e i n b e r g  and P e t e r  T. F a l l o n  
Department o f  Energy and Environment 

Process Sciences D i v i s i o n  
Brookhaven N a t i o n a l  L a b o r a t o r y  

Upton, L.I., N.Y. 11973 

ABSTRACT 

The o b j e c t i v e  i s  t o  o b t a i n  p r 3 c e j j  chemis t ry  f o r  t h e  r a p i d  p y r o l y s i s  

o f  coal  w i t h  r e a c t i v e  and n o n - r e a c t i v e  gases f o r  t h e  p r o d u c t i o n  o f  l i q u i d  

and gaseous f u e l s  and chemical  feeds tocks .  The gaseous produc ts  were 

analyzed v i a  an o n - l i n e  GC and t h e  heavy l i q u i d s  were c h a r a c t e r i z e d  by 

HPLC, I R  and GC/MS. The t o t a l  carbon convers ion  was h i g h e r  i n  the  pre-  

sence o f  r e a c t i v e  gases than i n  t h e  presence o f  n o n - r e a c t i v e  gases. The 

heat-up r a t e  o f  t h e  coal  p a r t i c l e s  i n  n o n - r e a c t i v e  g a s i f y i n g  media f o l l o w -  

ed t h e  o r d e r  He>NZ>Ar. The t o t a l  carbon convers ion  f rom New Mexico sub- 

b i tuminous  c o a l  i n  t h e  presence o f  these gases a l s o  f o l l o w e d  t h e  same 

o r d e r .  Exper iments were performed i n  a down-flow, e n t r a i n e d  t u b u l a r  reac-  

t o r  under a wide range of  process c o n d i t i o n s :  7000 t o  IOOOOC,  20-1000 

p s i ,  0.5 - 5 sec. coa l  p a r t i c l e  r e s i d e n c e  t ime.  The e f f e c t s  o f  these pro-  

cess v a r i a b l e s  and t h e  p h y s i c a l  p r o p e r t i e s  o f  the  p y r o l y z i n g  gases on t h e  

y i e l d  and t h e  q u a l i t y  of p roduc ts  from t h e  p y r o l y s i s  o f  New Mexico sub- 

bi tuminous coa l  w i l l  be discussed. 
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INTRODUCTION 

The f l a s h  p y r o l y s i s  o f  coa l  i s  a f a s t ,  gas-phase, n o n - c a t a l y t i c ,  

d i r e c t  coa l  convers ion techn ique  f o r  t h e  p r o d u c t i o n  o f  gaseous hydro-  

carbons and s i g n i f i c a n t  q u a n t i t i e s  o f  aromat ic  l i q u i d  hydrocarbons f o r  

d i s t i l l a t e  f u e l s  and chemical feedstocks.  P y r o l y s i s  i s  a complex process 

du r ing  which severa l  chemical r e a c t i o n s  occur  s imu l taneous ly .  A genera l  

concept o f  t h e  p y r o l y s i s  process i s  shown i n  F i g u r e  1. 

Considerable amount o f  work has been done i n  t h e  p a s t  on p y r o l y s i s  o f  

Coal which was summarized r e c e n t l y  i n  a c l a s s i c  rev iew  by  Howard (1). The 

exper imenta l  techniques,  r e a c t i o n  c o n d i t i o n s  and t h e  coa l  used were so 

d i v e r s i f i e d  t h a t  t h e  i n f o r m a t i o n  a v a i l a b l e  i s  o f  l i m i t e d  va lue  i n  a 

process p o i n t  o f  view. We have, t h e r e f o r e ,  under taken a sys temat i c  

genera l i zed  s tudy t o  m e t h o d i c a l l y  develop and b u i l d  a r e l i a b l e  da ta  base 

on t h e  f l a s h  p y r o l y s i s  o f  coa ls  w i t h  r e a c t i v e  and non- reac t i ve  gases. The 

cho ice  o f  i n e r t  gas i s  based on cove r ing  a range o f  phys i ca l  p r o p e r t y  

e f f e c t s ,  i.e., hea t  c a p a c i t y ,  thermal  c o n d u c t i v i t y  and d i f f u s i v i t y  e t c .  

The cho ice  o f  r e a c t i v e  gas i s  based on the  t ype  o f  gases u s u a l l y  formed i n  

t h e  p y r o l y t i c  r e a c t i o n s  o f  coa l .  The r e s u l t s  o b t a i n e d  f rom t h e  p y r o l y s i s  

of New Mexico sub-bituminous coa l  i n  H2, CH4, He, N2 and A r  atmospheres 

a r e  presented i n  t h i s  paper. 

EXPERIMENTAL 

New Mexico sub-b i tuminous coal  ground t o  l e s s  t h a n  100 mesh and 

vacuum d r i e d  a t  700C was used i n  a l l  p y r o l y s i s  experiments. The u l t i m a t e  

a n a l y s i s  o f  t h e  coa l  i s  g iven i n  Table 1. 

The exper imenta l  equipment used i n  these s t u d i e s  ( F i g u r e  2) i s  a 

h i g h l y  i ns t rumen ted  1-in.- i .d. by 8 - f t - l o n g  e n t r a i n e d  downflow t u b u l a r  re -  

a c t o r  system, which has been desc r ibed  i n  d e t a i l  (2) .  Coal p a r t i c l e s  150 

micrometers o r  l e s s  i n  d iameter  a re  f e d  by g r a v i t y  i n t o  t h e  t o p  of t h e  re -  

a c t o r  f rom a coal  feeder enc losed i n  a h i g h  p ressu re  vesse l .  The p y r o l y -  

s i s  gas e n t e r s  th rough  a preheater ,  c o n t a c t i n g  t h e  coal  p a r t i c l e s  a t  t h e  
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t o p  o f  t h e  8 - f t  r e a c t o r .  The heat t r a n s f e r ,  p y r o l y s i s ,  and secondary 

r e a c t i o n s  t a k e  p l a c e  as t h e  c o a l  and e n t r a i n i n g  gas meet and f l o w  con- 

c u r r e n t l y  down t h e  r e a c t o r .  Below t h e  r e a c t o r  i s  a 3 - f t  f o r c e d  a i r  c o o l -  

i n g  s e c t i o n  i n  which t h e  p r o d u c t - l a d e n  gases are  coo led  t o  2500 t o  30OoC. 

The c h a r  i s  removed from t h e  e f f l u e n t  gas i n  a h i g h  pressure  vessel which 

i s  m a i n t a i n e d  a t  2500 t o  3OO0C t o  p revent  l i q u i d  p roduc t  condensat ion.  

The heavy l i q u i d  p roduc ts  i n  t h e  e f f l u e n t  gas are  removed i i i  two conden- 

sers,  one water coo led  (15%) and t h e  u t n e r  Freon coo led  (-4OoC). The 

remain ing  gases are  t h e n  reduced t o  atmospher ic pressure,  measured v i a  a 

p o s i t i v e  d isp lacement  meter,  and vented t o  t h e  atmosphere. 

The v e l o c i t y  o f  t h e  coa l  p a r t i c l e  th rough t h e  r e a c t o r  i s  c a l c u l a t e d  

by adding i t s  f r e e - f a l l  v e l o c i t y  based on S t o k e ' s  law t o  the  down-flow gas 

v e l o c i t y .  The res idence t i m e  i s  de termined from t h e  l e n g t h  o f  t h e  r e a c t o r  

and the t o t a l  coa l  p a r t i c l e  v e l o c i t y .  

Product y i e l d s ,  as a f u n c t i o n  o f  coal  p a r t i c l e  res idence t ime,  are 

de termined by sampl ing f rom t a p s  l o c a t e d  a t  2 - f t  i n t e r v a l s  a long t h e  

l e n g t h  o f  t h e  r e a c t o r .  The p r o d u c t  a n a l y s i s  i s  accomplished v i a  an on- 

l i n e ,  programmable gas chromatograph (GC) which determines CO, C02, CH4, 

C2H4, C&, and BTX (benzene, t o l u e n e ,  and xy lene)  c o n c e n t r a t i o n s  every  8 

minutes.  Produc ts  h e a v i e r  than BTX (>Cg) can n o t  be measured o n - l i n e  

because o f  condensat ion  i n  t h e  sample l i n e s  and t h e  temperature l i m i t  

(230oC) o f  t h e  gas chromatograph. These produc ts  a re  c o l l e c t e d  i n  t h e  

condensers and ana lyzed a t  t h e  end o f  each exper iment.  Se lec ted  l i q u i d  

samples are s u b j e c t e d  t o  e lementa l  a n a l y s i s  and GC/MS s t u d i e s .  

The d u r a t i o n  o f  an exper iment i s  a t  l e a s t  one hour and steady s t a t e  

i s  ach ieved i n  3 t o  4 minu tes .  Coal f e e d  r a t e s  are u s u a l l y  about 500 

g /hr .  To f a c i l i t a t e  un i fo rm f l o w ,  10% b y  w t  Cab-0-Si l ,  a s i l i c a  f l o u r ,  i s  

added t o  the  c o a l .  The n o n - r e a c t i v e  gases used were t h e  i n e r t  gases, 

argon, he1 ium and n i t r o g e n ;  The r e a c t i v e  gases i n c l u d e d  hydrogen, methane 

and carbon monoxide. Y i e l d s  a r e  based on t h e  percent  o f  t h e  carbon i n  t h e  

f e e d  c o a l  which i s  conver ted  t o  p roduc ts  and de termined as f o l l o w s :  
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Carbon i n  Product ,  g x l 0 0  
% Carbon conver ted  t o  p roduc t=  -- Carbbn-iri TFeT7j-- 

A sum o f  t he  gaseous and l i q u i d  p roduc t  y i e l d s ,  expressed as % carbon 

conver ted,  w i l l  g i v e  the  t o t a l  carbon convers ion due t o  p y r o l y s i s .  From 

feed  ra tes ,  p roduc t  y i e l d s ,  and an e lementa l  a n a l y s i s  o f  t h e  feed coa l  and 

cha r  produced, a complete m a t e r i a l  ba lance can be made. 

RESULTS AND DISCUSSION 

Coal p a r t i c l e s  e n t e r i n g  the r e a c t o r  a re  heated t o  r e a c t i o n  tempera- 

t u r e  by convec t i on  f rom the  preheated gas and by r a d i a n t  heat  from t h e  

r e a c t o r  w a l l .  I n  c a l c u l a t i n g  t h e  coal  p a r t i c l e  heat-up r a t e  due t o  con- 

vec t i on ,  a number o f  exper imenta l  c o n f i g u r a t i o n s  were cons ide red  f o r  which 

heat  t r a n s f e r  c o e f f i c i e n t s  had been determined. These i n c l u d e d  heat and 

mass t r a n s f e r  f rom a f a l l i n g  wa te r  d r o p l e t  ( 3 ) ,  heat t r a n s f e r  t o  a 

f l u i d i z e d - b e d  o f  p a r t i c l e s  ( 4 ) ,  heat  t r a n s f e r  t o  p a r t i c l e s  a t  Reynolds 

numbers g r e a t e r  than 500 ( 5 ) ,  heat  t r a n s f e r  i n  a d i s tended  bed o f  p a r t i -  

c l e s  (6), and t h e  t h e o r e t i c a l  heat t r a n s f e r  between a p a r t i c l e  and a s tag -  

nant  f l u i d .  S ince t h e  Reynolds number f o r  t h e  coa l  p a r t i c l e s  f a l l i n g  

through t h e  gas i n  o u r  work i s  ve ry  low, l e s s  t h a n  10, n e i t h e r  t h e  

f l u i d i z e d - b e d  n o r  the  h i g h  Reynolds number work seemed approp r ia te .  A lso,  

t h e  f l u i d i z e d - b e d  work gave very low heat  t r a n s f e r  c o e f f i c i e n t s ,  which 

were a t t r i b u t e d  t o  excess i ve  bypass ing o f  gas th rough  t h e  bed d u r i n g  t h e  

exper iments ( 7 ) .  S ince t h e  work on d i s tended  beds showed good c o r r e l a t i o n  

o f  data from v o i d  f r a c t i o n s  o f  0.45 t o  0.78, t h i s  appeared t o  p r o v i d e  t h e  

c l o s e s t  approach t o  o u r  exper imenta l  c o n d i t i o n s .  The exp ress ion  used i s  

as f o l l o w s  ( 6 ) :  

NU = 2.06 N R E ~ * ~ ~ ~ N ~ R ~ / ~  

where Nu = Nusse l t  number 

NRE = Reynolds number = %?-"%!I 
?J9 

N ~ R  = P r a n d t l  number = 

c 
I 
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hg = heat  t r a n s f e r  c o e f f i c i e n t  f o r  gas f i l m ,  

Dp = d iameter  o f  p a r t i c l e ,  

K g  = thermal  c o n d u c t i v i t y  o f  gas, 

V = v e l o c i t y  o f  p a r t i c l e  th rough gas ( f r e e  f a l l ) ,  

pg = d e n s i t y  o f  gas, 

ug = v i s c o s i t y  o f  gas, and 

Cpg = heat  c a p a c i t y  o f  gas. 

By s u b s t i t u t i o n  

and 

dT 
= hg A, (Tg-~,), 

dTs = (Tg-Ts) d t ,  

Where 

Cp, = heat c a p a c i t y  o f  c o a l  

M = mass o f  c o a l  p a r t i c l e  

As = area o f  coa l  p a r t i c l e  

Tg = tempera ture  o f  gas 

Ts = tempera ture  o f  coa l  p a r t i c l e  

T i  = i n i t i a l  tempera ture  of coal  p a r t i c l e  

t = t i m e  t o  r a i s e  t h e  p a r t i c l e  tempera ture  f rom T i  t o  T, 

Equat ion (2)  was used t o  c a l c u l a t e  t h e  g a s - f i l m  heat t r a n s f e r  co- 

e f f i c i e n t  between t h e  coa l  p a r t i c l e  and the  preheated  gases hydrogen, 

methane, carbon monoxide, hel ium, n i t r o g e n ,  and argon. The values o f  gas- 

f i l m  heat t r a n s f e r  c o e f f i c i e n t  f o r  v a r i o u s  p y r o l y z i n g  gases under a set  o f  

a r b i t r a r i l y  chosen c o n d i t i o n s  a r e  g i v e n  i n  Tab le  2. Tab le  2 shows t h a t  

f o r  r e a c t i v e  gases, t h e  heat  t r a n s f e r  c o e f f i c i e n t  decreased i n  the  f o l l o w -  

i n g  order :  H2>CH4>CO; f o r  n o n - r e a c t i v e  gases t h e  o r d e r  i s  found t o  be 

He>Nz>Ar. Equat ion  ( 4 )  was used t o  c a l c u l a t e  t h e  coa l  p a r t i c l e  
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temperature as a f u n c t i o n  o f  t ime  and i s  p l o t t e d  i n  F i g u r e  3. F i g u r e  3 

shows t h a t  hydrogen g i ves  t h e  h i g h e s t  heat-up r a t e  and argon t h e  l owes t ;  

among t h e  non- reac t i ve  gases, he l i um g i ves  the  h i g h e s t  r a t e .  A l though 

c a l c u l a t i o n s  o f  t h e  f i n a l  temperature o f  t he  coal  p a r t i c l e  were made, 

these should be cons ide red  as l i m i t i n g  va lues because chemical energy 

exchange and d e v o l a t i l i z a t i o n  a l s o  take  p lace.  

C a l c u l a t i o n s  o f  t h e  r a d i a n t  heat  t r a n s f e r  f rom t h e  h o t  r e a c t o r  w a l l  

t o  t h e  coal  p a r t i c l e s  i n d i c a t e  t h i s  c o n t r i b u t i o n  t o  be about 5 t o  10% O f  

t h e  t o t a l  heat t r a n s f e r .  S ince these c a l c u l a t i o n s  are p robab ly  n o t  accu- 

r a t e  t o  b e t t e r  than +lo%,  r a d i a n t  heat t r a n s f e r  was n o t  i n c l u d e d  i n  t h e  

coa l  p a r t i c l e  h e a t i n g  r a t e  o r  t h e  temperature est imates.  

When p y r o l y s i s  took p l a c e  i n  t h e  presence o f  non - reac t i ve  gases, t h e  

t o t a l  carbon convers ion  f o l l o w e d  t h e  o rde r :  He>Nz>Ar. For  example, a t  

9OOOC and 200 p s i  p ressu re  o f  He, N2 and A r ,  t h e  t o t a l  carbon convers ions 

were: 21.0%, 20.1% and 14.5%, r e s p e c t i v e l y  (Tab le  3). Th i s  i nc ludes  t h e  

y i e l d s  due t o  hydrocarbon gases, ox ides o f  carbon, BTX and heavy l i q u i d s .  

I n  runs us ing  N2 o r  A r  as the  p y r o l y z i n g  gas, d i f f i c u l t i e s  were exper ienc -  

ed i n  measuring t h e  CO produced which arose as a r e s u l t  o f  inadequate 

r e s o l u t i o n  o f  t h i s  component f rom t h e  s o l v e n t  peak (N2 o r  Ar) .  Hence, t h e  

CO y i e l d s  f rom he l i um p y r o l y s i s  runs under i d e n t i c a l  c o n d i t i o n s  were used 

t o  determine t h e  t o t a l  carbon convers ion i n  these cases. Th is  cou ld  

i n t r o d u c e  some e r r o r  i n  t h e  t o t a l  carbon convers ion da ta  f o r  N2 and A r  

p y r o l y s i s  runs. I n  t h e  case o f  r e a c t i v e  gases, t he  t o t a l  carbon conver- 

s ions  were 37.6%, 30.4% and 17.5% r e s p e c t i v e l y  f o r  H2, CH4 and CO atmos- 

pheres. There i s  a s i g n i f i c a n t  i nc rease  i n  t o t a l  conve rs ion  i n  hydrogen 

and methane atmospheres over  o t h e r  i n e r t  gases. Though CO i s  a r e a c t i v e  

gas, no enhancement i n  p y r o l y s i s  y i e l d s  were n o t i c e d  dnder t h e  c o n d i t i o n s  

i n v e s t i g a t e d .  The decrease i n  t h e  gas f i l m  heat  t r a n s f e r  c o e f f i c i e n t  f o r  

r e a c t i v e  and non- reac t i ve  gases and t h e  t o t a l  conve rs ion  bo th  f o l l o w  t h e  

same t r e n d  w i t h i n  each category.  Thus, t h e r e  appears t o  be a r e l a t i o n s h i p  

between t h e  hea t  t r a n s f e r  c o e f f i c i e n t  ( o r  t h e  heat-up r a t e  o f  t h e  coal  

p a r t i c l e s )  and t o t a l  carbon convers ion  ( F i g u r e  4 ) .  
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The e f f e c t  o f  gas p r e s s u r e  on t o t a l  carbon convers ion  was a l s o  i n v e s -  

t i g a t e d  ( F i g u r e  5 ) .  As expected, hydrogen gave t h e  h i g h e s t  carbon conver -  

s ion.  However, i n c r e a s i n g  t h e  hydrogen pressure  f rom 100 p s i  t o  500 p s i  

had l i t t l e  i n f l u e n c e  on t h e  t o t a l  convers ion .  The e f f e c t  o f  p ressure  on 

t o t a l  c o n v e r s i o n  was marked f o r  a l l  o t h e r  gases. The maximum i n  the  t o t a l  

carbon c o n v e r s i o n  and t h e  p r e s s u r e  a t  which it occurs c l e a r l y  seem t o  be 

dependent on t h e  p y r o l y s i s  temperature.  These d i f f e r e n c e s  i n d i c a t e  t h a t  a 

s t r o n g  r e l a t i o n s h i p  e x i s t s  between coal  d e v o l a t i l i z a t i o n  and t h e  t r a n s p o r t  

p r o p e r t i e s  o f  t h e  p y r o l y z i n g  gases. More exper iments are planned t o  

understand these e f f e c t s  on coal  p y r o l y s i s  i n  g r e a t e r  d e t a i l .  

The f l a s h  p y r o l y s i s  o f  c o a l  produces a wide range o f  gaseous and 

l i q u i d  p roduc ts .  The gas s t ream i s  m o s t l y  made up o f  methane, ethane, 

e thy lene,  CO and CO2 bes ides  t h e  e n t r a i n i n g  gas. A t y p i c a l  p y r o l y s i s  

p roduc t  d i s t r i b u t i o n  i s  shown i n  F i g u r e  6. S i m i l a r  p roduc t  d i s t r i b u t i o n s  

were o b t a i n e d  f o r  o t h e r  p y r o l y s i s  atmospheres and o t h e r  cond i tons  (8 ) .  

Among these p y r o l y s i s  p roduc ts ,  e t h y l e n e  showed g r e a t e s t  v a r i a t i o n  i n  i t s  

y i e l d .  T h i s  i s  shown i n  F i g u r e  7. Under a l l  c o n d i t i o n s ,  e t h y l e n e  was 

produced i n  c h a r a c t e r i s t i c a l l y  h i g h e r  q u a n t i t i e s  i n  methane atmosphere 

(wh ich  we t e r m  " f l a s h  m e t h a n o l y s i s " )  than i n  t h e  presence o f  any o t h e r  gas 

used. As h i g h  as 10.5% carbon i n  t h e  feed coal  was conver ted  t o  e t h y l e n e  

a t  825% and 50 p s i  CH4 pressure .  Th is  i s  approx imate ly  two t imes h i g h e r  

t h a n  t h a t  w i t h  t h e  i n e r t  gases under s i m i l a r  c o n d i t i o n s  (10.5% w i t h  

methane and 4.9% w i t h  he l ium) .  From severa l  b lank  exper iments,  i n  t h e  
absence o f  c o a l ,  i t  was de termined t h a t  homogeneous decomposi t ion o f  

methane does n o t  occur  i n  t h e  r e a c t o r  (8).  A f r e e - r a d i c a l  mechanism f o r  

t h e  enhanced y i e l d  o f  e t h y l e n e  d u r i n g  f l a s h  methano lys is  o f  Douglas F i r  

wood, i n  t h e  same p y r o l y s i s  r e a c t o r ,  was r e c e n t l y  proposed (9 ) .  F i g u r e  7 
a l s o  revea ls  t h a t  i n  a l l  cases, t h e  e t h y l e n e  y i e l d  decreased wi th gas 

pressure.  

As expected, h i g h  y i e l d s  o f  gaseous hydrocarbons were o b t a i n e d  when 

p y r o l y s i s  t o o k  p lace  i n  hydrogen atmosphere. The t o t a l  gaseous hydro- 

carbon y i e l d  ranged f r o m  8.9% C a t  800oC and 50 p s i  t o  28.0% C a t  9OOOC 

and 500 p s i .  The y i e l d s  o f  b o t h  ethane and e t h y l e n e  dcecreased w i t h  
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i n c r e a s e  i n  t h e  pressure  o f  hydrogen. I n  n o n - r e a c t i v e  gas media, no 

ethane was produced i n  measurable q u a n t i t i e s  i n  most ins tances .  Among 

n o n - r e a c t i v e  gases, the  y i e l d  s t r u c t u r e  was comparable between he1 ium and 

n i t r o g e n  atmospheres and a r e p r e s e n t a t i v e  case i s  shown i n  Table 3 i n  

which the  produc t  y i e l d s  from t h e  p y r o l y s i s  of New Mexico coa l  i n  var ious  

g a s i f y i n g  media, under i d e n t i c a l  c o n d i t i o n s ,  a re  compared. From the  same 

t a b l e ,  i t  cou ld  be seen t h a t  i n  argon atmosphere, t h e  y i e l d  of gaseous 

hydrocarbons and o t h e r  p roduc ts  are c o n s i d e r a b l y  low. 

The y i e l d  of C 0 2  was about 1 - 2 %  C under a l l  c o n d i t i o n s  i n  the  pre-  

sence o f  a l l  gases w i t h  t h e  e x c e p t i o n  of CO. H igher  y i e l d s  o f  C O 2  were 

ob ta ined ( 7 - 9 %  C )  when t h e  p y r o l y z i n g  gas was CO. Th is  i s  b e l i e v e d  t o  be 

due t o  d i s p r o p o r t i o n a t i o n  o f  CO under the  r e a c t i o n  c o n d i t i o n s .  

The l i q u i d  p roduc ts  ( e x c l u d i n g  process water )  c o n s i s t  o f  two f r a c -  

t i o n s :  t h e  " l i g h t  o i l "  f r a c t i o n ,  b o i l i n g  between 600 and 15OoC,  and t h e  

"heavy l i q u i d "  f r a c t i o n ,  b o i l i n g  above 1 5 0 o C .  Th is  c l a s s i f i c a t i o n  i s  

a r b i t r a r y ,  and v a r i o u s  d i s t i l l a t i o n  ranges are  used by d i f f e r e n t  workers.  

I n  t h e  BNL work, u s u a l l y  more than 9 0 %  b y  weight o f  t h e  " l i g h t  o i l "  i s  

made up o f  benzene, t o l u e n e ,  and xylene, and t h e  "heavy l i q u i d s "  o r  " t a r s "  

c o n t a i n  condensed r i n g  aromat ic  s t r u c t u r e s  and h i g h  molecu la r  weight 

compounds w i t h  h i g h  a r o m a t i c i t y  (10). 

" L i g h t  O i l "  f rom coal  i s  a p o t e n t i a l  source o f  some key chemica ls  

such as benezene-toluene-xylene (BTX). Even though t h e  exac t  mechanism o f  
t h e i r  p r o d u c t i o n  i s  n o t  known, i t  i s  g e n e r a l l y  thought  t o  c o n s i s t  l a r g e l y  

of  secondary p y r o l y t i c  r e a c t i o n s .  Prolonged h e a t i n g  o f  t h e  pr imary  

d e v o l a t i l i z a t i o n  produc ts  induces c r a c k i n g  and i f  hydrogen i s  a v a i l a b l e ,  

s t a b l e  l i g h t e r  p roduc ts  a re  formed. Thus, the  y i e l d  o f  l i g h t  o i l  depends 

on t h e  res idence t i m e  o f  t h e  t a r  vapor i n  t h e  p y r o l y s i s  r e a c t o r  and on t h e  

temperature.  Wi th  longer  res idence t imes,  more l i g h t  o i l  i s  formed a t  t h e  

expense of  t h e  heavy l i q u i d s  ( t a r ) .  Too h i g h  a tempera ture  (>9OOOC)  
r e s u l t s  i n  an inc reased y i e l d  o f  gases a t  the  expense o f  b o t h  l i g h t  o i l  

and t a r .  
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BTX y i e l d  ranged 1-3% C i n  t h e  case o f  CO and n o n - r e a c t i v e  gases; up 

t o  7% carbon i n  t h e  feed was conver ted  t o  BTX d u r i n g  f l a s h  h y d r o p y r o l y s i s  

and f l a s h  methano lys is  exper iments.  The I R  s p e c t r a  o f  l i g h t  o i l s ,  f r e e  

f rom process  water ,  o b t a i n e d  from a s e r i e s  o f  f l a s h  h y d r o p y r o l y s i s  e x p e r i -  

ments w i t h  New Mexico sub-bi tuminous coa l  show ( i )  s t r o n g  a b s o r p t i o n  i n  

the low f requency  range between 900 and 675 cm-1, t y p i c a l  o f  a romat ic  r i n g  

C-H o u t - o f - p l a n e  bending, (ii) s t r o n g  a b s o r p t i o n  i n  the  medium frequency 

range between 1600 and 1580 cm-I  due t o  C=C s t r e t c h i n g ,  d n d  ( i i i )  moderate 

a b s o r p t i o n  betsemi 3100 and 3000 cm-1 c h a r a c t e r i s t i c  o f  t h e  aromat ic  C - H  

s t r e t c h .  Weak a b s o r p t i o n s  a t  2926, and 2853 cm- l  ( a ~ - ~ C H 3 ,  Vas CH2, and 

us CH2, r e s p e c t i v e l y )  i n d i c a t e  t h a t  the  e x t e n t  o f  a l k y l  s u b s t i t u t i o n  i s  

smal 1. 

Phenols,  i f  any, were p r e s e n t  o n l y  i n  v e r y  smal l  amounts i n  t h e  l i g h t  

o i l s  produced from t h e  f l a s h  p y r o l y s i s  o f  New Mexico sub-bi tuminous c o a l .  

The I R  s p e c t r a  o f  l i g h t  o i l s  produced a t  900°C a t  20,  60 ,  and 200 p s i  

showed a b s o r p t i o n  due t o  -OH groups t o  be present  o n l y  i n  the  20 p s i  

sample, and t h i s  spectrum was s i m i l a r  t o  the  one o b t a i n e d  a t  8OO0C and 200 

p s i .  An i n c r e a s e  i n  t h e  hydrogen pressure  o r  res idence t i m e  o f  t h e  

v o l a t i l e s  tends  t o  decrease t h e  amount o f  phenols i n  t h e  produc t  stream, 

and temperatures above 9OOoC and hydrogen pressures  above 50 p s i  f a v o r  t h e  

dehydroxylat ion/decompostion r e a c t i o n s  o f  phenols.  The l i g h t  o i l  f rom t h e  

i n e r t  h e l i u m  p y r o l y s i s  a t  900°C and 50 p s i  had a compos i t ion  q u a l i t a t i v e l y  

s i m i l a r  t o  t h a t  f rom f l a s h  h y d r o p y r o l y s i s  under t h e  same c o n d i t i o n s ,  b u t  

f o r  d i f f e r e n t  reasons: I n  t h e  presence o f  e x t e r n a l  hydrogen, t h e  phenols 

i n i t i a l l y  formed undergo decomposi t ion,  b u t  d u r i n g  i n e r t  gas p y r o l y s i s  t h e  

c o n d i t i o n s  are  n o t  f a v o r a b l e  f o r  i n i t i a l  phenol fo rmat ion .  

Heavy l i q u i d  o r  t a r  i s  an i n h e r e n t  p roduc t  o f  c o a l  d e v o l a t i l i z a t i o n .  

I t s  compos i t ion  i s  much more complex than t h a t  o f  l i g h t  o i l s .  T a r  

accounts f o r  o n l y  a smal l  amount o f  the  carbon i n  t h e  feed coa l  t h a t  i s  

conver ted  (0-5% C ) .  Tars from s e l e c t e d  runs were s u b j e c t e d  t o  d e t a i l e d  

i n v e s t i g a t i o n ,  b u t  t h e  da ta  a v a i l a b l e  a t  p resent  are l i m i t e d .  
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I A b a s i c  problem i n  i d e n t i f y i n g  t h e  i n d i v i d u a l  components i n  a t a r  i s  

t h a t  compounds o f  w i d e l y  v a r y i n g  p o l a r i t i e s  a re  p resent ,  p r e c l u d i n g  GC/MS 

a n a l y s i s  o f  t h e  t a r  as such. By f r a c t i o n a t i n g  t h e  t a r s  on t h e  b a s i s  of 
s o l u b i l i t y  i n  s e l e c t e d  s o l v e n t s  and a n a l y z i n g  t h e  f r a c t i o n s  f o r  i n d i v i d u a l  

compounds, v a l u a b l e  i n f o r m a t i o n  c o u l d  be obtained. 

I n  one scheme o f  s o l v e n t  f r a c t i o n a t i o n ,  t h e  t a r  i s  separated i n t o  o i l  

(hexane s o l  u b l  e) ,  asphal  tenes  (hexane i n s o l u b l e  b u t  benzene s o l u b l e ) ,  and 

pre-asphal tenes (benzene i n s o l u b l e ) .  The y i e l d s  o f  t o t a l  t a r  and t a r  

f r a c t i o n s  f rom s e l e c t e d  p y r o l y s i s  runs a r e  shown i n  Table 4 .  The p r e -  

asphal tenes, which i n c l u d e  compounds o f  h i g h  p o l a r i t y ,  comprise o n l y  a 

very  small p a r t  o f  t h e  t a r .  Except when the p y r o l y s i s  gas i s  methane, an 

i n c r e a s e  i n  t a r  y i e l d  i s  accompanied by an i n c r e a s e  i n  o i l  y i e l d .  The t a r  

y i e l d  from f l a s h  methano ly is  i s  between those from he l ium p y r o l y s i s  and 

from h y d r o p y r o l y s i s .  I n  t h e  case o f  he l ium p y r o l y s i s ,  t h e  t a r  y i e l d  tends 

t o  i n c r e a s e  w i t h  i n c r e a s i n g  pressure.  

The i n d i v i d u a l  components i n  an o i l  sample from t h e  f l a s h  hydropyro-  

l y s i s  o f  New Mexico sub-bi tuminous coal  a t  1000°C and 25 p s i  hydrogen 

pressure  were i d e n t i f i e d  w i t h  c a p i l l a r y  GC/MS which i s  shown i n  F i g u r e  8. 
The peaks are  i d e n t i f i e d  i n  Table 5. Naphthalene i s  t h e  most abundant 

p roduc t  i n  t h i s  t a r ;  h i g h e r - r i n g  aromat ic  compounds and heteroatom con- 

t a i n i n g  spec ie  account f o r  less than 10% o f  the  t o t a l .  No s u l f u r  c o n t a i n -  

i n g  compounds were de tec ted .  The reason f o r  t h e  presence o f  r e l a t i v e l y  

l a r g e  amount o f  acenaphthylene i n  t h i s  t a r  i s  n o t  known a t  p resent .  

CONCLUSIONS 

The conc lus ions  which can be drawn from t h i s  work thus f a r  are as 

f o l l o w s :  

1. Under t h e  same c o n d i t i o n s ,  t h e  t o t a l  carbon convers ion  was h i g h e r  

i n  t h e  presence o f  r e a c t i v e  gases than i n  t h e  presence o f  n o n - r e a c t i v e  

gases. Among t h e  r e a c t i v e  gases, t h e  t o t a l  carbon convers ion  f o l l o w e d  

t h e  order :  H2 > CH4 > CO. Among t h e  n o n - r e a c t i v e  gases, the  t o t a l  

carbon convers ion  f o l l o w e d  t h e  o r d e r :  He> N2> A r .  
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2. P y r o l y s i s  i n  methane was c h a r a c t e r i z e d  by h i g h  y i e l d s  o f  e t h y l e n e  

and l i q u i d  p roduc ts .  As h i g h  as 10.5% carbon i n  the  feed coa l  was conver-  

t e d  t o  e t h y l e n e  a t  8250C and 50 p s i .  The e t h y l e n e  y i e l d  d u r i n g  p y r o l y s i s  

o f  c o a l  w i t h  methane was approx imate ly  two t imes h i g h e r  than t h a t  w i t h  t h e  

i n e r t  gases under s i m i l a r  c o n d i t i o n s  (10.5% CH4 v s  4.9% w i t h  He a t  8250 t o  

85OOC and 50 p s i ) .  

3. Phenols, i f  any, were present  o n l y  jf i  very  smal l  amounts i n  t h e  

l i g h t  o i l  f r a c t i o n  o f  t h e  l i q u i d  products.  I n  t h e  presence o f  e x t e r n a l  

hydrogen, t h e  phenols formed undergo decomposi t ion,  b u t  d u r i n g  t h e  i n e r t  

gas p y r o l y s i s  t h e  c o n d i t i o n s  are no t  f a v o r a b l e  f o r  i n i t i a l  phenol forma- 

t i o n .  An i n c r e a s e  i n  t h e  hydrogen pressure  o r  res idence t i m e  o f  the  v o l a -  

t i l e s  tends  t o  reduce t h e  amount o f  phenols i n  t h e  produc t  stream, and 

temperatures above 9OOoC and hydrogen pressures  above 50 p s i  f a v o r  t h e  de- 

hydroxylation/decomposition r e a c t i o n s  o f  phenols.  

4. I n  t h e  case o f  h e l i u m  p y r o l y s i s ,  t h e  t a r  y i e l d  tends t o  i n c r e a s e  

The t a r  y i e l d  f rom methane p y r o l y s i s  i s  between w i t h  i n c r e a s i n g  pressure .  

those from h e l i u m  p y r o l y s i s  and from h y d r o p y r o l y s i s .  

5. The pre-aspha l tenes ,  wh ich  i n c l u d e  compounds o f  h i g h  p o l a r i t y ,  

comprise o n l y  a very  smal l  p a r t  o f  t h e  t a r .  Except when t h e  p y r o l y s i s  gas 

i s  methane, an i n c r e a s e  i n  t a r  y i e l d  i s  accompanied by an i n c r e a s e  i n  o i l  

y i e l d .  

6. A c o r r e l a t i o n  appears t o  e x i s t  between t h e  t o t a l  carbon c o n v e r s i o n  

t o  gaseous and l i q u i d  p r o d u c t s  and t h e  heat-up r a t e  o f  coa l  p a r t i c l e s  f o r  

i n e r t  gases i n  t h e  o r d e r  o f  He > N2 > Ar .  Uncover ing o t h e r  e f f e c t s  o f  

heat-up r a t e  o f  coa l  p a r t i c l e s  on t h e  p y r o l y t i c  behav io r  o f  c o a l s  r e q u i r e  

f u r t h e r  i n v e s t i g a t i o n .  
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Tab le  1 

U l t i m a t e  A n a l y s i s  ( W t  % D ry )  o f  New Mexico Sub-Bituminous Coal 
Used i n  P y r o l y s i s  Experiments 

Carbon 59.3 
Hydrogen 4.2 
Oxygen a 16.8 
N i t r o g e n  1.2 
S u l f u r  0.8 
P.sh 17.7 

a )  By d i f f e r e n c e .  

Table 2 

C a l c u l a t i o n  o f  Gas F i l m  Heat T r a n s f e r  C o e f f i c i e n t s  
f o r  Va r ious  P y r o l y z i n g  Gases 

Coal P a r t i c l e  S i z e  - 100 micrometers 
Coal P a r t i c l e  I n i t i a l  Temp. - 2OOC 
Gas C o n d i t i o n s  - 9OOoC and 1000 D s i  

Gas hg (Cal /cm2-KO-sec) 

Hy d rogen 2.21 x 10-1 
Methane 2.02 x 10-1 

Carbon D i o x i d e  9.9 x 10-2 
He1 ium 1.73 x 10-1 

Carbon Monoxide 7.7 x 10-2 
N i t r o g e n  7.16 x 10-2 
Argon 4.96 x 10-2 
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Table 3 

Product Y i e l d s  from t h e  F l a s h  P y r o l y s i s  of 
New Mexico Sub-bi tumi nous Coal 

a t  9OOOC and 200 p s i  
Coal Residence Time: 2.4-4.6 sec. 

- 

I 

E n t r a i n i n g  Gas He N2 A r  

% Carbon Conv. t o  Prod. 
CHA 8.1 10.2 
C ? k l  3.5 0 
C;Hg 0 

T o t a l  Gaseous H.C. 11.6 
BTX 1.8 

1.2 
T o t a l  L i q u i d  H.C. 3.0 

LC9 - 

co 
co2 

T o t a l  COX 

4.4 
2.0 
6.4 
- 

0.7 
10.9 

2.7 
0.4 
3.1 

- 

(4.4) 
1.7 
6.1 

2.6 
3.3 
0 
5.9 
- 

2.0 
0.8 
2.8 
- 

(4.4) 
1.4 
5.8 
- 

- - 
T o t a l  Carbon Converted 213 20.1 14.5 

( )CO c o u l d  n o t  be r e s o l v e d  from N2 o r  A r  on t h e  o n - l i n e  GC. 
The values i n  p a r a n t h e s i s  a re  CO y i e l d s  f rom i n e r t  h e l i u m  
p y r o l y s i s  runs  under i d e n t i c a l  c o n d i t i o n s .  Th is  cou ld  
i n t r o d u c e  some e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  t o t a l  
carbon conversion. 
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Tab le  5 

--- -- _- 
Composi t ion o f  Heavy L i q u i d s  f rom t h e  

F lash  H y d r o p y r o l y s i s  o f  New Mexico Coal 

Peak NO. Component X Peak Area 

1 xy lene 0.54 

2 xy lene 0.27 

3 phenol 3.07 

4 indene 6.45 

5 naphthalene 60.80 

6 q u i n o l i n e  1.15 

7 i s o q u i n o l  i n e  0.29 

a C1-naphtha1 ene 1.25 

9 C1-naphthalene 0.32 

10 b ipheny l  0.03 

11 acenaphthyl  ene 14.98 

12 acenaphthene 1.66 

13 C1-biphenyl lacenaphthene 1.79 

14 f l u o r e n e  2.64 

15 phenanthrane/anthracene 3.82 

1 2 1  
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CHARACTERIZATION OF COAL CHARS FROM A FLASH PYROLYSIS PROCESS BY 
CROSS POLARIZATION / MAGIC ANGLE SPINNING "C NYR 

Mei-In M. Chou and Donald R. Dickerson 
I l l i n o i s  S t a t e  Geological  Survey 

615 E a s t  Peabody Drive 
Champaign, I L  61820 

Dale R. Mckay and James S.  Frye 
Department o f  Chemistry 

Colorado S t a t e  u n i v e r s i t y  
For t  C o l l i n s ,  co 80523 

INTRODUCTION 

I n  the  l a s t  two decades,  f l a s h  p y r o l y s i s  has  been used t o  i n v e s t i g a t e  t h e  
s t r u c t u r e  of c o a l  and s h a l e  (1 -4 ) .  Seve ra l  c o a l  conversion processes  based on 
f l a s h  py ro lys i s  a r e  under i n v e s t i g a t i o n  i n  the  uni ted S t a t e s  (5 -8 ) ,  West Germany 
( 9 ) ,  and Aus t r a l i a  (10,11,12) .  S tud ie s  of t he  molecular p rope r t i e s  of the f l a sh  
py ro lys i s  products  have been confined t o  the  l i b e r a t e d  organic  mat ter :  v o l a t i l e  
l i q u i d s  and gases .  Changes occur r ing  i n  the  organic  s t r u c t u r e  of t he  chars  a r e  
poorly understood. 

The development of "C c r o s s  p o l a r i z a t i o n  (CP) (13) and Magic Pngle Spinning 
(MAS) ( 1 4 )  Nuclear Magnetic Resonance (NMR) spectroscopy with high-power proton 
decoupling has allowed i n v e s t i g a t o r s  t o  ob ta in  s p e c t r a  o f  t he  organic  mat ter  i n  
s o l i d  coal  (15-25).  Su l l ivan  and Maciel (26) and Dudley and Fyfe ( 2 7 )  have 
v e r i f i e d  the  q u a n t i t a t i v e  r e l i a b i l i t y  of t h i s  technique as  appl ied t o  coal .  I3C 
NMR spec t r a  of c o a l  demonstrating the  u t i l i t y  of both CP and MAS have been r e -  
ported previously (15,16,18,21,22) ,  however, t h e r e  has been no reported i n v e s t i -  
ga t ion  of I3C CP/E/LAS NMR s p e c t r a  of  the cha r s  produced by f l a s h  py ro lys i s .  

This paper  r e p o r t s  t he  r e s u l t s  of t h i s  technique appl ied to the s tudy of 
cha r s  produced by the  f l a s h  p y r o l y s i s  of coa l  a t  progressively h ighe r  temperatures.  
The i nves t iga t ion  has given va luab le  i n s i g h t  i n t o  the chanqes of organic  composi- 
t i o n  of  coal  during ca rbon iza t ion  a s  w e l l  a s  t he  optimum temperature f o r  e f f i c i e n t  
conversion of coal  i n t o  l i q u i d s  and qases.  

EXPERIMENTAL 

A h igh -vo la t i l e  C bituminous (HVCB) I l l i n o i s  Harr isburg ( N o .  5 )  coa l  was used. 
The analyses  of  t he  raw coa l  sample a r e  given i n  Table 1. The coa l  was f l a s h  
pyrolyzed i n  a qua r t z  tube under a flow of  helium. The tube was heated a t  a ramp- 
r a t e  of 75°C/msec t o  t h e  d e s i r e d  f i n a l  temperature with a 20 sec hold a t  the f i n a l  
temperature.  Since only small  q u a n t i t i e s  of c o a l  were used fo r  each run ,  a 
sample of s u f f i c i e n t  S i ze  f o r  NMR a n a l y s i s  and elemental  ana lys i s  a t  each tempera- 
t u r e  was prepared by combining t h e  products  of  r e p l i c a t e  p repa ra t ions .  

Chars produced a t  300", 400°, 5 0 0 ° ,  6 0 0 ° ,  700°, and 800°C were s tud ied .  The ' 3C CP/MAS NMR measurements of  t h e  cha r s  were made on a JEOL FX6OQ NMR spectro-  
meter modified for CP and MAS. The s p e c t r a  were recorded under s tandard condi- 
t i o n s  t h a t  have been descr ibed p rev ious ly  ( 2 6 ) .  

For t h e  v o l a t i l e  a n a l y s i s ,  t h e  same sample of  coal  was heated i n  s t e p s ;  f i r s t  
to  3OO0C, then success ive ly  t o  400°C, 500°C, 600"C, 700°C, and t o  ROO'C. The 
v o l a t i l e  mat ter  was en t r a ined  i n  a helium flow of 35 mL/min and w a s  analyzed by 
gas chromatography (GC)  us ing a 2.5m x 3 mm s t a i n l e s s  s t e e l  column packed with 3% 
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Table 1. Proximate and u l t ima te  composition of  t h e  I l l i n o i s  NO. 5 (HVCB) coa l  
sample. (moisture-free b a s i s )  . 

Proximate ana lys i s  % u l t ima te  a n a l y s i s  % 

V o l a t i l e  mat ter  
Fixed carbon 
Ash 

43.3 Hydrogen 4.72 
44.3 Carbon 65.45 
12.4 Nitroqen 1.13 

Oxygen (by d i f f . )  11.52 
S u l f u r  3.91 
L o w  Temp. Ash 13.27 

Dexsil  300 on 80/100 Chromosorb WHP connected t o  a flame i o n i z a t i o n  d e t e c t o r  (FID).  
The column temperature was programed from 5OoC t o  250°C a t  8'C/min and held a t  
t he  f i n a l  temperature f o r  15 min. 

RESULTS AND DISCUSSION 

The GC t r a c e s  of v o l a t i l e  products evolved a t  each cha r r ing  temperature a r e  
shown i n  Figure 1. The evolut ion of decomposition p roduc t s ,  gases  and l i q u i d s ,  
s t a r t s  a t  5OO0C, maximizes a t  6OO0C,  and completes a t  700°C. A t  800OC the  main 
v o l a t i l e s  evolved a r e  hydrogen and l i g h t  hydrocarbon gases .  The hydrogen t o  
carbon atom r a t i o s  (H/C) of t he  coa l  an8 cha r s  a t  each temperature a r e  given i n  
Table 2 .  There i s  l i t t l e  change i n  t h e  H/C r a t i o s  a t  temperatures  below 500'C. 
Above 5OO0C, the  H/C r a t i o s  decrease a s  t he  temperature i s  increased.  The d a t a  
show a change i n  H/C value from O . R 2  (highly benzenoid) a t  50OoC t o  0.36 (highly 
g r a p h i t i c )  a t  800°C. Based on s i m i l a r  r e s u l t s ,  polycondensation o f  t h e  aromatic 
r i n g  system occuring a t  t h e  same time a s  dehydrogenation of t h e  hydroaromatic and 
a l i c y c l i c  systems has been suggested a s  a model f o r  carbonizat ion by e a r l y  c o a l  
workers (28) .  However, 1 3 C  CP/MAS NMR r e s u l t s  give an i n s i q b t  i n t o  the  chanqes 
of t he  organic  mat ter  of cha r s .  

Table 2. The atomic r a t i o  of hydrogen t o  carbon (H/C) f o r  coa l  and cha r s  a t  each 
temperature s t ep .  

Temperature ("C) Raw coa l  300 400 500 600 700 800 

H/C 0.R7 0.87 0.85 0.82 0.57 0.54 0.36 

I 3 C  CP/MAS NMR s p e c t r a  of t h e  raw coa l  and the  s i x  cha r s  a r e  i l l u s t r a t e d  i n  
Figure 2.  I n  gene ra l ,  t he  s p e c t r a  e x h i b i t  two broad c h a r a c t e r i s t i c  peaks.  The 
chemical s h i f t s  a r e  referenced t o  t e t r ame thy l s i l ane  (TMS) with hexamethylbenzene 
( H M B )  used a s  a secondary e x t e r n a l  s tandard.  The chemical s h i f t  of t h e  aromatic  
peak of HMB i s  taken t o  be 132.3 ppm r e l a t i v e  t o  TMS. The peak a t  129 ppm i s  
assigned t o  sp2  
sp3  ( sa tu ra t ed )  carbon. 

(mainly aromatic)  carbon and t h e  peak a t  3 0  ppm i s  assiqned to  

The I 3 C  CP/MAS NMR spec t r a  show ( f i g .  2 )  t h a t  t h e  a l i p h a t i c  carbon peak i s  
progressively decreasing a s  the  temperature is inc reased ;  while  t h e  aromatic  
carbon peak r e t a i n s  approximately the  same he igh t  and shape. The peaks a t  298 
ppm and -37 ppm a r e  spinning s i d e  bands (SSB). For a given temperature t h e  NMR 
spec t r a  provide a measure of  t h e  r e l a t i v e  carbon d i s t r i h u t i o n  of the  organic  
ma te r i a l  remaining i n  t h e  cha r .  The r e l a t i v e  percentages of aromatic ( f a r )  and 
of a l i p h a t i c  ( f a l l  carbons a r e  ca l cu la t ed  by d iv id ing  t h e  i n t e g r a t e d  a rea  of each 
ind iv idua l  carbon peak by the  sum of t h e  a r e a s  of the  peaks.  The f a l  values of 
cha r s  a r e  shown i n  Figure 2 .  The f a r  of  t h e  raw coa l  i s  67%. The i n i t i a l  s t a g e  

131 



of heat ing (30OoC) produces a cha r  w i th  68% of f a r ,  and success ive  hea t ings  give 
cha r s  w i t h  far  of 70% (4OO0C), 73% 
(800°C). However, t he  a c t u a l  amount of aromatic  (war) and a l i p h a t i c  ( w a l )  carbon 
i n  cha r  can be ca l cu la t ed  by using the NMR measurements ( f a r ;  f a l ) ,  t he  organic  
carbon content of t he  cha r  (%Corg) ,  and t h e  weight of  t he  char  (wchar). 

(5OO0C), 89% (6OO0C), 95% (7OO0C), and 96% 

Figure 3 shows t h e  c a l c u l a t e d  values  and the weiqht  of char based on 100 g 
of raw coal  used i n  r e l a t i o n  to  temperature:  t he  amount of  aromatic  carbon i n  
cha r  (war) remains r e l a t i v e l y  cons t an t  a t  each temperature ,  while t h e  amount of 
a l i p h a t i c  carbon i n  char  ( w a l l  i s  reduced during higher  temperature charr ing.  A t  
600"C, both a l a r g e  reduct ion of  t he  a l ipha t i c -ca rbon  con ten t  and a maximum 
weight l o s s  occur.  

This s tudy  shows t h a t  t he  a l i p h a t i c  p a r t  of t h e  organic  ma t t e r  i n  coal  i s  
s u b s t a n t i a l l y  l o s t  during p y r o l y s i s  a t  temperature g r e a t e r  than 5OOOC. 
t h e  l o s s  of a l iphat ic-bound carbon from c o a l  may involve s e v e r a l  mechanisms, it 
may have been v o l a t i l i z e d  d i r e c t l y  o r  i t  may have been converted t o  an aromatic 
form fromwhich i t  could v o l a t i l i z e  o r  could become f ixed a s  p a r t  o f  the char.  
The maximum temperature f o r  e f f i c i e n t  evo lu t ion  of  v o l a t i l e s  from coal  by h e a t  i s  
a t  600°C to 700'C. A l s o ,  t h e  amount o f  carbonaceous r e s idue  a t  800°C can be 
est imated from the  aromatic-bound carbon o f  raw coa l .  
CP/MAS NMR technique a s  a t o o l  f o r  coa l  process  research i s  c l e a r l y  demonstrated. 

Although, 

The use fu lness  of the I 3 C  

ACKNOWLEDGMENTS 

Support of t h i s  w o r k  was provided by the  US Environmental P ro tec t ion  Agency 
under Contract No. 68-02-2130 and the Colorado S t a t e  Universi ty  Regional NMR 
Center ,  funded by National Science Foundation Grant No. CHE 78-18581. The 
authors  g r a t e f u l l y  acknowledge d i scuss ions  with D r .  G. E .  Maciel. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Retcofsky, H.  L . ,  Schweiqhardt, F. K. and Hough, M . ,  Anal. Chem. 49, 585 
(1977). 

Ba r t l e ,  K. D . ,  Rev. Pure Appl. &em. 22, 79 (1972).  

Van Grass, G . ,  de Leeuw, J. W . ,  and Schenck, P. A . ,  i n  Advances i n  Organic 
Geochemistry 1979, 3d. A. F.  Douglas and J. R. Maxwell, Pergamon, Oxford, 
pp 485-494. 

Romov&ek, J i r<  and J a r o l s l a v  Kubgt, Anal. Chem. 40, 1119-27 (1968).  

Strom, A .  H. and Eddinger,  R. I . ,  Chem. Eng. Prog. 67, 75 (1971) .  

Sass ,  A . ,  Chem. Eng. Prog. 2, 72 (1974). 

Sunberg, E .  M . ,  P e t e r s ,  W. A . ,  and Howard, J. B., Fuel 59, 405 (1380) .  

Che, S .  C . ,  Duraiswamy, K . ,  Knel l ,  E .  W . ,  and Lee, C.  K . ,  "Flash py ro lys i s  
c o a l  l i q u e f a c t i o n  process  development," Occidental  Research Corporation 
Final  Report  t o  t h e  U.S .  Department of  Energy, Fe-2244-26, Apri l  1979. 

Pe te r s ,  W . ,  Gluckauf, l&, 8 (1976) .  

Co l l in ,  P. J. ,  Ty le r ,  R. J., and Wilson, M. A . ,  Fuel 2, 479 (1980).  

132 



11. Tyler ,  R. J., Fuel  2, 219 (1980). 

12. C o l l i n ,  P. J., Tyler ,  R. J . ,  and Wilson, M. A . ,  F u e l  59, 819 (1980). 

13. P ines ,  A . ,  Gibby, M. G.,  and Waush, J. S . .  J. Chem. Phys. 59, 569 (1973). 

14. Shaefer ,  J. and S t e j s k a l ,  E.  O. ,  J. Am. Chem. Soc. 98, 1031 (1976). 

15. Maciel, G. E . ,  Bar tuska,  v. J . ,  and Miknis, F. P., Fuel  z, 319 (1979). 

16. Miknis, F. p . ,  S u l l i v a n ,  M . ,  Bar tuska,  V. J. ,  and Maciel ,  G. E., Organic 
Geochemistry, 2, 1 9  (1981). 

17. Maciel, G. E., S u l l i v a n ,  M. J . ,  Szevereny, N .  M . ,  and Miknis ,  F. P., 
"Chemistry and phys ics  of c o a l  u t i l i z a t i o n - l 9 8 0 " ,  Cooper, B. R . .  P e t r a k i s ,  L. 
Eds., American I n s t i t u t e  of Physics:  N e w  York, 66-81 (1981). 

18. Z i l m ,  K .  W . ,  Pugmire, R. J . ,  Grant ,  D. M . ,  Wood, R. E . ,  and Wiser, W .  H . ,  
Fuel  2, 11 (1979). 

19. Maciel, G. E. ,  S u l l i v a n ,  M .  J . ,  P e t r a k i s ,  L . ,  and Grandy, D .  W., Fuel  61, 
411 (1982). 

20. Z i l m ,  K .  W . ,  Pugmire, R. J . ,  L a r t e r ,  S. R . ,  Al lan,  J . .  and Grant ,  D. M . ,  
Fuel  60, 717 (1981). 

21. VanderHart, D. L., and Retcofsky, H .  L . ,  Fuel  55, 202 (1976) .  

22. Retcofsky, H. L., and VanderHart, D. L . .  Fuel  57, 421 (1978) .  

23. Gers te in ,  B. C., Ryan, L. M . .  and Plurphy, P. D . ,  P repr  Pap.-Am. Chem. SOC., 
Div. Fuel Chem. 2, 90 (1979). 

24. Wemmer, D. E., P ines ,  A . ,  and Whitehurst., D. D . ,  P h i l o s .  Trans.  R. SOC. 
London Ser .  A 300, 15  (1981). 

25. B a r r o n ,  P. F., Stephens,  J. F.. and W i l s o n ,  M. A. ,  Fuel 60, 547 (1981). 

26. S u l l i v a n ,  M. J. and Maciel, G. F . .  Anal. Chem. E, 1615 (1982) .  

27. Dudley, R. L .  and Fyfe, C. A . ,  Fuel  61, 651 (1982) 

28 .  Wang, 2.  and Shou, J. K . ,  P repr .  Pap.-Am. C h e m .  Soc., Div. Fue l  Chem. 25, 
171  (1980). 

133 



0 
Ef E 
0 
0 

500' C 
400' C A 

3OO0C- 
I I I I 

50 100 150 200 250 

Column temperature ('c) 
1- isothermal 

1SGS 1982 

F i q .  1. The GC t r a c e s  of v o l a t i l e  products 
produce6 a t  each cha r r ing  tcmpcrature .  

134 



moot 

700'C 

6 0 O ~ C  

500'C 

I \ \  - 
\ /  \ -  

0 w m  200 100 

8clppml 

Fig. 2 .  " C  CP/MAS NMR s p e c t r a  of liie raw coal and of 
t h e  chars  a t  the var ious r l ia r r ing  Cemprratures. 

135 



m 

r 0 

0 
0 .- 

- 80 
rn 

- 70s 

- 60 '0 
0 

-50 
m 

- 4 O g  

- 30 

- 20 

L 
m 

LC 

.- 

1 1 1 1  ' 10 
0 0  rdv 300 400 500 600 700 800 

coal 

Charring temperature ("C) ISGS ,982 

Fig. 3 .  The ca l cu la t ed  amounts of a l i p h a t i c  and aromatic 
carbon in char  i n  r e l a t i o n  to 'crnperature and the 
weiqht of char bases o n  100 o of raw coa l  used. 

136 



I DEPOSIT FORMATION I N  HEAT EXCHANGER FROM COAL DERIVED NAPHTHA 

L. G. Galya, D. C. Cronauer 

G u l f  Research & Development Company 
P. 0. Drawer 2038, P i t t sbu rgh ,  PA 15230 

P. C. P a i n t e r  

Penn S t a t e  U n i v e r s i t y  
U n i v e r s i t y  Park, PA 16057 

and N. C .  L i  
Duquesne U n i v e r s i t y  

P i t t s b u r g h ,  PA 15219 

INTRODUCTION 

Coal d e r i v e d  naphthas have been observed t o  produce depos i t s  

Th is  r e s u l t s  i n  a shut-  

i n  hyd ro t rea te rs ,  hea t  exchangers, heaters ,  and r e a c t o r  i n l e t s  which 
operate a t  app rox ima te l y  400°C. 
and cause p lugg ing  o f  t h e  r e a c t o r  components. 
t i n g  down o f  the system. 
t i o n  losses and r e p a i r  c o s t s .  
i d e n t i f i e d  and a probable mechanism found, i t  shou ld  be p o s s i b l e  t o  
decrease o r  e l i m i n a t e  t h i s  expensive r e a c t o r  downtime. 

There a re  two main o b j e c t i v e s  f o r  t h i s  s tudy.  
what c lasses o f  compounds a re  respons ib le  f o r  d e p o s i t  f o rma t ion .  
i n v o l v e s  concen t ra t i ng  va r ious  c lasses  o f  compounds by b o t h  d i s t i l  l a t i o n  
and chromatographic means and developing a way t o  i n d i c a t e  t h e i r  poten- 
t i a l  f o r  d e p o s i t  f o rma t ion .  2 )  I n d i c a t e  a p o s s i b l e  mechanism f o r  de- 
p o s i t  format ion.  Th is  i nc ludes  an examinat ion o f  t h e  d e p o s i t  and t h e  
i d e n t i f i c a t i o n  o f  secondary products  o f  d e p o s i t  f o rma t ion .  

EXAMINATION OF DEPOSIT 

These depos i t s  a r e  b l a c k  i n  appearance 

Such downtime i s  expensive due t o  b o t h  produc- 
I f  causes f o r  d e p o s i t  f o rma t ion  can be 

1 )  Determine 
Th is  

A d e p o s i t  was formed i n  a p i l o t  p l a n t  heat  exchanger f rom a 
coa l  d e r i v e d  naphtha. 
i n  an atmosphere c o n s i s t i n g  o f  vapor ized naphtha and hydrogen. 
fo rma t ion  o f  t he  d e p o s i t  had r e s u l t e d  i n  s h u t t i n g  down t h e  p i l o t  p l a n t .  
It was es t ima ted  t h a t  l o g  o f  d e p o s i t  was formed from 50 g a l l o n s  o f  f u l l  
range (66-204OC) naphtha. 
was i n v o l v e d  i n  d e p o s i t  format ion.  

The d e p o s i t  was d r i l l e d  o u t  o f  t h e  plugged h e a t  exchanger. 
was i n s o l u b l e  i n  pentane, dichloromethane, ch lo ro fo rm,  methanol, d i -  
methyl s u l f o x i d e ,  and p y r i d i n e .  The e lementa l  a n a l y s i s  o f  t h e  d e p o s i t  
i s  g i ven  i n  Table 1, a l o n g  w i t h  t h a t  o f  a t y p i c a l  naphtha feed.  These 
analyses were performed by  M ic ro -Ana lys i s  o f  Wilrnington, Delaware. 

The N / C  r a t i o  i n  t h e  d e p o s i t  r e l a t i v e  t o  t h e  feed increased by 
a fac to r  o f  15.0 w h i l e  t h a t  o f  S / C  and O / C  i nc reased  by  9.9 and 1.8, 
r e s p e c t i v e l y .  Therefore, t he  n i t r o g e n  and s u l f u r  compounds were h e a v i l y  
i nvo l ved  i n  d e p o s i t  f o rma t ion .  

The heat  exchanger was r u n  a t  app rox ima te l y  400°C 
The 

Therefore,  o n l y  0.006% o f  t h e  o r i g i n a l  m a t e r i a l  

I t  

The S / N  r a t i o  of t h e  d e p o s i t  was 0.11. 
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Th is  i n d i c a t e s  t h a t  t h e  d e p o s i t  was n o t  comprised predominant ly  o f  
ammonium p o l y s u l f i d e s .  
m a t e r i a l s  i n  hydro t rea tment  runs .  

The f a c t  t h a t  t he  O/C r a t i o  o n l y  inc reased by  a f a c t o r  o f  1.8 
p a r t i a l l y  r u l e s  o u t  an o x i d a t i v e  mechanism. The increase i n  oxygen 
c o u l d  have been due t o  a smal l  amount o f  o x i d a t i o n  which occur red  a f t e r  
t h e  d e p o s i t  was c o l l e c t e d .  
c o l l e c t i o n  t o  b l a n k e t  i t  w i t h  n i t r o g e n ,  and t h e  d e p o s i t  was seve ra l  
months o l d  a t  t he  t ime o f  a n a l y s i s .  

CONCENTRATION OF DEPOSIT PRECURSORS 

These p o l y q y l f i d e s  have been observed as d e p o s i t  

No p r e c a u t i o n s  were taken a t  t he  t ime  o f  

Coal l i q u i d  naphtha i s  a complex m i x t u r e .  I n  o r d e r  t o  iden-  
t i f y  the d e p o s i t  p recursors ,  t h e y  had t o  be concent ra ted .  
o f  d i s t i l l a t i o n  and i o n  exchange chromatography was used t o  do t h i s .  
The e f f e c t  o f  these two c o n c e n t r a t i o n  techniques was t e s t e d  u s i n g  TGA. 
From these exper iments i t  was p o s s i b l e  t o  i d e n t i f y  t h e  s t r u c t u r a l  types 
r e s p o n s i b l e  f o r  much o f  t he  d e p o s i t  fo rmat ion .  

The TGA exper iment used t o  t e s t  concent ra tes  f o r  d e p o s i t  f o r -  
m a t i o n  c o n s i s t e d  o f  h e a t i n g  t h e  sample i n  a p l a t i n u m  b o a t  f rom 25°C t o  
400°C, under n i t r o g e n ,  a t  20°/min. A t  400°C t h e  we igh t  was recorded and 
t h e  atmosphere switched t o  oxygen. The temperature was then increased 
t o  700"C, and the  m a t e r i a l  i n  t h e  pan was burned o f f .  
a l lowed t h e  t a r e  o f  t he  balance t o  be checked. 

400°C was i n s o l u b l e  i n  common o r g a n i c  so lvents .  
r e s i d u e  i s  designated as "depos i t . "  

produced more d e p o s i t  than t h e  f u l l  range (66-204OC) naphtha. There- 
fore,  var ious  d i s t i l l a t e  cu ts  o f  t h e  177-204°C sample were prepared and 
t e s t e d  f o r  d e p o s i t  fo rmat ion .  From these exper iments i t  was found t h a t  
t he  bottom 40% o f  t h e  177-204OC naphtha conta ined e s s e n t i a l l y  a l l  o f  t h e  
d e p o s i t p r e c u r s o r s .  The bottom 40% of t h e  naDhtha was used i n  t h e  

A combina t ion  

T h i s  l a t t e r  s tep  

I t  was determined t h a t  t h e  r e s i d u e  remain ing  i n  t h e  pan a t  
Herein,  t h e  i n s o l u b l e  

I t  was shown i n  t h e  p i l o t  p l a n t  t h a t  t h e  177-204°C naphtha 

remainder o f  t h e  exper iments.  
h e a t i n g  t o  400°C. 

I t  formed 1 . 7 3 i  .04 W t . %  d e p o s i t  on 

Because o f  t he  l a r g e  amount o f  n i t r o g e n  seen i n  t h e  d e p o s i t ,  
t he  n i t r o g e n  c o n t a i n i n g  compounds were concent ra ted  on an i o n  exchange 
r e s i n .  
amines a been r e p o r t e d  t o  be removed by  Amberlyst-15 ipg)exchange 

The r e s i n  was prepared as descr ibed elsewhere 
used t o  remove the  b a s i c  n i t r o g e n  compounds. 
t h a t  a r a t i o  o f  2 .3 : l : : res in :bo t tom 40% was needed t o  lower  t h e  bas i c  
n i t r o g e n  c o n t e n t  f rom 1.4% t o  88 ppm, as determined by nonaqueous t i t r a -  
t i o n .  

below 88 ppm, t h e  d e p o s i t  f o r m a t i o n  f rom t h e  sample o f  i o n  exchange 
t r e a t e d  e f f l u e n t  was reduced t o  34.7% of i t s  o r i g i n a l  l e v e l .  
r e l a t i o n  between d e p o s i t  f o r m a t i o n  as measured by TGA and b a s i c  n i t r o g e n  
l e v e l  i s  shown i n  Table 3. 

Bas ic  n i t r o g e n  compounds such as q u i n o l i n e s ,  p y r i d i n e s  and 

and i t  was 
It was u l t i m a t e l y  decided 

This was t h e  lowest  b a s i c  n i t r o g e n  l e v e l  t h a t  c o u l d  be achieved. 

Whi le i t  was n o t  p o s s i b l e  t o  g e t  t h e  b a s i c  n i t r o g e n  c o n t e n t  

The c o r -  
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The m a t e r i a l  r e t a i n e d  by  the  Amberlyst-15 i o n  exchange r e s i n  
was desorbed by a s o l u t i o n  o f  ammonia s a t u r a t e d  methanol. The methanol 
was s t r i pped  o f f  a t  50°C under a stream o f  n i t r o g e n .  
ma te r ia l  was a l l e d  t h e  bas ic  n i t r o g e n  concent ra te .  Examinat ion of t h i s  
m a t e r i a l  by "C NMR showed i t  t o  c o n t a i n  n i t r o g e n  h e t e r o c y c l e s ,  such as 
p y r i d i n e s  and q u i n o l i n e s ,  and phenols.  When heated t o  400°C, t h e  bas i c  
n i t r o g e n  concent ra te  gave 4.95% d e p o s i t  as compared w i t h  0.60% d e p o s i t  
from the  e f f l u e n t  f rom the  i o n  exchange r e s i n .  The weighted sum o f  the  
amounts o f  d e p o s i t  f rom t h e  b a s i c  n i t r o g e n  c o n c e n t r a t e  and t h a t  of t h e  
base- f ree  m t e r i a l  was 1.74%, which compares w e l l  w i t h  1.73% d e p o s i t  i n  
t h e  unseparated m a t e r i a l .  Th is  i n d i c a t e s  t h a t  t he re  i s  no i n t e r a c t i o n  
between the  bas i c  and base-free m a t e r i a l .  
t r a t e  was used i n  t h e  remainder o f  t h i s  work. 

The r e s u l t a n t  

The b a s i c  n i t r o g e n  concen- 

The elemental  a n a l y s i s  o f  t h e  b a s i c  n i t r o g e n  concent ra te ,  
base- f ree  m a t e r i a l  and bottom 40% o f  t h e  177-204OC naphtha i s  shown i n  
Table 2. Whi le t h e  Amberlyst-15 concent ra ted  t h e  b a s i c  n i t r o g e n  com- 
pounds, i t  a lso  c a r r i e d  a long a l a r g e  amount o f  oxygen i n  t h e  b a s i c  
n i t r o g e n  conce r a t e .  An examinat ion o f  t h e  m a t e r i a l  b o i l i n g  above 
200°C by bo th  "C NMR and Mass Spectrometry showed no evidence f o r  
molecules c o n t a i n i n g  bo th  bas ic  and p h e n o l i c  f u n c t i o n a l i t i e s  on t h e  
same molecule.  
oxygen by c a u s t i c  e x t r a c t i o n .  

It was n o t  p o s s i b l e  t o  comple te ly  separa te  t h i s  r e s i d u a l  

EFFECT OF HEATING ON STRUCTURE 

I n  o r d e r  t o  a r r i v e  a t  an unders tand ing  o f  t h e  mechanism o f  
d e p o s i t  fo rmat ion ,  t h e  e f f e c t  o f  h e a t i n g  on the  s t r u c t u r e  o f  t h e  b a s i c  
n i t r o g e n  concent ra te  was observed u s i n g  FT-IR. 
d e p o s i t  (-1-5mg) formed i n  t h e  TGA pan, t h e  use o f  o t h e r  a n a l y t i c a l  
techniques was n o t  p o s s i b l e .  

t r a t e  i n  the TGA a t  400°C f o r  a d e s i r e d  l e n g t h  o f  t ime .  The d e p o s i t  was 
recovered from the  pan by soaking t h e  pan w i t h  i t s  con ten ts  i n  methylene 
c h l o r i d e  and e v a p o r a t i n g  t h e  methylene c h l o r i d e  under n i t r o g e n .  
d e p o s i t  was then made i n t o  KBr p e l l e t s  as descr ibed p r e v i o u s l y .  
Spectra were r u n  on a - a i g i l a b  15B FTS System. 
in te r fe rograms a t  2cm 

Visual  o b s e r v a t i o n  o f  t h e  s p e c t r a  showed chfnges i n  a romat jc  
C-H, a l i p h a t i c  GTH and hydroxy l  bands a t  3000-3100cm- , 2820-3000cm- , 
and 3100-3600cm , r e s p e c t i v e l y .  These t h r e e  bands r e  c u r v e  reso lved 
and i n t e g r a t e d  u s i n g  the  methods of P a i n t e r ,  e t  The i n t e g r a t e d  
i n t e n s i t i e s  fo r  t h e  t h r e e  r e g i o n s  were p l o t t e d  a g a i n s t  h e a t i n g  t ime  a t  
400°C and a r e  shown i n  F i g u r e  1. 
t h r e e  o f  these r e g i o n s  w i t h  inc reased sample h e a t i n g  t ime. 

Due t o  smal l  amounts o f  

Samples were prepared by  h e a t i n g  the  b a s i c  n i t r o g e n  concen- 

(4The 
Two hundred co-added 

r e s o l u t i o n  were taken f o r  each sample. 

S u b s t a n t i a l  decreases were seen i n  a l l  

MECHANISTIC CONSIDERATIONS 

The decreases i n  aromat ic C-H, a l i p h a t i c  C-H, and hydroxy l  
bands descr ibed above have s u b s t a n t i a l  i m p l i c a t i o n s  f o r  d e p o s i t  fonna- 
t i o n .  The l o s s  o f  a l i p h a t i c  C-H i n d i c a t e s  a p y r o l y s i s  t ype  o f  r e a c t i o n .  
An a n a l y s i s  by  gas chromatography o f  t h e  TGA gaseous e f f l u e n t  shows t h e  
presence o f  l i g h t  a lkanes and alkenes as would be expected from a py- 
r o l y s i s  r e a c t i o n .  
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T h e  l o s s  of aromatic C-H ind ica tes  a cross-l inking of f ree  
radicals formed during pyrolysis w i t h  the  subsequent formation of higher 
molecular we igh t  molecules. The addition of octahydrophenanthrene to 
the basic nitrogen concentrate lowered the amount of deposit formed by 
52%. Presumably, this i s  due to the capping of f ree  rad ica ls  formed , 

d u r i n g  pyrolysis.  

The loss  o f  0-H ind ica tes  e i the r  a l o s s  of adsorbed water or 
a condensation reaction with a subsequent l o s s  of water. 
water formed during heating was measured by gas chromatography. The 
adsorbed water i n  the  feed was also measured. 
duced during heating was subs t an t i a l ly  l a rge r  t h a n  the amount of ad- 
sorbed water o n  a molar bas i s .  T h i s  indicates t h a t  some deposit for -  
mation occurs through condensation (phenol coup1 ing) reactions.  Reac- 
t ions \&%e these have been shown t o  occur upon heating naphthol to  
40O0c. S i ly la t ion  of the  phenols with BSTFA resulted in a 24% de- 
crease in  the  amount of deposit  formed. 

The amount of 

The amount o f  water pro- 

CONCLUSIONS 

The heat exchanger deposit  precursors a re  concentrated i n  the 
basic nitrogen concentrate obtained from the naphtha bottoms. T h i s  
concentrate contains both heterocyclic nitrogen compounds and phenols. 
The primary reactions responsible f o r  deposit  formation were: 1 )  con- 
densation of phenols, and 2 )  pyrolysis of alkylated nitrogen hetero- 
cycles.  
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TABLE 1 

ELEMENTAL ANALYSIS OF FEED AND DEPOSIT 

ELEMENTAL FEED 

%C 
%H 
IO 
%N 
%S 
%Ash 
u i r  " I  .d 

83.92 
10.86 
5.14 
0.52 
0.23 
0.00 
1.55 

DEPOSIT 

73.63 
5.74 
8.22 
6.86 
1.83 
3.73 
0.94 

TABLE 2 

ELEMENTAL ANALYSES OF BASIC NITROGEN CONCENTRATE, 
BASE FREE MATERIAL, AND BOTTOM 40% FRACTIONS 

B o t t o m  40% B a s i c  N i t r o g e n  C o n c e n t r a t e  Base F r e e  M a t e r i a l  

% Carbon 79.67 78.25 
% Hydrogen 8.44 7.95 
% N i t r o g e n  1.54 3.54 
% Oxygen 9.59 10.04 
% Sulfur  0.65 0.22 
H/C 1.27 1.22 

TABLE 3 

EFFECT OF BASIC NITROGEN ON DEPOSIT FORMATION 

B a s i c  N C o n t e n t  W t . %  D e p o s i t  

8 8  ppm 
173 ppm 
280 ppm 

1.39% 

.60% 

.83% 
1.40% 
1.73% 

80.30 
8.94 
0.14 

10.03 
0.58 
1.34 
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R a d i c a l  I n i t i a t i o n  a n d  P h e n o l  I n h i b i t i o n  i n  t h e  T h e r m a l ,  F r e e  
R a d i c a l  D e c o m p o s i t i o n  o f  1 , 3 - D i p h e n y l p r o p a n e ( l ) ,  D i b e n z y l e t h e r ( ~ )  

a n d  p h e n e t h y l p h e n y l e t h e r  (3). C o a l  L i q u e f a c t i o n  M o d e l  S t u d i e s  

K.E. G i l b e r t  

D e p a r t m e n t  o f  C h e m i s t r y  
I n d i a n a  U n i v e r s i t y  

B l o o m i n g t o n .  I N  4 7 4 0 5  

C u r r e n t  t h o u g h t  on t h e  s t r u c t u r e  o f  c o a l  a n d  t h e  c h e m i s t r y  
u i  c o a i  i i q u e t a c t i o n  s u g g e s t s  t h a t  c o a l  consists o f  l a r g e  
p o l y c y c l i c  c l u s t e r s  j o i n e d  b y  s h o r t  a l i p h a t i c  l i n k s  a n d  t h a t  
l i q u e f a c t i o n  r e a c t i o n s  o c c u r  a t  t h e s e  l i n k s .  Much r e s e a r c h  h a s  
g o n e  i n t o  t h e  t w o  a t o m  l i n k s .  We h a v e  b e e n  l n t e r e s t e d  i n  t h e  
t h r e e  a t o m  l i n k s  b e c a u s e  i n  a d d i t i o n  t o  t h e  c l e a v a g e - a b s t r a c t i o n  
r e a c t i o n s  a v a i l a b l e  t o  t h e  t w o  a tom l i n k s ,  t h e  t h r e e  a t o m  l i n k s  
may  a l s o  r e a c t  b y  r a d i c a l  c h a i n  r e a c t i o n s .  T h e s e  r a d i c a l  c h a i n  
r e a c t i o n s  c a n  o c c u r  o v e r  a m u c h  w i d e r  t e m p e r a t u r e  r a n g e  t h a n  t h e  
c l e a v a g e - a b s t r a c t i o n  r e a c t i o n s  a n d  t h u s  o f f e r  t h e  p o s s i b i l i t y  o f  
a l o w  t e m p e r a t u r e  l i q u e f a c t i o n  p r o c e s s .  P r e v i o u s  w o r k  h a s  s h o w n  
t h a t  1, 2 a n d  3 d e c o m p o s e  b y  f r e e  r a d i c a l  c h a i n  r e a c t i o n s  a s  
n e a t  l i q u i d s  o r  a s  s o l u t i o n s  i n  h y d r o g e n  d o n a t i n g  s o l v e n t s  i n  
t h e  t e m p e r a t u r e  r a n g e  o f  3 0 0  t o  4 0 0 ° C . ( 1 ) ( E q u a t i o n  1 )  I n i t i a t i o n  
o f  t h e  r a d i c a l  c h a i n  p r o c e s s  b y  b e n z y l p h e n y l e t h e r  a t  350 '  w a s  
d e m o n s t r a t e d ,  b u t  i n h i b i t i o n  o f  t h e  c h a i n  r e a c t i o n s  b y  s t a n d a r d  
i n h i b i t o r s ,  s u c h  a s  h i n d e r e d  p h e n o l s ,  w a s  n o t  s t u d i e d .  H e r e i n  we 
r e p o r t  on t h e  e f f e c t  o f  h i n d e r e d  p h e n o l s  on t h e  d e c o m p o s i t i o n  o f  
- 1 ,  2 a n d  3 a t  3 5 0 ° ,  t h e  d e v e l o p m e n t  o f  m e t h o d s  f o r  i n i t i a t i n g  
t h e s e  r e a c t i o n s  a t  t e m p e r a t u r e s  a s  l o w  a s  1 3 8 ' ,  t h e  e f f e c t  o f  
h i n d e r e d  p h e n o l s  o n  t h e s e  r e a c t i o n s  a t  l o w e r  t e m p e r a t u r e s  a n d  on  
t h e  k i n e t i c  a n d  t h e r m o d y n a m i c  b a r r i e r s  t o  t h e s e  r a d i c a l  c h a i n  
r e a c t i o n s .  

- 1 X = Y = C H 2  

- 2 X = O  ; Y : C H 2  

- 3 X = C H 2  ; Y = O  

A l a r g e  n u m b e r  o f  p h e n o l s ,  i n c l u d i n g  2 , 6 - d i - = - b u t y l - 4 -  
m e t h y l p h e n o l ,  h a v e  n o  e f f e c t  o n  t h e  d e c o m p o s i t i o n  o f  1 a t  350'. 
S t o c k  h a s  f o u n d  t h a t  p h e n o l s  c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  2 a t  
4 0 0 ° . ( 2 )  I n  o r d e r  t o  u n d e r s t a n d  t h e  e f f e c t  h i n d e r e d  p h e n o l s  o n  
r a d i c a l  c h a i n  p r o c e s s e s  t h e  r e a c t i o n  o f  1. 2 a n d  3 h a v e  b e e n  
i n v e s t i g a t e d  a t  l ower  t e m p e r a t u r e s .  

P r i o r  t o  e x p e r i m e n t a l  w o r k  t h e  t h e r m o d y n a m i c s  o f  t h e  
o v e r a l l  r e a c t i o n  o f  1 t o  t o l u e n e  a n d  s t y r e n e ,  2 t o  t o l u e n e  a n d  
b e n z a l d e h y d e  a n d  1 t h e  p h e n o l  a n d  s t y r e n e  w e r e  i n v e s t i g a t e d  
u s i n g  t h e  g r o u p  a d d i t i v i t y  m e t h o d  o f  B e n s o n  ( T a b l e  1 ) . ( 3 )  
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R e a c t i o n  o f  1 i s  u n f a v o r a b l e  a t  t e m p e r a t u r e s  b e l o w  3 0 0 ° ,  t h u s  
i n i t i a t i o n  o f  t h i s  r e a c t i o n  s h o u l d  n o t  o c c u r  a t  l o w e r  
t e m p e r a t u r e s .  R e p l a c e m e n t  o f  a C H 2  g r o u p  b y  a n  o x y g e n  g r e a t l y  
c h a n g e s  t h e  t h e r m o d y n a m i c s  a n d  t h e  d e c o m p o s i t i o n  o f  2 a n d  3 a r e  
e n e r g e t i c a l l y  f a v o r a b l e  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t .  

The d e c o m p o s i t i o n  o f  1 c o u l d  n o t  b e  e f f e c t e d  by  a n y  o f  t h e  
l o w  t e m p e r a t u r e  i n i t i a t o r s  i n  a c c o r d  w i t h  t h e  t h e r m o d y n a m i c  
C a l c u l a t i o n s  ( T a b l e  2) .  R e a c t i o n  o f  2 c o u l d  b e  i n i t i a t e d  by  a l l  
o f  t h e  l o w  t e m p e r a t u r e  i n i t i a t o r s  e x c e p t  A I B N .  t h o u g h  t h i s  may 
n o t  b e  a g o o d  e x p e r i m e n t  s i n c e  A I B N  i s  n o t  v e r y  e f f e c t i v e  a t  
h y d r o g e n  a b s t r a c t i o n . ( 4 )  R e a c t i o n  o f  3 c o u l d  b e  e f f e c t e d  b y  d i -  
-- t e r t - b u t y l d i a z e n e  (TBD) a t  180' b u t  n o t  by  d i - s - b u t y l p e r o x i d e  
( T P O )  a t  1 3 8 '  r e f l e c t i n g  a k i n e t i c  b a r r i e r  t o  r e a c t i o n .  I n  a l l  
c a s e s  t h e  p r o d u c t s  w e r e  t h o s e  e x p e c t e d  f r o m  a r a d i c a l  c h a i n  
r e a c t i o n .  

R e a c t i o n  o f  2 w i t h  TPO w a s  f o u n d  t o  b e  0 . 6 8  o r d e r  i n  2 a n d  
0 . 6 2  o r d e r  i n  T P O  ( T a b l e  3 ) .  T h e  p r o d u c t s  w e r e  t o l u e n e ,  
b e n z a l d e h y d e  a n d  1 , 2 - d i y h e n y l e t h a n e ( A )  i n  t h e  r a t i o  o f  
1.1:2:0.65. The  c h a i n  l e n g t h .  g i v e n  by t h e  r a t i o  o f  b e n z a l d e h y d e  
t o  3. i s  1.5.  A m e c h a n i s m  c o n s i s t e n t  w i t h  t h i s  d a t a  i s  g i v e n  i n  
S c h e m e  1 .  S i n c e  t h e  c h a i n  l e n g t h  i s  s h o r t  b o t h  t e r m s  i n  t h e  
k i n e t i c  e x p r e s s i o n ,  d e r i v e d  u s i n g  t h e  s t e a d y  s t a t e  
a p p r o x i m a t i o n ,  c o n t r i b u t e  t h u s  a c c o u n t i n g  f o r  t h e  n o n - i n t e g r a l  
o r d e r  i n  2. T h e  l a r g e  a m o u n t  o f  3 f o r m e d  s u g g e s t s  t h a t  h y d r o g e n  
t r a n s f e r  f r o m  2 t o  b e n z y l  r a d i c a l  i s  s l o w  a t  t h i s  t e m p e r a t u r e  
a n d  c o n t r o l s  t h e  r e a c t i o n  p a t h .  

A d d i t i o n  o f  2,6-di-tt.r,-4-methylphenol t o  a m i x t u r e  o f  2 
a n d  TPO d e c r e a s e s  t h e  r a t e  o f  r e a c t i o n  a n d  s u r p r e s s e s  t h e  
f o r m a t i o n  o f  A. T o l u e n e  a n d  b e n z a l d e h y d e  a r e  t h e  m a j o r  p r o d u c t s .  
The  r e a c t i o n  o r d e r  i n  2 i s  0.67 a n d  -0 .53  i n  p h e n o l .  A m e c h a n i s m  
c o n s i s t e n t  w i t h  t h i s  d a t a  i s  g i v e n  i n  S c h e m e  2 .  T h i s  i s  a 
g e n e r a l  r e a c t i o n  s c h e m e  a n d  U n d e r  t h e s e  e x p e r i m e n t a l  c o n d i t i o n s  
k5  a n d  k7 a r e  s m a l l .  T h e  r a t e  e x p r e s s i o n ,  u s i n g  t h e  s t e a d y  s t a t e  
a p p r o x i m a t i o n ,  i n v o l v e s  o n l y  f i r s t  t e r m  u n d e r  t h e s e  c o n d i t i o n s .  
S i n c e  k > k 2  ( 5 )  w h i l e  C 2 1 > [ A r O H I  t h e  t w o  t e r m s  i n  t h e  
d e n o m i n a J o r  a r e  o f  s i m i l a r  m a g n i t u d e .  T h e  d a t a  s u g g e s t s  t h a t  
p h e n o l s  f u n c t i o n  a s  i n h i b i t o r s  i n  t h i s  r e a c t i o n  b y  e f f e c t i v e l y  
c o m p e t i n g  w i t h  t h e  s u b s t r a t e  f o r  i n i t i a t o r  r a d i c a l s ,  a n d  b y  
s c a v e n g i n g  t h e  c h a i n  c a r r y i n g  b e n z y l  r a d i c a l s .  

R e a c t i o n  o f  2 w i t h  TBD a t  180' t o  200' w a s  f o u n d  t o  b e  0 .93 
o r d e r  i n  2. 0 . 5  o r d e r  i n  TBD w i t h  t h e  p r o d u c t s  b e i n g  t o l u e n e ,  
b e n z a l d e h y d e  a n d  2 i n  a 6 : 8 : 1  r a t i o .  T h e  r e a c t i o n  m e c h a n i s m  o f  
S c h e m e  1 a c c o u n t s  f o r  t h i s  d a t a  w i t h  t h e  r e c o g n i t i o n  t h a t  t h e  
s e c o n d  t e r m  i n  t h e  k i n e t i c  e x p r e s s i o n  b e c o m e s  m o r e  i m p o r t a n t  a t  
l o n g e r  c h a i n  l e n g t h s .  T h e  i n c r e a s e d  t e m p e r a t u r e  f a v o r s  h y d r o g e n  
t r a n s f e r  f r o m  2 t o  b e n z y l  r a d i c a l  a t  t h e  e x p e n s e  o f  t e r m i n a t i o n .  

t o  t h e  
r e a c t i o n  o f  2 a n d  TBD d e c r e a s e s  t h e  r e a c t i o n  r a t e  a n d  s u r p r e s s e s  
t h e  f o r m a t i o n  o f  3 w h i l e  s t i l l  g i v i n g  t o l u e n e  a n d  b e n z a l d e h y d e .  
T h e  r e a c t i o n  i s  f i r s t  o r d e r  i n  2 a n d  i n v e r s e  f i r s t  o r d e r  i n  

Add i t i o n  o f  a 2 , 6  - d i - t e r t -  b u t y 1 - 4 - m e t  h y 1 p h e n  o 1 
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p h e n o l .  T h e  n i e c h a n i s m  i n  S c h e m e  2 a p p l i e s ,  e x c e p t  u n d e r  t h e s e  
c o n d i t i o n s  k i s  s i g n i f i c a n t .  T h i s  r e s u l t s  i n  a t w o  t e r m  r a t e  
e x p r e s s i o n .  ? h e n 0 1  c o m p e t e s  w i t h  2 f o r  i n i t i a t o r  r a d i c a l s  a n d  
a l s o  f o r  b e n z y l  r a d i c a l s .  R e a c t i o n  7 i s  n o t  y e t  i m p o r t a n t  a n d  
h i n d e r e d  p h e n o l s  c o n t i n u e  t o  f u n c t i o n  a s  i n h i b i t o r s  a t  180OC. 

R e a c t i o n  o f  2 w i t h  1 , 1 , 2 , 2 - t e t r a p h e n y l e t h a n e  a t  2 5 0 °  g i v e s  
t o l u e n e  a n d  b e n z a l d e h y d e  i n  a r e a c t i o n  t h a t  i s  f i r s t  o r d e r  i n  2. 
A d d i t i o n  o f  a h i n d e r e d  p h e n o l  h a s  n o  e f f e c t  o n  t h e  r e a c t i o n .  
T h u s  o n  g o i n g  f r o m  180' t o  2 5 0 '  h i n d e r e d  p h e n o l s  g o  f r o m  b e i n g  
i n h i b i t o r s  t o  b e i n g  c h a i n  t r a n s f e r  a g e n t s .  

I n  s u m m a r y  i t  s h o u l d  b e  n o t e d  t h a t  2 is a n  e x c e l l e n t  m o d e l  
c o m p o u n d .  I t  d e c o m p o s e s  v v e r  a w i d e  t e m p e r a t u r e  r a n g e  t o  g i v e  
s t a b i e  p r o d u c t s ,  c a n  b e  i n i t i a t e d  w i t h  a w i d e  v a r i e t y  o f  
i n i t i a t o r s  a n d  a l l o w s  t h e  s t u d y  o f  k i n e t i c  b a r r i e r s  t o  r a d i c a l  
c h a i n  r e a c t i o n s .  F i n a l l y  t h e  w i d e  t e m p e r a t u r e  r a n g e  p e r m i t s  
i n v e s t i g a t i o n  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  i n h i b i t i o n  b y  
p h e n o l s .  

C o n v e r s e l y  t h e  a l l  c a r b o n  s y s t e m ,  1 .  d e m o n s t r a t e s  a 
t h e r m o d y n a m i c  b a r r i e r  t o  r e a c t i o n  w i t h  n o - r e a c t i o n  o b s e r v e d  
b e l o w  300 ' .  T h i s  s u g g e s t s  t h a t  a l l  c a r b o n  s y s t e m s  w i l l  n o t  
c l e a v e  t o  t o l u e n e  a n d  s t y r e n e  b y  a n y  p r o c e s s  b e l o w  3 0 O O a n d  t h a t  
a t t e m p t s  t o  c o n s t r u c t  l o w e r  t e m p e r a t u r e  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  b a s e d  on t h e  t h e r m a l  c h e t n i s t r y  o f  a l l  c a r b o n  s y s t e m s  
w i l l  n o t  b e  s u c c e s s f u l .  T h a t  i s  t h e  r e a c t i o n s  o f  o n e  a n d  t w o  
a t o m  l i n k s  a r e  l i m i t e d  t o  h i g h  t e m p e r a t u r e s  b y  t h e  e n e r g y  
r e q u i r e d  t o  c l e a v e  a C - C  b o n d ,  w h i l e  t h e  t h r e e  a t o m  a n d  h i g h e r  
n u m b e r  l i n k s  a r e  t h e r m o d y n a m i c a l l y  l i n i i t e d  a n d  w o u l d  r e q u i r e  
h i g h e r  t e m p e r a t u r e s  t o  d r i v e  t h e  r e a c t i o n s  t o w a r d s  p r o d u c t  
f o r m a t i o n .  T h i s  m i g h t  b e  c i r c u m v e n t e d  b y  h y d r o g e n a t i n g  t h e  
a l k e n e s  f o r m e d ,  h o w e v e r  t h i s  w o u l d  p r o b a b l y  r e q u i r e  t h e  u s e  o f  
c a t a l y s t s  a n d  g e t s  i n t o  s u b j e c t s  m o r e  c o m p l e x  t h a n  we  w i s h  t o  
d i s c u s s  h e r e .  T h i s  a l s o  s u g e ; e s t s  t h a t  f r e e  r a d i c a l  i n i t i a t o r s  
w i l l  h a v e  no e f f e c t  on  c o a l  l i q u e f a c t i o n  p r o c e s s e s .  

A c k n o w l e d g e m e n t  T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  D O E  o f f i c e  o f  
B a s i c  E n e r g y  S c i e n c e s  u n d e r  c o n t r a c t  D E A  C02-10721A. 
-______ 
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T a b l e  1 T h e r m o d y n a m i c s  of t h e  R e a c t i o n s  of 1.2 an d  3 \ 

A G k c a l / m o l  

- _ _ _  A H  A S  1 0 0  200 300 1100 
- 1 Ph-CH3 + Ph- 1 7 . 6 6  3 2 . 5  5 . 5  2 . 3  - . 9 6  - 4 . 2  

- 2 Ph-CH3 + Ph-CHO 1 . 2 3  53 .0  -18 -24  -29 -34 

- 3 + P h - O H  + Ph'% 10 .30  33.9 - 2 . 3  -5 .7  - 9 . 1  - 1 2 . 5  

T a b l e  2. Rea c t i o n  of 1, 2 and 3 w i t h  V a r i o u s  I n i t i a t o r s  

2 - 3 - 1 I n i t i a t o r / T e m p e r a t u r e  - 

AIBN / 80 NR NR NR 

TPO/138' N R  + NR 

TBD/ 1 80-200° NR + + 

( Ph ) C H C H  ( P h ) / 2 5 0 NR + + 

Ph-0-Ph/ 350° + + + 
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T a b l e  1 Reaction of 2 w i t h  TPO a n d  TBD - 
[ A r O H I  l o g  R i  R x n  O r d e r  _ ______ [ I 1  _---- [ D E E ]  --- 

3.07 TPO/l .12 - -4.07 
2.38 - -4.15 
1.77 - -4.19 .68 
1.46 - -4.29 
1.15 - -4.37 

1.77 1.55 - -4.11 

.61 - -4.36 
1.12 - -4.19 .62 

1.71 1.12 . a7 

2.38 1.12 
1.77 
1.15 

.58 

.37 

.29 

.14 

-4.85 
-4.68 
-4.52 -.61 
-4.49 
-4.36 

.29 -4.41 

-4.62 
-4.49 .67 

3.1 TBD/.51 - 
2.0 - 
1.3 - 
2.0 .82 - 

.51 - 
36 - 

2.0 .51 1 .15 
.89 
.57 
.29 

-3.97 
-4.19 .93 
-4.32 

-3.95 
-4.19 .5  
-4.27 

-4.82 
-4.69 -1.10 
-4.47 
-4.16 
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h S c h e m e  1 

1-1 
k i  + 2 I* 

k H  
I* + D B E  4 I - H  + D B E *  

k 
D B E *  8, P h - C H 2 *  + P h - C H O  

k H  
P h - C H 2 *  + D B E  + P h - C H 3  + D B E "  

- a m  = eki[I1 
a t  

S c h e m e  2 

1-1 

I *  + D B E  

I *  + A r O H  

D B E "  

P h - C H 2 *  + D B E  

P h - C H 2 *  + A r O H  

A r O *  + D B E  

2 A r O *  

k i  

k2 

k 3  

+ 2 I *  

+ I - H  + D E E *  

I - H  + A r O *  

k g  + P h - C H 3  + D B E *  

'6 + P h - C H 3  + A r O *  

k 7  

k T  

+ A r O H  + D B E *  

-> p r o d u c t s  
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MOLECULE-INDUCED HOMOLYSIS I N  COAL CHEMISTRY: RADICAL INTERMEDIATES 
I N  THE THERMAL DECOMPOSITION OF 1,2-DIHYDRDNAPHTHALENE* 

James A. Franz**, Donald M. Camaioni**, Rober t  R. Be i sh l i ne* * *  
and Don Da l l i ng* * * *  

* * P a c i f i c  Nor thwest  Labora to ry ,  Rich land,  WA 99352 
***Weber S ta te  Col lege,  Ogden, UT 84408 

****Department o f  Chemistry, U n i v e r s i t y  o f  Utah, S a l t  Lake City, 
IJT 84112 

Molecule-induced homolys is  (MIH), t h e  process by  which two c l o s e d - s h e l l  
molecules r e a c t  t o  produce f r e e  r a d i c a l s ,  has been recognized as an impor tan t  
c o n t r i b u t i n g  pathway t o  r a d i c a l  i n i t i a t i o n  d u r i n g  coa l  d i s s o l u t i o n ( 1 , Z ) .  The 
p r o d u c t i o n  o f  o rgan ic  r a d i c a l s  by MIH and o t h e r  pathways can lead  i n  s tepwise 
f a s h i o n  t o  t h e  p r o d u c t i o n  o f  h i g h l y  r e a c t i v e  r a d i c a l s  t o  a s i g n i f i c a n t  degree a t  
temperatures>4000C. I n  t h i s  paper, we summarize r e s u l t s  which show t h a t  t h e  
decomposit ion o f  1,2-dihydronaphthalene (DHN) i n v o l v e s  b o t h  1-hydronaphthy l  (1HN) 
and 2-hydronaphthyl (2HN) r a d i c a l s  as w e l l  as 1 - t e t r a l y l  r a d i c a l  and t h a t  t h e  
p r o d u c t i o n  o f  1HN and 2HN leads  t o  t h e  s c i s s i o n  o f  hydrogen atom (He)  and i t s  
p a r t i c i p a t i o n  i n  subsequent hyd roc rack ing  r e a c t i o n s .  

f r a c t i o n a l  d i s t i l l a t i o n .  1,2-Dihydro-4-deuteronaphthalene(DHN-4-d) was prepared 
by  t reatment  o f  1 - t e t r a l o n e  w i t h  l i t h i u m  aluminum t e t r a d e u t e r i d e .  The 1- 
d e u t e r o t e t r a l o l  (219)  was heated a t  100°C f o r  20 minutes a t  reduced p ressu re  w i t h  
KHSO4 (29) f o l l o w e d  by f l a s h  d i s t i l l a t i o n .  The crude p roduc t  was d i s s o l v e d  i n  
hexane, f i l t e r e d  th rough  n e u t r a l  alumina, and concen t ra ted  t o  g i v e  pure ( 99.7%) 
p roduc t  i n  66% o v e r a l l  y i e l d .  Thermal decomposi t ion o f  DHN o r  DHN-4-d was 
c a r r i e d  out b y  degassing and s e a l i n g  t h e  reagen ts  i n  pyrex tubes and p l a c i n g  t h e  
tubes i n  s t a i n l e s s  s t e e l  vesse ls  and su r round ing  the  pyrex tubes w i t h  t e t r a l i n  t o  
balance i n t e r n a l  pressure.  Y i e l d s  o f  products ,  naphthalene, t e t r a l i n  and C20 
compounds were measured by  c a p i l l a r y  gas chromatography ( g c ) .  The C2o products ,  
- 1-5 (F igu re  l ) ,  were i s o l a t e d  from 16 hour r e a c t i o n s  a t  3OO0C by p r e p a r a t i v e  gc 
ana c h a r a c t e r i z e d  by 13C NMR (20 MHz) and IH NMR (300 MHz) and mass spect rometry  
f o r  b o t h  OHN and DHN-4-d p recu rso rs .  Compound 2 was subjected t o  an exchange o f  
i t s  b e n z y l i c  hydrogen by  hea t ing  i n  sodium dimsylate-dg/DMSO-d6 a t  1OOoC. 
o f  DHN and the  reagen ts  o f  Table 1 were c a r r i e d  o u t  a t  425oC f o r  10 minutes and 
t h e  product  m i x t u r e s  were analyzed by  c a p i l l a r y  gc f o r  hydrocracked products .  
Products  were i d e n t i f i e d  by c o i n j e c t i o n  o f  a u t h e n t i c  standards. 

Exper imenta l .  1,2-Dihydronaphthalene ( A l d r i c h )  was p u r i f i e d  by c a r e f u l  

React ions 

Re su l  t s  

Products  o f  t h e  the rmo lys i s  o f  DHN. When DHN i s  heated a t  3OO0C the products ,  
t e t r a l i n  (40  + l o % ) ,  naphthalene (40  + lo%) ,  C2o compounds, 1-5, (15% combined 
y i e l d )  and a v a r i e t y  o f  t r a c e  ( 5%) CTo produc ts  a re  formed.-nhen heated a t  
425oC, C20 compounds comprise l e s s  than  5% o f  t he  products ,  naphthalene i s  formed 
i n  excess o f  t e t r a l i n  and Hp gas i s  formed. 

weights  o f  260, f o u r  a l i p h a t i c  rnethine carbonr ,  4 a T i p h a t i c  methylene carbons, 
S t ruc tu res  o f  Compounds 1-5. Compounds 1 and 2 each e x h i b i t e d  mo lecu la r  

* Th is  work was supported by t h e  U.S. Department o f  Energy, Processes and Tech- 
n iques  Branch, D i v i s i o n  o f  Chemical Sciences, O f f i c e  o f  Basic  Energy Sciences, 
under Contract  DE-AC06-76 RLD-1830. 
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4 unprotonated aromat ic  carbons a long w i t h  t h e  p ro tona ted  aromat ic  carbons as 
determined by off-resonance decoupl ing techniques. 
f U l l Y  reso lved  a l i p h a t i c  hydrogens f o r  each o f  1 and 2. 
e x h i b i t e d  molecular  weights  o f  262, 262 and 258, Homonuclear decoupl ing 
unambiguously es tab l i shed  the s t r u c t u r e  o f  1, as w e l l  as e s t a b l i s h i n g  the  syn 
r e l a t i o n s h i p  o f  hydrogens b and h shown i n  the  s t r u c t u r e  o f  2. 
w i t h  compound 2 removed p ro tons  a, b, c, f , and g, b u t  n o t  d. 
used t o  produce isomers 1-5, deuter ium appeared o n l y  as shown i n  the product  

l H  NMR a t  300 MHz revea led  12 
Compounds 3, 4, and 5 

Deuter ium exchange 
I 

When DHN-4-d was 

, s t ruc tu res .  

Hydrocrack in React ions.  Table 1 p resen ts  hydrocrack ing r e a c t a n t s  and products .  
The modest y i e l d s g o f  p roduc ts  r e f l e c t  t h e  l a r g e  number o f  competing r e a c t i o n s  
which consume H* and do n o t  produce hydrocracked products .  

Discuss ion 

The p r i n c i p l e  i n i t i a t i o n  pathway f o r  the DHN r e a c t i o n  i s  proposed t o  be t h a t  
O f  Equat ion 1. The va lue o f  aHf02g8 f o r  1HN assumes a DHo f o r  t he  3-hydrogen 

1HN 2HN 

30 

kcal /mole 
@ J q * o s  35  56 60 

of DHN t o  be 94.5 k c a l h o l e  c o r r e c t e d  f o r  the d i f f e r e n c e  i n  resonance s t a b i l i z a t i o n  
energy (ARSE) between DHN and I H N  (ARSE), 16.7 kcal/mole, from Herndon's c a l c u l a t i o n s  
( 3 ) .  The value f o r  2HN assumes no resonance s t a b i l i z a t i o n  o f  DHN by t h e  s tyrene-  
l i k e  o l e f i n i c  p o r t i o n  o f  the molecule, g i v i n g  a va lue o f  Thus, t he  
va lue o f  AHf fo r  r e a c t i o n  o f  t he  two molecules o f  DHN t o  g i v e  1 - t e t r a l y l  ( T - )  and 
1HN i s  3'1 k c a l h o l e ,  and 35 k c a l h o l e  t o  produce T* and 2HN.. Other  thermochemical 
va lues i n  Equations 1 and 2 are exper imenta l  va lues o r  es t ima tes  ( 4 ) .  Thus, 
app rec iab le  concen t ra t i ons  o f  b o t h  1HN and 2HN are expected a t  300oC and above. 
Both 1HN and 2HN may undergo e l i m i n a t i o n  o f  H* (Equat ion 2 )  w i t h  a c t i v a t i o n  b a r r i e r s  
o f  30-35 k c a l h o l e ,  assuming 2-3 k c a l  b a r r i e r s  f o r  H -  a d d i t i o n  t o  naphthalene. 

RSE o f  12.4. 

The s t r u c t u r e s  of 1 and 2 are bo th  c o n s i s t e n t  w i t h  t h e  a d d i t i o n  o f  2HN t o  
DHN fo l l owed  by a secona i n t e r n a l  c y c l i z a t i o n  s tep  and hydrogen a b s t r a c t i o n  f rom 
a v a i l a b l e  donors (Equat ions 3, 4 ) .  

The d i f f e r e n t  products  a r i s e  f rom t h e  two d i f f e r e n t  p o s s i b l e  o r i e n t a t i o n s  o f  DHN 
i n  Equat ion 3. 
t o  occur a t  one meth ine and one methylene carbon, as observed. 
s t r u c t u r e s  . a r i s i n g  from lHN, two ad jacen t  meth ine carbons would have been deuterated.  

Both compounds 1 and 2 a r i s e  from face - to - face  i n t e r a c t i o n  o f  DHN and 2HN. 

When DHN-4-d i s  used t o  produce 1 and 2, deu te r ium i s  p r e d i c t e d  
Fo r  poss ib le  

I 
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Compound 4, when produced f rom DHN-4-d, has deuter ium s o l e l y  a t  t h e  p o s i t i o n  
i nd i ca ted .  Th is  d i c t a t e s  t h a t  4 i s  d e r i v e d  from t h e  symmetrical t e r m i n a t i o n  
p roduc t  o f  1-HN which has undergone f u r t h e r  r e d u c t i o n  (Equa t ion  5 ) ,  as opposed t o  

a pathway i n v o l v i n g  t h e  adduct o f  1HN t o  DHN, which would l ead  t o  2 deu te ra ted  
a l i p h a t i c  carbons ( o n l y  one deu te ra ted  methylene i s  observed). 
undergoes a n e t  d i s p r o p o r t i o n a t i o n ,  compound 5 i s  produced. Compound 3 a r i s e s  
f rom e i t h e r  the  t e r m i n a t i o n  o f  To and 1HN fo l i owed  by r e d u c t i o n  o r  the-addi t ion 
o f  T* t o  DHN fo l l owed  by H* a b s t r a c t i o n .  
ev idence t h a t  1 - t e t r a l y l ,  1-hydronaphthy l ,  and 2-hydronaphthy l  r a d i c a l s  are 
impor tan t  i n te rmed ia tes  i n  t h e  decomposi t ion o f  DHN, c o n s i s t e n t  w i t h  t h e  M I H  
pathway of  Equat ion 1. 
t h a t  t h e  pr imary products ,  t e t r a l i n  and naphthalene, were produced i n  a non- 
concer ted  r e a c t i o n ,  b u t  t h e  i n te rmed iacy  of 1HN and 2HN was n o t  e s t a b l i s h e d  
because the s t r u c t u r e s  o f  C2o p roduc ts  were n o t  determined. 
o f  course be produced by H* a b s t r a c t i o n  f rom DHN. 

formed i n  s i g n i f i c a n t  (10-30%) y i e l d s .  
by a d d i t i o n  of H' (compare Benson's s t u d y  o f  cyc lohexadiene ( 6 ) )  a t  t h e  i pso  
p o s i t i o n  of  t h e  aryl group f o l l o w e d  by  depar tu re  o f  t he  s u b s t i t u e n t  r a d i z  The 
source of H-  must be t h e  e l i m i n a t i o n  o f  H* from r a d i c a l s  such as 1HN and 2HN w i t h  
modest b a r r i e r s  o f  30-35 kcal /mole.  Thus, t h e  process of  molecule- induced homolysis 
which occurs between s t r u c t u r e s  which a r e  r e l a t i v e l y  e a s i l y  o x i d i z e d  o r  reduced, 
toge the r  w i t h  cha in  decomposi t ion s teps,  leads u l t i m a t e l y  t o  hydrogen atoms, w i t h  
no i n te rmed ia te  s tep  r e q u i r i n g  more than  35 kcal/mole. 
reduced s t r u c t u r e s  i n  c o a l ,  o r  compounds capable o f  e x c e p t i o n a l l y  s t a b l e  r a d i c a l s  
thus  probably  p l a y  an e s s e n t i a l  r o l e  i n  i n i t i a t i o n  pathways d u r i n g  coa l  d i s s o l u t i o n  
l e a d i n g  u l t i m a t e l y  t o  the  c leavage of s t r o n g  C - C  bonds. 

I f  i n t e r m e d i a t e  f? 

Thus, these p roduc ts  p rov ide  conv inc ing  

I t  was p r e v i o u s l y  e s t a b l i s h e d  by Heesing and M u l l e r  ( 5 )  

Both 1HN and 2HN can 

A t  h igher  temperatures (>4000C), C2o p roduc ts  a re  i n s i g n i f i c a n t  and H2 i s  
The p roduc ts  o f  Table 2 are bes t  exp la ined  

P a r t i a l l y  o x i d i z e d  o r  

1 5 2  



Reagent (wt . ,  mg) DHN (wt.,  mg) Products  ( %  y i e l d ) a  

Phenylether (450)  82 Phenol (1.4%) 
Diphenylmethane (207) 35 Toluene (2.6%) 
T e t r a l i n  (92) 13 n - b u t y l  benzene (5.1%) 

l 2,6-Dimethylnaphthalene (74 )  24 2-methyl naphthalene (2.6%) 

a Mole produced per mole DHN consumed. 
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THERMAL CRACKING OF COAL MODEL D I A R Y L  ETHERS I N  T E T R A L I N  SOLUTION 

Y .  Kamiya, E. Ogata, K.  Goto, and T. Nomi 

Faculty of Engineering, University of Tokyo 
Hongo, Tokyo, Japan, 113 

1 .  INTROOUCTION 

Recently, the importance of aromatic ether structure(1,Z) in coal molecule has 
been stressed, and so the thermal cracking of several aromatic ethers has been 
studied by several workers(3,4), in order to elucidate the coal liquefaction 
mechanism. 

It is known that aliphatic ethers can be easily decomposed, but diaryl ethers 

Previously, we have reported that some diaryl ethers with polycyclic aromatic 

In this paper, we wish to report the effect of ring structure of polycyclic 

such as diphenyl ether are quite stable at temperatures as high as 450°C. 

ring(5) were cracked relatively easily at 450°C. 

aromatic ether as well as the effect of solvent on the thermolysis of diaryl ether, 
since aryl ether is one of key structures in coal liquefaction. 

2 .  EXPERIMENTAL 

Tetralin and other solvents were reagent grade and used after washing with 
sulfuric acid, alkali and water 
pressure. Diary1 ethers were synthesized by refluxing a mixture of aryl bromide, 
phenolic compound, Cu20 and y-collidine for reaction time from 100 to 400 hr. 
According to repeated purification by Si02-A1203 column and recrystallization, 
diaryl ethers employed were of purities above 99%. 

autoclave. After pressurizing with hydrogen, the autoclave was heated to reaction 
temperature within 25 min and maintained at the reaction temperature during the 
reaction time. At the completion of an experiment, the autoclave was cooled by 
electric fan to room temperature. 
chromatographic analysis to determine the yield of products. 

3. RESULT AND DISCUSSION 

3.1 Thermolysis of dinaphthyl ethers 

and subsequent distillation at 70°C under reduced 

Solvent and diaryl ether were added to 90 ml magnetic stirring(1000 rpm) 

The reaction products were subjected to gas 

The conversion of 1 , Z ' -  and 2,2'-dinaphthyl ethers in tetralin at 430°C was 
Almost linear relations indicate plotted against the reaction time in Figure 1. 

f 
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t h a t  the  conversion of e the r s  i s  of f i r s t  order with respec t  t o  subs t r a t e  
concentration and the  f i r s t  o rder  r a t e  constants a r e  ca lcu la ted  t o  be 4.7 x 
and 2.8 x 
of naphthols was p lo t ted  aga ins t  the  residence time a s  shown in Figure 2 .  
of 1-naphthol t o  2-naphthol from 1,2'-dinaphthyl e the r  was 1 t o  4 ,  indicating t h a t  
2-naphthoxy rad ica l  i s  favorably formed. 

f i r s t  order r a t e  constants of cgnvsvsion in t e t r a l i n  were measured t o  be 4 x 
and 3.5 x 

t 
sec- '  f o r  1 ,Z ' -  and 2,2 '-dinaphthyl e t h e r s ,  respec t ive ly .  The y i e ld  

The r a t i o  

1-Naphthol and 2-naphthol were confirmed t o  be not 53 s t a b l e  a t  430°C and t h e i r  

sec- '  a t  430°C respec t ive ly .  
On the bas i s  of the  above r a t e  constants the  cracking r a t e  constant of 

dinaphthyl e the r s  t o  naphthols can be ca lcu la ted  t o  be 2.3 x 
sec- '  f o r  1 , 2 ' -  and 2,2 '-dinaphthyl e the r s .  

3.2 

a n d  1 .25  x 

Effect of chemical s t ruc tu re  of aryl e t h e r  the reaction r a t e  of thermolysis 

Nine kinds of d ia ry l  e the r  with phenyl, diphenyl,  naphthyl, phenanthryl and 
anthryl groups were t r ea t ed  in t e t r a l i n  so lu t ion  a t  430°C f o r  5 hr,  as shown in 
Table 1 .  Diphenyl e the r  was very s t a b l e ,  b u t  phenanthryl or  anthryl e thers  have 
shown very high conversion values.  

Generally, the  conversion r a t e  constant of d ia ry l  e the r s  increased with 
increasing the number of polycyclic aromatic r ing  of aryl s t ruc tu re .  

The r a t e  of conversion of phenyl aryl e the r  increased as the  following order 
with respect t o  aryl  group: Phenyl < Diphenyl < 2-Naphthyl < I-Naphthyl < 

Phenanthryl < Anthryl. 
Apparent r a t i o  of the  cracking r a t e  of aryl-oxygen bond of d ia ry l  e ther  can be 

ca lcu la ted  on the  bas i s  o f  the r a t e  of formation of phenolic compound from e the r  
along with the r a t e  of e l imina t ion  of corresponding phenolic compound. 
very complex reac t ion  system these ca lcu la ted  values in Table 2 can not be evaluated 
with high accuracy, b u t  i t  seems t o  show t h a t  the bond d issoc ia t ion  energy of 
phenyl-oxygen bond i s  the  highest  and t h a t  of aryl oxygen bond decreases with 
increasing the number o f  polycyclic r ing .  

I n  order t o  make c l e a r e r  the e f f e c t  of aromatic s t ruc tu re  on the r a t e  of 
cracking, several d ia ry l  e the r s  were t r ea t ed  in  1-methylnaphthalene, a poor hydrogen 
donating so lvent ,  a t  450OC f o r  2 hr a s  shown in Table 3.  
of so lu t ion  a f t e r  reac t ion  was dark brown, ind ica t ing  t h a t  polymerization reaction 
took place.  
r a t e  constant was almost the  same as  the  order in t e t r a l i n ,  t h a t  i s ,  the  r a t e  
constant increased with increasing the number of polycyclic aromatic ring of d ia ry l  
e the r .  
than in methylnaphthalene. 

Because of 

I n  t h i s  ca se ,  the co lor  

The order of r e a c t i v i t y  of d ia ry l  e the r s  evaluated by the  conversion 

However, the  d i f fe rence  in the  r e l a t i v e  value of k was l a rge r  in t e t r a l i n  

3.3 Solvent e f f e c t  
Above r e s u l t s  lead U S  t o  fu r the r  experiments on solvent e f f e c t  in cracking i 
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reaction. 
AS shown in Table 4, the effect of hydrogen donor solvent on the pyrolysis of 

2,2'-dinaPhthyl ether was most remarkable. 
I-methylnaphthalene, the conversion of dinaphthyl ether was only 23%, but it was 
increased to 39% in tetralin and to 93% in 9,lO-dihydroanthracene. 
n-hexadecane, this compound itself was cracked remarkably at 430°C and so could be a 
good hydrogen donor because of radical and olefin formations. Decalin also could be 
a hydrogen donor for hydrogenation of naphthalene nucleus. 

constant in dihydroanthracene was five times as large as in tetralin. 
Dihydroanthracene itself was comletely converted to other compounds by complex 
reactions involving dehydrogenation and disproportionation. The accelerating effect 
due to dihydroanthracene was so great that even diphenyl ether being the most stable 
diaryl ether was cracked to the conversion of 13.3% at 430°C in 5 hr. 
It was also observed that the conversion of 2,Z'-dinaphthyl ether was 
proportionally increased with the concentration of dihydroanthracene in 
1-methylnaphthalene. 

diaryl ethers can be attributed to the hydrogenation of aromatic rings by hydrogen 
transfer, because the hydrogen transfer reaction really occurs and the cracking of 
aliphatic ether proceeds very rapidly. 
from 2,Z'-dinaphthyl ether by Pd-Pt catalyst was found to be cracked more rapidly 
than dinaphthyl ether. 

is, the rate constant of conversion of 2,2'-dinaphthyl ether was increased from 
2.8 x to 7.8 x 

It is known that hydrogen donor such as tetralin can partially hydrogenate 

In a poor hydrogen donor such as 

As for 

The effect of dihydroanthracene was outstanding, and so the conversion rate 

The marked solvent effect by hydrogen donors on the conversion of polycyclic 

A mixture of partially hydrogenated products 

Another interesting solvent effect was observed in the case of naphthol, that 

sec-' by the addition of 269 of 1-naphthol. 

aromatic nucleus(5) but not effective for the cracking of resulting aliphatic 
structure. 
has been ascribed to the hydrogenation and stabilization of coal fragments being 
thermally produced. 

so effective for the thermal cracking of coal and the successive oil formation 
reaction. 

Therefore, the main role of hydrogen donor solvent in coal liquefaction 

If hydrogen donor only plays a role stabilyzing coal fragments, it would not be 

The remarkable effect of hydrogen donor on the cracking of polycyclic aromatic 
ethers would be a good explanation for the effective degradation of coal molecule in 
the presence of hydrogen donor solvent. 

4. CONCLUSION 

Nine kinds of diaryl ether were thermally cracked at 430°C in tetralin or 
1-methylnaphthalene solutions and the following conclusions were obtained. 

1 5 7  



1 .  The r a t e  of conversion of d i a ry l  e the r  increased w i t h  increasing the  number 

of polycyclic aromatic r ing  of the  e t h e r .  
The cracking reac t ion  of d ia ry l  e the r  was o f  f i r s t  order  with respec t  t o  
e ther  concent ra t ion .  
In the case  o f  phenyl po lycycl ic  a ry l  e t h e r s ,  phenol was preferab ly  formed 
r a the r  than the o ther  po lycycl ic  aromatic phenols a s  cracking products.  
Hydrogen donor so lvent  and naphthol acce lera ted  remarkably the  cracking 
reac t ion  o f  diary l  e the r s .  

2. 

3. 

4. 
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Figure 1 .  Thermal Cracking of Dinaphthyl Ethers i n  Te t r a l in  a t  430°C 
( Ether 5.09, Tet ra l in  30 m l ,  I n i t i a l  P 50 kg/cm2 ) H2 
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TABLE 1 THERMAL CRACKING OF DIARYL ETHERS IN TETRALIN AT 430°C FOR 5 H R  
( Ether 5.09, Te t ra l in  30 ml, I n i t i a l  P 50 kg/cm2 I H2 

i 
Ether Conversion(%) k*! 1 0-6sec-1 Products Y ield(mole%) Value of k 

Diphenyl e the r  3.0 
4 -Phenoxy 7.6 

2-Phenoxy 12.8 

1 -Phenoxy 38.0 

9-Phenoxy 53.0 

diphenyl 

naphtha 1 ene 

naphthalene 

phenanthrene 

anthracene 
2,2 ' - D  i nap h thy1 

e the r  

9-Phenoxy ( >99.9 ( 

39.2 

l,Z'-Dinaphthyl 57.0 
e the r  

2-Naphthyl - 66.1 
9-phenanthryl 

e t h e r  

* l ;  First order r a t e  cons tan t .  

1.7 1 .o 
4.4 2.6 

7.6 4.5 

26.6 15.7 

42.0 24.9 

27.6 16.3 

46.9 27.8 

60.1 35.5 

Phenol 0.84 
Phenol 1.51 
4-Phenylphenol 1.65 
Phenol 4.64 
2-Naphthol 1.16 
Phenol 17.0 
1-Naphthol 1.67 
Phenol 27.1 
9-Phenanthrol 4.12 
Phenol 72.8 
Anthrone 0.53 
2-Naphthol 12.8 
1 ,PI-Dinaphthyl 

e t h e r  4.7 
2-Naphthol 19.5 
1-Naphthol 4.6 
E,P'-Dinaphthyl 

e t h e r  2.2 
2-Naphthol 19.1 
9-Phenanthrol 4.4 

30 I I 
2-Naphthol from l,Z'-Dinaphthy=her .-----. 

2-Naphthol f ron  
2,2'-Oinaphthyl e t h e r  

I ' 1-Naphthol from 1 ,E'-Dinaphthyl e the r  
? / .  / A  A- 
%/-A- , ,  

0 2 4 6 8 10 
Time, hr 

Figure 2 .  Reaction Products from Thermal Cracking o f  Dinaphthyl e the r  

2 i n  Te t ra l in  a t  430°C. 
( Ether 5.09,  Te t ra l in  30 ml, I n i t i a l  PH2 50 kg/cm ) 
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I 

TABLE 2 THERMAL CRACKING RATE CONSTANT OF DIARYL ETHER 

D i a r y l  E the r  
Cleaved Aryl-Oxygen 
Bond k,  10-6 sec-1 

F i r s t  Order Rate Constant 

Diphenyl e t h e r  Phenyl-Oxygen 0.52 

I-Phenoxy naphthalene 1-Naphthyl-Oxygen 13.0 
Phenyl -Oxygen 1.7 

2-Phenoxy naphthalene 2-Naphthyl -Oxygen 3.1 
Phenyl-Oxygen 1 .o 

1 ,E'-Dinaphthyl e t h e r  1-Naphthyl-Oxygen 22.6 
2-Naphthyl-Oxygen 5.6 

Z,P'-Dinaphthyl e t h e r  2-Naphthyl -Oxygen 12.5 

TABLE 3 THERMAL CRACKING OF DIARYL ETHERS I N  1-METHYLNAPHTHALENE AT 450°C FOR 2 HR 
2 ( E the r  5.09, So lven t  30 m l ,  I n i t i a l  PAr 50 kg/cm ) 

D i a r y l  Ether  Convers ion(%) k ,  sec-' R e l a t i v e  Value o f  k 

Diphenyl  e t h e r  8.3 1.2 

2-Phenoxy naphthalene 22.2 3.5 

1-Phenoxy naphthalene 68.2 15.9 

9-Phenoxy phenanthrene 81 .I 23.1 

Z,E'-Dinaphthyl e t h e r  38.7 6.8 

1,2 ' -Dinaphthy l  e t h e r  80.0 22.4 

1 .o 
2.9 

13.3 

19.3 

5.7 

18.7 

TABLE 4 EFFECT OF SOLVENT ON THE THERMAL CRACKING OF 2,2'-DINAPHTHYL ETHER 
AT 430°C FOR 5 HR 

( E the r  5.09, So lven t  30 m l ,  I n i t i a l  P 50 kg/cm2 ) 
H2 

So lven t  Conversion o f  E t h e r ( % )  k ,  sec-'  

1-Methylnaphthalene 23 

n-Hexadecane 31 

c i s-Decal i n  38 

Te t ra1  i n  39 

9, lO-Dihydroanthracene 93 

14 

20 
27 

28 

153 
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THE KINETICS OF CATALYTIC HYDROGENATION OF PYRENE-- 
IMPLICATIONS FOR D I R E C T  COAL LIQUEFACTION PROCESSING* 

H .  p .  S t e p h e n s  and  R .  N .  Chapman 

Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  A lbuquerque ,  NM 87185 

INTRODUCTION 

Al though  r e c y c l i n g  heavy s o l v e n t s  h a s  r e c e n t l y  r e - e m e r g e d  1 , 2 , 3 , 4  
a s  a key t o  c u t t i n g  t h e  c o s t  o f  d i r e c t  c o a l  l i q u e f a c t i o n ,  l i t t l e  d a t a  
f o r  t h e  h y d r o g e n a t i o n  o f  heavy s o l v e n t  d o n o r s  have  b e e n  r e p o r t e d .  
T h i s  s t u d y  a d d r e s s e s  t h e  k i n e t i c  and  thermodynamic  a s p e c t s  of c a t a -  
l y t i c  h y d r o g e n a t i o n  o f  p y r e n e ,  a d o n o r  s o l v e n t  p r e c u r s o r  t h o u g h t  t o  
p l a y  an  i m p o r t a n t  r o l e  i n  c o a l  l i q u e f a c t i o n  p r o c e s s e s  t h a t  u s e  heavy  
r e c y c l e  s o l v e n t s  . 5 , 6  

d i -  ( H  P y ) ,  t e t r a -  ( H  P y ) ,  h e x a -  (H6Py) ,  d e c a -  (Hl0Py) ( F i g u r e  1 )  and  
p e r h y d f o -  ( H  P y )  s p e j i e s  v i a  a complex  mechanism i n v o l v i n g  a ne twork  
o f  r e v e r s i b l k 6 p a r a l l e l  and  s e r i e s  r e a c t i o n s .  
have  d e a l t  w i t h  a s p e c t s  o f  p y r e n e  h y d r o g e n a t i o n ,  i n c l u d i n g  h y d r o -  
c r a c k i n g  r e a c t i o n s  , 7  r e a c t i o n  p r o d u c t  d i s t r i b u t i o n s 8  y 9  and  the rmo-  
dynamic p r o p e r t i e s  , lo  t h e  k i n e t i c s  o f  h y d r o g e n a t i o n  have  n o t  been  
p r e v i o u s l y  r e p o r t e d .  

In  t h e  p r e s e n c e  o f  a c a t a l y s t ,  p y r e n e  (Py)  i s  h y d r o g e n a t e d  t o  

Though s e v e r a l  s t u d i e s  

EX PER IMENTAL 

T h i r t y - s i x  b a t c h  h y d r o g e n a t i o n  e x p e r i m e n t s  were p e r f o r m e d  w i t h  
s o l u t i o n s  o f  9 . 1  w t  % p y r e n e  i n  n - h e x a d e c a n e ,  wh ich  a p p r o x i m a t e d  t h e  
c o n c e n t r a t i o n s  found  i n  i n t e g r a t e d  t w o - s t a g e  l i q u e f a c t i o n  r e c y c l e  
s o l v e n t s . 1 1  To e v a l u a t e  t h e  e f f e c t s  o f  r e a c t i o n  c o n d i t i o n s  on t h e  
k i n e t i c s  o f  h y d r o g e n a t i o n ,  r e a c t i o n s  were p e r f o r m e d  o v e r  a r a n g e  o f  
c o n d i t i o n s :  T e m p e r a t u r e s  o f  348 ,  374 and  394OC, p r e s s u r e s  o f  5 0 0 ,  
1250 and  2000 p s i g ,  and c a t a l y s t / p y r e n e  w e i g h t  r a t i o s  o f  0 . 0 5 ,  0 . 1 5  
and  0 . 4 5 .  S e v e r a l  e x p e r i m e n t s  p e r f o r m e d  w i t h o u t  c a t a l y s t  c o n f i r m e d  
t h a t  c o n t r i b u t i o n s  of homogeneous r e a c t i o n s  and  r e a c t o r  w a l l  e f f e c t s  
were  i n s i g n i f i c a n t .  I n  a d d i t i o n ,  s e v e r a l  c a t a l y z e d  e x p e r i m e n t s  
p e r f o r m e d  w i t h  h e x a h y d r o p y r e n e  p r o v e d  t h e  e x i s t e n c e  o f  r e v e r s i b l e  
r e a c t i o n  s t e p s .  

M a t e r i a l s .  P y r e n e ,  h e x a h y d r o p y r e n e ,  and  n - h e x a d e c a n e  were u s e d  a s  
o b t a i n e d  f rom A l d r i c h  Chemica l  Company. M o d i f i e d  S h e l l  324 ,  a Ni-Mo/ 
a l u m i n a  c a t a l y s t  c u r r e n t l y  u s e d  i n  t h e  second  s t a g e  o f  i n t e g r a t e d  
t w o - s t a g e  p i l o t  p l a n t  o p e r a t i o n s , 2  was added  t o  t h e  r e a c t o r s  a s  a 
-200 mesh powder .  High p u r i t y  hydrogen  ( 9 9 . 9 9 9 % )  was u s e d  i n  a l l  t h e  
e x p e r i m e n t s .  

A p p a r a t u s  and  P r o c e d u r e .  -The b a t c h  r e a c t i o n s  were p e r f o r m e d  i n  
s t a i n l e s s  s t e e l  m i c r o r e a c t o r s  , I 2  e q u i p p e d  w i t h  t h e r m o c o u p l e s  and 
p r e s s u r e  t r a n s d u c e r s ,  w i t h  a l i q u i d  c a p a c i t y  o f  3 . 6  cm3 and  a g a s  
volume o f  2 2  cm3. Four  r e a c t o r s  c o u l d  b e  o p e r a t e d  s i m u l t a n e o u s l y .  
A f t e r  t h e  r e a c t o r s  were c h a r g e d  w i t h  1 0 0  mg o f  p y r e n e ,  1 g o f  
n - h e x a d e c a n e  and  5 ,  1 5  o r  45 mg o f  c a t a l y s t ,  t h e y  were p r e s s u r i z e d  
w i t h  hydrogen  (420 ,  1 0 5 0  o r  1850 c o l d  c h a r g e ) ,  and  h e a t e d  t o  t e m p e r a -  
t u r e  ( t i m e  t o  t e m p e r a t u r e  = 1 min)  i n  a f l u i d i z e d  s a n d  b a t h  w h i l e  
* T h i s  work s u p p o r t e d  b y  t h e  U.S. Dep t .  o f  E n e r g y ,  C o n t r a c t  No. 
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b e i n g  h o r i z o n t a l l y  s h a k e n  a t  200 c y c l e s / m i n .  T e m p e r a t u r e s  a n d  
p r e s s u r e s  were r e c o r d e d  w i t h  a d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  d u r i n g  
t h e  C o u r s e  o f  t h e  e x p e r i m e n t s .  F o l l o w i n g  t h e  h e a t i n g  p e r i o d ,  t h e  
r e a c t o r  v e s s e l s  were  r a p i d l y  quenched  t o  ambien t  t e m p e r a t u r e  ( t i m e  o f  
quench  = 1 0  s e c ) ,  and t h e  p r o d u c t s  o f  t h e  e x p e r i m e n t  were removed f o r  
a n a l y s e s .  I t  was e s t i m a t e d  f rom t h e  r e a c t o r  h e a t - u p  a n d  quench  r a t e s  
t h a t  t h e  time a t  t e m p e r a t u r e  c o u l d  b e  d e t e r m i n e d  t o  w i t h i n  0 . 5  min. 
T e m p e r a t u r e s  c o u l d  b e  m a i n t a i n e d  c o n s t a n t  t o  w i t h i n  + 2 O C  and 
p r e s s u r e s  t o  w i t h i n  5 2 0  p s i g  d u r i n g  t h e  h e a t i n g  p e r r o d  o f  t h e  
e x p e r i m e n t s .  

P r o d u c t  A n a l y s e s .  The p r o d u c t s  were  washed f rom t h e  r e a c t o r  w i t h  
t o l u e n e ,  f i l t e r e d  t o  remove c a t a l y s t  and t r a n s f e r r e d  t o  a v o l u m e t r i c  
f l a s k .  F o l l o w i n g  a d d i t i o n  o f  an  i n t e r n a l  s t a n d a r d  ( Z - m e t h y l n a p h t h a -  
k n e j ,  t h e  p r o d u c t  s o l u t i o n  was b r o u g h t  t o  5 0  m l  w i t h  a d d i t i o n a l  
t o l u e n e  and  a n a l y z e d  by g a s  ch romatography  ( H e w l e t t - P a c k a r d  5 8 4 0 A  
w i t h  f l ame  i o n i z a t i o n  d e t e c t i o n  F I D )  u s i n g  t h e  f o l l o w i n g  c o n d i t i o n s :  
1 / 8  i n  x 1 0  f t  column w i t h  S u p e l c o  1 0 %  SP-2100 on 100/120 S u p e l c o p o r t ,  
t e m p e r a t u r e  220°C, n i t r o g e n  c a r r i e r  g a s  20 c c / m i n .  

Gas chromatography /mass  s p e c t r o m e t r y  t e c h n i q u e s  were  used  t o  
i d e n t i f y  t h e  o r d e r  o f  e l u t i o n  o f  components  o f  t h e  r e a c t i o n  m i x t u r e ,  
wh ich  a g r e e d  w i t h  p r e v i o u s l y  p u b l i s h e d  r e s u l t s  . 9  
s i s  o f  t h e  r e a c t i o n  m i x t u r e  was a c c o m p l i s h e d  u s i n g  e x t e r n a l  and 
i n t e r n a l  s t a n d a r d s .  The e x t e r n a l  s t a n d a r d ,  a s o l u t i o n  o f  2 - m e t h y l -  
n a p h t h a l e n e ,  n - h e x a d e c a n e ,  p y r e n e  and  1,2,3,6,7,8-hexahydropyrene i n  
t o l u e n e  was u s e d  t o  o b t a i n  F I D  r e s p o n s e  f a c t o r s  f o r  t h e  componen t s  
r e l a t i v e  t o  t h e  i n t e r n a l  s t a n d a r d ,  2 - m e t h y l n a p h t h a l e n e .  These  w e r e  
0 . 9 9  f o r  n - h e x a d e c a n e ,  1 . 1 0  f o r  h e x a h y d r o p y r e n e  and  1 . 0 4  f o r  p y r e n e .  
The r e l a t i v e  r e s p o n s e  f o r  h e x a h y d r o p y r e n e  was used  f o r  t h e  o t h e r  
h y d r o p y r e n e s .  The w e i g h t s  (11') o f  n - h e x a d e c a n e ,  p y r e n e  and  h y d r o -  
p y r e n e s  i n  e a c h  sample  were  c a l c u l a t e d  f rom t h e i r  G C  chromatogram 
a r e a s  (A),  t h e  r e s p o n s e  o f  2 - m e t h y l n a p h t h a l e n e  (Rmn) and t h e i r  
r e l a t i v e  r e s p o n s e  (Rr ) .  

Q u a n t i t a t i v e  a n a l y -  

The c o n c e n t r a t i o n  o f  p y r e n e  and  h y d r o p y r e n e s  was c a l c u l a t e d  on a 
m o l a l ,  moles /1000 g h e x a d e c a n e ,  b a s i s .  C o n c e n t r a t i o n  was n o r m a l i z e d  
t o  i n i t i a l  p y r e n e  c o n c e n t r a t i o n  f o r  t h e  k i n e t i c  c a l c u l a t i o n s .  

CALCULATIONS 

A s  a f i r s t  s t e p  i n  d e l i n e a t i n g  t h e  o v e r a l l  r e a c t i o n  n e t w o r k  f o r  
c a t a l y t i c  p y r e n e  h y d r o g e n a t i o n ,  t h e  h y d r o g e n a t i o n  o f  p y r e n e  t o  4 , s -  
d i h y d r o p y r e n e  ( e q u a t i o n  1) was a n a l y z e d :  

The a s s u m p t i o n  t h a t  p y r e n e  i s  n o t  fo rmed  d i r e c t l y  f rom h y d r o p y r e n e s  
o t h e r  t h a n  KzPy and d o e s  n o t  d i r e c t l y  form h y d r o p y r e n e s  o t h e r  t h a n  
H Py i s  s u p p o r t e d  by  r e p o r t e d  s t u d i e s  o f  h y d r o g e n a t i o n  p r o d u c t  d i s t r i -  
b 6 t i o n s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and  p r e s s u r e . 9  Because  t h e  h y d r o -  
gen  c o n c e n t r a t i o n  was i n  e x c e s s  d u r i n g  t h e  r e a c t i o n s  ( e . g . ,  minimum o f  
26 moles o f  H2 p e r  mole P y ) ,  t h e  r a t e s  c a n  h e  mod.elled b y  p s e u d o  
f i r s t - o r d e r  k i n e t i c s :  
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[PYI,, [H2Pyln molar concentrations of pyrene and dihydropyrene 
respectively, relative to the initial concentration 
of pyrene after n time intervals. 

: pseudo first-order rate constants. kl, k-1 

: an empirical function derived by performing a 
least squares fit [ H  Py] vs time data using 
piecewise cubic splihes. 

The values of k and k were determined by performing a mini- 
mization on F in equation ( a j :  

j .  
[Pylj*, [H2Pylj* E experimental concentrations at time t 

5 calculated concentrations at time t. ['YIn/ tn-tj' [H2PYInJ t =t. 3 '  
n 1  

The values of [Py] and [H2Py] 
[Py] * = 1 and [H2Py] [H2Py] * ="O and numerically integrating 
equaeions ( 2 )  and (3)Ousing a f8urth order Runge-Kutta algorithm. 

were estimated by setting [Pyla = 

RESULTS AND DISCUSSION 

Qualitative aspects of the kinetics of pyrene hydrogenation may 
be obtained from curves of concentration vs time, at constant temp- 
erature and pressure, for the major species of the system. Figure 2 
shows curves at 348OC and 1 2 5 0  psig for the concentration of pyrene 
and 4,5-dihydropyrene (H2Py) and Figure 3 for 4,5,9,10-tetrahydro- 
pyrene (H Py), 1,2,3,6,7,8-hexahydropyrene ( H  Py) and 1,2,3,3a,4,5- 
hexahydro8yrene ( I - H  Py). 
hydrogenated specie 8ith the largest concentration is H2Py followed 
by H Py, H Py and I-H Py. .For these experiments, the concentration 
of dgca- atd perhydro8yrenes was less than 1% of the product mixture. 

The kinetics and thermodynamics of the formation of 4,5-dihydro- 
pyrene are discussed below with respect to the effect of catalyst/ 
pyrene ratio, hydrogen pressure and temperature. 

Catalrst/Pyrene Ratio. vs cata- 
lyst ;eight f o r  experiments performed at 348'C and 1 2 5 0  p;ig pressure. 
As can be seen from Figure 4, kl for hydrogenation of pyrene and k-l 
for dehydrogenation of dihydropyrene are proportional to catalyst 
weight, which is proportional to active surface area. 

As can be seen frog the figures, the 

Figure 4 shows a plot of kl and k 
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H d r o g e n  P r e s s u r e .  From a p l o t  of k and k-$  vs .HA p r e s s u r e ,  F i g u r e  5 ,  
can b e  s e e n  t h a t  whi le  k l  i s  l i n e a r l y  p r o  o r t i o  a1 t o  p r e s s u r e  up 

t o  1250 p s i g ,  k i s  r e l a t i v e l y  i n d e p e n d e n t  o f  p r e s s u r e .  T h i s  s u p p o r t s  
t h e  a s s u m p t i o n  f i a t  e q u a t i o n  (1) i s  t h e  o n l y  r e a c t i o n  d i r e c t l y  i n v o l v -  
i n g  Py up t o  p r e s s u r e s  o f  a t  l e a s t  1 2 5 0  p s i g .  However, t h e  h i g h  f o r -  
ward  r a t e  c o n s t a n t  a t  2000 p s i g  may i n d i c a t e  a c h a n g e  i n  r e a c t i o n  
mechanism. I n  a d d i t i o n  t o  t h e  k i n e t i c  p a r a m e t e r s ,  t h e  p r e s s u r e  e a u i l -  
i b r i u m  c o n s t a n t  and  h e a t  o f  r e a c t i o n  may b e  c a l c u l a t e d  f o r  h y d r o g e n a -  
t i o n  of Py t o  H2Py. 
as  

The p r e s s u r e  e q u i l i b r i u m  c o n s t a n t  K i s  d e f i n e d  
P 

1 [HZPYl - 1 k i  
( 5 )  K =  _ _ -  

w h e r e  P ,  t h e  h y d r o g e n  p a r t i a l  p r e s s u r e ,  i s  t a k e n  as  t h e  h y d r o g e n  
f u g a c i t y .  Based on  t h e  r a t e  c o n s t a n t s  o b t a i n e d  a t  348°C f o r  3 p r  s 
s u r e s  and c a t a l  s t / p y r e n e  r a t i o s ,  K was found t o  b e  7.24 x l o - '  
0 . 6 1  x l o - '  p s i g - 1 .  
d a t a ,  4 .77 x 1 0 - 4  and  3 .14  px 1 0 - 4  p s i g - 1  r e s p e c t i v e l y ,  t h e  h e a t  o f  
h y d r o g e n a t i o n  AH o f  p y r e n e  t o  d i h y d r o p y r e n e  c a n  b e  o b t a i n e d  from a 
v a n ' t  Hoff p l o t  shown i n  F i g u r e  6 .  The e n t h a l p y  o f  h y d r o g e n a t i o n  was 
f o u n d  t o  b e  - 1 5  k c a l / m o l e ,  w h i c h  i s  c o m p a r a b l e  t o  v a l u e s  f o r  h y d r o -  
g e n a t i o n  o f  o t h e r  p o l y n u c l e a r  a r o m a t i c s  . I3  

T e m p e r a t u r e .  F i g u r e  7 shows a n  A r r h e n i u s  p l o t  o f  r a t e  c o n s t a n t s  k l  
a n  The a p p a r e n t  a c t i v a t i o n  e n e r g i e s  o b t a i n e d  f rom F i g u r e  6 
fo: : h Q * h y d r o g e n a t i o n  o f  p y r e n e  and d e h y d r o g e n a t i o n  o f  d i h y d r o p y r e n e  
w e r e  found t o  b e  28 and 46 k c a l / m o l e  r e s p e c t i v e l y  f o r  S h e l l  324 
c a t a l y s t .  A s  c a n  b e  s e e n  f rom F i g u r e  7 ,  a l t h o u g h  t h e  f o r w a r d  and 
r e v e r s e  r a t e  c o n s t a n t s  a r e  n e a r l y  e q u a l  a t  348OC, t h e  r e v e r s e  r a t e  
c o n s t a n t  i s  o v e r  twice  t h a t  o f  t h e  f o r w a r d  r a t e  a t  394OC. T h e r e f o r e ,  
a l t h o u g h  b o t h  r e a c t i o n  r a t e  c o n s t a n t s  i n c r e a s e  w i t h  t e m p e r a t u r e ,  
d e h y d r o g e n a t i o n  i s  f a v o r e d  o v e r  h y d r o g e n a t i o n  a t  t e m p e r a t u r e s  above  
350 O C  . 

From K v a l u e s  o g t a i n e d  from t h e  374 and  394OC- 

CONCLUSIONS 

Ult imate  a p p l i c a t i o n  o f  t h i s  k i n e t i c  and thermodynamic  d a t a  t o  
d i r e c t  coal l i q u e f a c t i o n  must  t a k e  i n t o  c o n s i d e r a t i o n  t h e  c o n d i t i o n s  
imposed by t h e  p a r t i c u l a r  p r o c e s s  u s e d .  However, two g e n e r a l i z a t i o n s  . 
may b e  made r e g a r d i n g  h y d r o g e n  s u p p l i e d  b y  t h e  d i h y d r o p y r e n e  component 
o f  d o n o r  s o l v e n t s :  (1) I n c r e a s i n g  h y d r o g e n  p a r t i a l  p r e s s u r e  i n c r e a s e s  
b o t h  t h e  r a t e  a t  which  H2Py i s  formed and t h e  e q u i l i b r i u m  c o n c e n t r a -  
t i o n  o f  H Py. T h e r e f o r e ,  p y r e n e  r e h y d r o g e n a t i o n  s h o u l d  b e  done a t  a s  
h i g h  a p r z s s u r e  as  i s  c o s t  e f f e c t i v e .  
t e m p e r a t u r e  f a v o r s  t h e  r a t e  o f  a t t a i n m e n t  o f  e q u i l i b r i u m  be tween Py 
and  H Py ,  t h e  p o s i t i o n  o f  t h e  e q u i l i b r i u m  i s  s h i f t e d  t o w a r d  p y r e n e .  
Tempe4ature  must  t h e r e f o r e ,  b e  a d j u s t e d  t o  a c h i e v e  a n  optimum t r a d e - o f f  
b e t w e e n  r a t e  of f o r m a t i o n - a n d  maximum p o s s i b l e  c o n c e n t r a t i o n  o f  HZPy. 
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FIGURE 1 
STRUCTURES FOR PYRENE AND HYDROGENATED PYRENES 
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FIGURE 2 
CONCENTRATIONS OF PYRENE AND DIHYDROPYRENE 

(348 OC, 1250 PSIG, 15 MG SHELL 324) 
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FIGURE 4 

DEPENDENCE OF RATE CONSTANTS ON CATALYST LEVEL 
(348 O C, 1250 PSIG, SHELL 324) 
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FIGURE 5 

DEPENDENCE OF RATE CONSTANTS ON PRESSURE 
(348 OC, 15 MG SHELL 324) 
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F I G U R E  6 

ENTHALPY OF HYDROGENATJON REACTION 
(348 "C, 1250 PSIG, 15 MG SHELL 324) 
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F I G U R E  7 

ARRHENIUS PLOT OF RATE CONSTANTS 
(1250 PSIG, 15 MG SHELL 324) 
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In-Si tu  S tudy  Under Di rec t  Coal L ique fac t ion  Condi t ions  of  t h e  
Surface  I n t e r a c t i o n  Between I r o n  S u l f i d e s  and Se lec t ed  Number of 

Model Compounds 

P.A.  Montano, A.S. Bommannavar and Y.C. Lee 

Department of Phys ic s ,  West V i rg in i a  Un ive r s i ty  
Morgantom, West Vi rg in i a  26506 

Abs t r ac t :  

The importance of i r o n  s u l f i d e s  i n  d i r e c t  c o a l  l i q u e f a c t i o n  has  been noted  by 
s e v e r a l  i n v e s t i g a t o r s ;  an i n c r e a s e  i n  c o a l  convers ion  and q u a l i t y  of t he  products  
has  been observed i n  t h e i r  s t u d i e s .  I n  o rde r  t o  ga in  a b e t t e r  unders tanding  of the  
r o l e  of i ron  s u l f i d e s  i n  coa l  l i q u e f a c t i o n  we have i n v e s t i g a t e d  " in - s i tu ' '  t h e  
i n t e r a c t i o n  of FeS and Fe S with  a s e r i e s  of  model compounds. I n  o u r  experiments 
10% c a t a l y s t s  by wzight weTe8added t o  t h e  model compounds. 
s tud ied  were d ibenzoth iophene ,  pyrene ,  phenanthrene, 1,4-naphthoquinone, 
phenoth iaz ine ,  and qu ino l ine .  The exper iments  were performed i n  n i t r o g e n  and 
hydrogen atmospheres.  
some of t he  model compounds. The format ion  of  i n t e rmed ia t e  i r o n  ox ides  i n  
1,4-naphthoquinone i n d i c a t e s  a s t r o n g  i n t e r a c t i o n  between t h e  i r o g  on t h e  p y r r h o t i t e  
s u r f a c e  and oxygen. The s u r f a c e  composition of  p y r r h o t i t e  a t  450 C was a l s o  s tud ied  
i n  a UHV r e a c t i o n  chamber and t h e  i n t e r a c t i o n  wi th  H2 ,  0 
us ing  e l e c t r o n  energy l o s s  spec t roscopy.  

The model compounds 

We f i n d  ev idence  of i n t e r a c t i o n  between the  p y r r h o t i t e s  and 

and CO was i n v e s t i g a t e d  
2 

I. I N T R O D U C T I O N  

Di rec t  coa l  l i q u e f a c t i o n  i s  a process  t h a t  has  been known f o r  a number o f  
yea r s .  The l i q u e f a c t i o n  of c o a l  is a complex process  invo lv ing  a c l o s e  i n t e r a c t i o n  
between c o a l ,  hydrogen-donor s o l v e n t ,  and c a t a l y s t s .  The r o l e  of minera l  m a t t e r  and 
p a r t i c u l a r l y  i r o n  s u l f i d e s  i n  c o a l  l i q u e f a c t i o n  has  been t h e  s u b j e c t  of s e v e r a l  
i n v e s t i g a t i o n s  (1-3).  
convers ion  i n  t h e  presence  of minera l  ma t t e r  ( 2 ) .  Recycl ing  t h e  minera l  ma t t e r  
tends  t o  inc rease  t h e  r e a c t i o n  r a t e  and enhance the  convers ion  of py r id ine - so lub le s  
t o  benzene s o l u b l e s  (4 ) .  The a d d i t i o n  o r  presence  of p y r i t e  enhances t h e  product ion  
of l i q u i d  products  from coa l  ( 5 ) .  The s p e c i f i c  e f f e c t  of each minera l  has  n o t  been 
we l l  e s t a b l i s h e d  ( 6 )  because some of t h e  minera ls  occur  i n  very  smal l  amounts. Some 
of t he  c l a y  minera ls  may have on ly  a s imple  phys ica l  e f f e c t  (6 ) .  
exper imenta l  r e s u l t s  sugges t  t h e  i r o n  s u l f i d e s  a s  t h e  most a c t i v e l y  involved 
minera ls  i n  coa l  l i q u e f a c t i o n .  

Mukherjee and Chowdbury observed an i n c r e a s e  i n  coa l  

A l l  t h e  

It  has  been observed t h a t  t he  convers ion  t o  l i q u i d  products  f o r  f o u r  d i f f e r e n t  
c o a l s  c o r r e l a t e s  wi th  t h e  s to i ch iomet ry  of t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  
(7) .  
on a n  ILL#6 coa l  and observed a n  enhancement i n  convers ion  t o  benzene s o l u b l e s  with 
the  a d d i t i o n  of p y r r h o t i t e  and H S. Mossbauer s t u d i e s  (9 , lO)  of t h e  i r o n  s u l f i d e s  
i n  c o a l  i n d i c a t e  the  e x i s t e n c e  01 an i n t e r a c t i o n  between coa l  components and t h e  
p y r r h o t i t e s  a t  h igh  tempera tures .  These experiments sugges t  an  a c t i v e  r o l e  o f  the  
p y r r h o t i t e s  i n  coa l  l i q u e f a c t i o n .  However, s t i l l  many q u e s t i o n s  remain unanswered 
concerning the  c a t a l y t i c  r o l e s  of H S and Fe S. Lambert p o i n t s  ou t  t h a t  t h e  
c a t a l y t i c  a c t i v i t y  observed f o r  p y r i t e  is s o i e f y  due to  H S a c t i n g  as a hydrogen 

Stephens e t . a l .  (8) c a r r i e d  ou t  a s e r i e s  of exper iments  wi th  va r ious  a d d i t i v e s  

2 
t r a n s f e r  c a t a l y s t  ( I  I ) .  2 

More r e sea rch  is needed i n  o rde r  t o  c l e a r l y  d i s t i n g u i s h  between t h e  r o l e  of H S 
and the  behavior  of t h e  p y r r h o t i t e s  du r ing  c o a l  l i q u e f a c t i o n .  I n  a complex m a t e r i a l  2 
such a s  c o a l ,  i t  is d i f f i c u l t  t o  i d e n t i f y  the  r o l e s  of v a s t l y  d i f f e r i n g  o rgan ic  
f u n c t i o n a l  groups and t h e i r  i n t e r a c t i o n  wi th  Fe S and/or  H S. A s imple r  approach 1 -x 2 
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is t h e  s tudy  of model compounds. S e v e r a l  s t u d i e s  have appeared i n  t h e  l i t e r a t u r e  on 
t h e  e f f e c t  o f  p y r i t e  and p y r r h o t i t e  on model compounds. Guin e t . a l . ( l Z )  s tud ied  the 
hydrogenolys is  of benzothiophene i n  t h e  presence  of  p y r i t e .  The main product  was 
2,3-dihydrobenzothiophene. When p y r i t e  was used ,  t he  s e l e c t i v i t y  was s h i f t e d  toward 
e t h  lbenzene. P y r i t e  seems t o  c a t a l y z e  t h e  hydrogenat ion  of pyrene t o  dihydropyrene 
(137. Bockrath and Schroeder (14 )  observed t h a t  when p y r r h o t i t e  is hea ted  i n  
t e t r a l i n ,  only dehydrogenat ion  is ca t a lyzed .  We r e p o r t  i n  t h e  p r e s e n t  work 

2 
The behavior of t h e  s u l f i d e  s u r f a c e s  is a l s o  s t u d i e d  us ing  e l e c t r o n  energy l o s s  
spec t roscopy.  I n  a d d i t i o n ,  t h e  changes t a k i n g  p l ace  on t h e  s u r f a c e s  du r ing  
r e a c t i o n s  wi th  s imple  gases  a r e  i n v e s t i g a t e d  us ing  t h i s  technique .  

I, . i n - s i t u "  Mossbauer measurements of FeS and Fe7Sg i n  s i x  d i f f e r e n t  model compounds. __- 

Experimental  

The " in - s i tu"  Mossbauer measurements were c a r r i e d  o u t  u s ing  t h e  r e a c t o r  shown 
i n  F igu re  1 .  A more d e t a i l e d  d e s c r i p t i o n  of t h i s  r e a c t o r  can be found i n  Reference 
(9).  The FeS and Fe S a d d i t i v e s  used were from n a t u r a l  minera l  samples and were 
c h a r a c t e r i z e d  by x-raJ g i f f r a c t i o n  and Mossbauer spec t roscopy.  I n  the  experiments 
w i th  model compounds, 70% c a t a l y s t  (200 mesh) by weight was added and mixed with 1 
gm of  t h e  model compounds. 
were pyrene, phenanthrene ,  d ibenzoth iophene ,  1,4-naghthoquinone, phenoth iaz ine  and 
q u i n o l i n e .  The exper iments  were c a r r i e d  ou t  a t  440 C i n  a n i t r o g e n  o r  hydrogen 
atmosphere.  T h e  r e a c t i o n  t ime was one hour .  The r e s i d u e s  were measured a t  room' 
tempera ture .  The s to i ch iomet ry  of  t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  was 
determined us ing  t h e  method desc r ibed  i n  r e fe rences  (7,151. Data a c q u i s i t i o n  and 
a n a l g i s  were conducted on a microprocessor-based computer. The source  was a 200 
m C i  Co:Rh. All t h e  isomer s h i f t  v a l u e s  a r e  g iven  i n  r e fe rence  t o  a-Fe a t  room 
tempera ture .  The s u r f a c e  p r o p e r t i e s  of FeS and Fe7S8 we s tud ied  us ing  Auger and 
e l e c t r o n  energy l o s s  spec t roscopy.  
a spec ia l ly-des igned  h igh  p r e s s u r e  r e a c t o r .  I n  t h i s  r e a c t o r  t he  samples were 
exposed t o  va r ious  gases  (CO, H2, 0 2 )  and h igh  tempera tures .  

2 

The model compounds s tud ied  us ing  Mossbauer spec t roscopy 

The samples were mounted i n  a n  UHV chamber wi th  

11. EXPERIMENTAL RESULTS AND DISCUSSION 

Mossbauer Heasurements 

The m o s t  impor tan t  Mossbauer parameters  i n  t h e  s tudy  of the  t r ans fo rma t ions  and 
i n t e r a c t i o n s  of i r o n  s u l f i d e s  i n  c o a l  a r e  t h e  isomer s h i f t ,  the  magnetic hyper f ine  
and quadrupole s p l i t t i n g s .  The isomer s h i f t  ( IS)  r e s u l t s  from t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n  of  t h e  nuc lea r  and e l e c t r o n  charge  d i s t r i b u t i o n s  i n s i d e  the  nuc lea r  
r eg ion .  T h e  observed IS i n  t h e  Mossbauer spectrum is t h e  d i f f e r e n c e  between t h e  
s h i f t s  i n  the  sou rce  and abso rbe r .  The I S  i s  g iven  by t h e  fo l lowing  r e l a t i o n :  

The q u a n t i t y  6R/R is  a n u c l e a r  p rope r ty  and can be es t imated  us ing  we l l  
c h a r a c t e r i z e d  s t anda rds .  
t h e  M'Cssbauer atom o r  ion .  
t o  a-Fe covers  v a l u e s  between -0.78 mm/sec f o r  Fe 
m/sec for  Fe+.  

The IS va lues  r epor t ed  inc lude  t h e  second o rde r  Doppler s h i f t  (SODS). 

The IS  g i v e s  unique informat ion  on the  va lence  s t a t e  of 
The range  of IS va lue8  f"r i r o n  compounds i n  r e fe rence  

l s o l a t e d  i n  n i t r o g e n  t o  +1.9 
(1 mm/sec = 0.48 x 10-7eV f o r  t h e  14.4 keV t r a n s i t i o n  Of 57Fe.) 

The SODS can 
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be e a s i l y  d i s t ingu i shed  by its temperature  dependence. Its c o n t r i b u t i o n  t o  t h e  
p re sen t  work i s  not  l a r g e  enough t o  j u s t i f y  t h e  c o r r e c t i o n  of  t he  measured c e n t r o i d .  

The magnetic hype r f ine  s p l i t t i n g  a r i s e s  from t h e  i n t e r a c t i o n  of the nuc lea r  
d i p o l e  moment with a magnetic f i e l d  due t o  t h e  atom's  own e l e c t r o n s .  The 
Hamiltonian d e s c r i b i n g  t h i s  i n t e r a c t i o n  can be w r i t t e n  as:  

I 
where I is t h e  s p i n  of  the nucleus,  v is the  magnetic moment, MI  t h e  magnetic 
quantum number, and B t h e  magnetic f i e l d  a t  t he  nucleus.  Fo r  a pu re  magnetic 
i n t e r a c t i o n  s i x  t r a n s i t i o n s  a r e  p o s s i b l e  between t h e  14.4 keV l e v e l  ( I=3 /2 )  and t h e  
ground s t a t e  (1=1/2).  
lower magnetic f i e l d  a t  t h e  i r o n  i o n ;  t h i s  f e a t u r e  is used t o  c a l c u l a t e  t he  
s to i ch iomet ry  of t h e  p y r r h o t i t e s  i n  c o a l  l i q u e f a c t i o n  r e s idues .  The atomic 
percentage of i r o n  is c a l c u l a t e d  acco rd ing  t o  (15)  

The presence of vacanc ie s  i n  t h e  p y r r h o t i t e s  r e s u l t s  i n  a 

at .$Fe = 100 x [0.6836 X 10-3X kmhf + 0.28811 

E AiHi 1 = 

Amhf ATota l  i 

(3  

- 
Hmhf = average magnetic hype r f ine  f i e l d  

ATotal = t o t a l  Mossbauer s p e c t r a l  a r e a  

A .  = s p e c t r a l  a r e a  under  i - t h  s i t e  

H .  = mhf on i - t h  s i t e  

The quadrupole s p l i t t i n g  (QS) occur s  when t h e  M.ossbauer i o n  e l e c t r o n s  and/or  

quadrupole  moment. The quadrupole  s p l i t t i n g  for  t h e  
t h e  neighboring atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nucleus and 
when t h e  nucleus posses ses  
e x c i t e d  s t a t e  14.4 keV of 5ifFe is given by 

Qs = 7 e qQ (1 + f ) ' I 2  
2 

1 2  

where 

eq = V z z  = p r i n c i p a l  a x i s  of t h e  f i e l d  g r a d i e n t  t e n s o r  

vxx - VYY 

vzz 
= asymmetry parameter  n - 

Q = quadrupole  moment of t h e  nuc leus  

The combination o f  IS and QS is very u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of mine ra l s  
i n  c o a l .  
c h a r a c t e r i z e d  compounds and t o  compare with t h e  v a l u e s  obtained f o r  t h e  c o a l  
minerals .  

The procedure fol lowed i s  t o  measure t h e s e  parameters  f o r  s t anda rd  we l l  

The above G s s b a u e r  parameters  w i l l  be used t o  s t u d y  t h e  t r ans fo rma t ions  and 
i n v e r s i o n s  of  s e v e r a l  model compounds with FeS2 and Fe S 

7 8' 
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A .  I n t e r a c t i o n  and Decomposition of  FeS2 in t he  Presence_ 
of Model Compounds -- 

Pyrene: 
of  hydrogen. 
c l o s e  t o  ze ro .  
s p l i t t i n g  ( Q s )  c lose  t o  the  va lue  observed f o r  pure p y r i t e .  The spectrum Of the  
r e s idue  shows t h e  presence  of a p y r r h o t i t e  wi th  a s to i ch iomet ry  c l o s e  to t h a t  
observed f o r  Fe7S8, about  46% of t h e  o r i g i n a l  p y r i t e  remains unreac ted .  
convers ion  of p y r i t e  t o  p y r r h o t i t e  i s  l a r g e r  than the  one obta ined  i n  the  absence of 
pyrene. 
complete. 
0.35 mm/sec, t h i s  va lue  i s  s m a l l e r  t hen  t h s  une obta ined  f o r  t h e  pure  p y r r h o t i t e s  i n  
t h e  absence of py ren i  (Table I ) .  
between t h e  p y r r h o t i t e  and t h e  gases  p re sen t  i n  the  r e a c t o r .  I t  is poss ib l e  t h a t  
what w e  observed i n  t h i s  experiment is an in t e rmed ia t e  s t a t e  of the i r o n  on t h e  
p y r r h o t i t e ,  p robably  i n t e r a c t i n g  wi th  molecular  hydrogen and pyrene. The hexagonal 
p y r r h o t i t e  ob ta ined  a f t e r  the  r e a c t i o n  i s  very  s i m i l a r  t o  the  one observed i n  
r e s i d u e s  from c o a l  l i q u e f a c t i o n .  
t h a t  o f  c o n t r o l l i n g  t h e  H2/H2S r a t d  i n  the  r e a c t o r .  

Phenanthrene: The r e s u l t s  of t h e  Massbauer measurements i n  a n i t rogen  atmosphere 
a r e  very similar t o  those  ob ta ined  f o r  pyrene. There i s  p a r t i a l  convers ion  t o  
Fe l -  Soand the  presence  of  a doub le t  w i th  parameters  c l o s e  t o  those  of p y r i t e  
a t  440 C (no  r e a l  ev idence  of an  i n t e r a c t i o n ) .  By c o n t r a s t  i n  the  presence  o f  
hydrogen, t h e  IS a t  44OoC is t h e  same o f  pure  Fel-xS. 
p y r r h o t i t e  i s  complete (Table  11). 
p y r i t e  i n  t h e  presence  o f  t he  model compound is f a s t e r  than i n  the  absence of 
phenanthrene. 
t h a t  t he  p y r r h o t i t e  does-rfot p l ay  any d i r e c t  r o l e ,  o r  t h a t  t he  in t e rmed ia t e s  
decompose f a s t e r  than  10 

DibenzothiophenE: 
p y r i t e  f u l l y  decomposes t o  Fe 
s to i ch iomet ry  cbose t o  t h a t  oh-$e S8 (Table  11). 
wi th  DBZ a t  440 C ,  a double t  is  oxserved wi th  IS c l o s e  t o  zero  and QS = 0.63 mm/sec 
(F igu re  2 ) .  These va lues  a r e  s i m i l a r  t o  those  of p y r i t e ,  however t h e r e  is no p y r i t e  
l e f t  i n  t h e  r e s i d u e s  (F igu re  3 ) .  In a hydrogen atmosphere the  K'ssbauer spectrum a t  
44OoC i s  very d i f f e r e n t  from t h a t  observed i n  n i t rogen .  A s i n g l e  M'bssbauer l i n e  
wi th  an  IS = 0.36 mm/sec is observed. The r e s i d u e  of t h i s  run  i s  an hexagonal 
p y r r h o t i t e .  The p r e s e n t  r e s u l t s  i n d i c a t e  a r e a c t i o n  wi th  t h e  p y r r h o t i t e .  It i s  
very  probable  t h a t  hydrogenat ion  i s  t h e  major c a t a l y t i c  r o l e  of t he  p y r r h o t i t e s  i n  
t h i s  system. 

Phenoth iaz ine :  There is p a r t i a l  decomposi t ion  of p y r i t e  i n  a n i t rogen  atmosphere,  
however i n  t h i s  case  t h e r e  i s  l e s s  decomposition than  f o r  pyrene o r  phenanthrene. 
Decompositionotakes p l ace  i n  t h e  presence  of hydrogen but  i t  i s  incomplete.  
and QS a t  440 C a r e  c l e a r l y  due to  t h e  un reac ted  p y r i t e  (Table  11). 
measurements do not i n d i c a t e  any k ind  of s t r o n g  r e a c t i o n  f o r  FeS o r  Fe S with  
the  model compounds. I f  any r e a c t i o n  o c c u r s ,  i t  is very weak compared td-$yrene, 
phenanthrene o r  DBZ. 

Q u i n o l i n e :  There is only  p a r t i a l  decomposi t ion  of p y r i t e  t o  p y r r h o t i t e  i n  n i t r o g e n  
o r  hydrogen atmospheres.  
r e s i d u e s  is very c l o s e  t o  Fe S In orde r  t o  o b t a i n  such a s to i ch iomet ry ,  a h igh  
p a r t i a l  p re s su re  of H S must7b8'present i n  t h e  r e a c t o r .  The DGssbauer spectrum a t  
44OoC can be a t t r i b u t e d  t o  FeS2 a lone ;  t h e r e  is a very  small con t r ibu t ion  from the  
p y r r h o t i t e  and no ev idence  of r e a c t i o n .  
t he  p y r r h o t i t e  i n  c a t a l y z i n g  t h e  hydrogenat ion  of q u i n o l i n e  t o  t e t r ahydroqu ino l ine  

P y r i t e  p a r t i a l l y  decomposes i n  t h e  presence  of pyrene even i n  t h e  absence 

The spectrum shows a wel l -def ined  double t  wi th  a quadrupole 
The observed IS a t  44OoC f o r  t h e  sample i n  a n i t rogen  atmosphere i s  

The 

the  t r ans fo rma t ion  of p y r i t e  t o  p y r r h o t i t e  is In  t h e  presence  of H 
A t  44OoC t h e  Msssbguer spectrum shows on ly  a broad s i c g l e t  wi th  an  IS  = 

T h i s  i s  g iven  a s  evidence of an i n t e r a c t i o n  

H S appa ren t ly  does  no t  P lay  any o t h e r  r o l e  but 

The convers ion  of p y r i t e  t o  
We must aga in  emphasize t h a t  the  convers ion  of 

If t h e r e  i s  hydrogenat ion  ( 1 )  of t h e  phenanthrene, i t  is p o s s i b l e  

s e c  ( t h e  l i f e t i m e  of  t he  Mzssbauer l e v e l ) .  

In t h e  presence  of t h i s  compound and i n  a n i t rogen  atmosphere,  
S. The p y r r h o t i t e  formed from t h i s  r e a c t i o n  has  a 

There is evidence of i n t e r a c t i o n  

The IS  
These 

2 

The s to i ch iomet ry  of  t he  p y r r h o t i t e  p re sen t  i n  t h e  

2 

These r e s u l t s  sugges t  no a c t i v e  r o l e  f o r  
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F 
(THQ), Only H2S remains as a p o s s i b l e  c a t a l y s t .  
when d i s c u s s i n g  t h e  i n t e r a c t i o n  with Fe S 

1,4-Naphthoquinone: 
p l ace  i n  a n i t rogen  atmosphere.  
r e s i d u e .  I n  o r d e r  f o r  t h i s  t o  happen t h e  p y r r h o t i t e  formed from the  p a r t i a l  
decomposition of p y r i t e  must r e a c t  w i th  the  oxygen p r e s e n t  i n  t h e  model compound. 
I n  a hydrogen atmosphere t h e  magnet i te  i s  absen t  from the  f i n a l  p roduc t s  and f u l l  
conversion of p y r i t e  t o  p y r r h o t i t e  occurs .  The p r e s e n t  r e s u l t s  i n d i c a t e  a s t r o n g  
a f f i n i t y  of t h e  p y r r h o t i t e  s u r f a c e  towards oxygen, and i n d i c a t e s  t h a t  b reak ing  o f  
oxygen bonds i n  c o a l  is a p o s s i b l e  mechanism by which c o a l  conve r s ion  is enhanced. 

We w i l l  come back t o  t h i s  problem 

7 8’ 

A very  i n t e r e s t i n g  r e s u l t  i s  ob ta ined  when t h e  r e a c t i o n  t a k e s  
It  is observed t h a t  Fe304 i s  p r e s e n t  i n  t h e  

B. I n t e r a c t i o n s  and Transformations of Fe7S3 f” t h e  p_r_e_S_e_n_c_e_ 
of  Model C o 9 t m A .  ( A l l  t h e  experiments  i n  a hydrogen atmosphere.)  

Pyrene: The 
r e s i d u e  shows the  presence of  FeS ( t r o i l i t e )  and Fl-xS w i t h  48.2 a t% Fe (Table  111).  
F igu res  4 and 5 show t h e  Mossbauer s p e c t r a  f o r  t h i s  r u n  a t  44OoC and room 
temperature  r e s p e c t i v e l y .  The presence of  t r o i l i t e  r e q u i r e s  a very low p a r t i a l  
p re s su re  of  H S i n  t h e  r e a c t o r .  Th i s  i s  no t  t o t a l l y  unexpected s i n c e  t h e  amount of  
f r e e  s u l f u r  a $ a i l a b l e  from Fe S is  very l i m i t e d .  There i s  evidence of  a r e a c t i o n  
with the  pyrene,  bu t  t h e  s u l f l d i s  ob ta ined  i n  t h i s  ca se  d i f f e r  markedly from t h o s e  
obtained f o r  FeS2. 
p y r i t e  is  t h e  p recu r so r  of  p y r r h o t i t e .  

Phenanthrene: The N6ssbauer measurements i n  t h i s  c a s e  g i g e  very similar r e s u l t s  t o  
the  ones obtained f o r  pyrene. There i s  a r e a c t i o n  a t  440 C; t h e r e  t r o i l i t e  is 
p r e s e n t  i n  t h e  r e s idues .  These r e s u l t s  c o n t r a s t  w i th  t h e  ones ob ta ined  when p y r i t e  
is added t o  phenanthrene. There is a marked d i f f e r e n c e  between t h e  behavior  o f  t he  
nascen t  p y r r h o t i t e  and Fe7S8. 
probably r e s p o n s i b l e  f o r  such a d i f f e r e n c e .  

- DBZ: There i s  evidence o f  a r e a c t i o n  a t  high temperatures  ( I S  = 0.30 0.06 
mm/sec). The r e s idue  c o n t a i n s  t r o i l i t e .  S ince  DBZ has  s u l f u r ,  t h e r e  must be a 
r e a c t i o n  between H S and t h e  compound i n  o r d e r  t o  e f f e c t i v e l y  reduce t h e  p a r t i a l  
p re s su re  of H S an$ a l l o w  t h e  formation of  FeS. 
involvement 04 H S i n  t h e  r e a c t i o n s .  

Quinoline_: There is some evidence of  a r e a c t i o n  a t  h igh  temperature  (44OoC), t h e  
IS = 0.40 0.07 mm/sec c l o s e  t o  t h a t  of  pure p y r r h o t i t e ,  but  s t i l l  s l i g h t l y  more 
nega t ive .  The r e s i d u e  of t h i s  run  does no t  show any FeS, t h e  p y r r h o t i t e  ob ta ined  
has  48.2 a t . %  i r o n .  We a t t r i b u t e  t h i s  behavior  t o  the  p re sence  of  unreacted H s,  2 o the rwise  FeS can be formed. Th i s  behav io r  is d i f f e r e n t  from t h a t  observed f o r  
p y r i t e ,  aga in  p o i n t i n g  o u t  t he  d i f f e r e n c e  between t h e  nascen t  p y r r h o t i t e  (from 
p y r i t e )  and Fe S 

-- Phenothiazine_: S i m i l a r  r e s u l t s  t o  those  ob ta ined  f o r  q u i n o l i n e ,  b u t  i n  t h i s  ca se  
t h e  a t G n  i n  t h e  r e s i d u e s  is lower (Table  111) .  
evidence of a h i g h e r  p a r t i a l  p r e s s u r e  of H S i n  t h e  r e a c t o r .  Th i s  behavior  
c o n t r a s t s  w i th  t h e  one observed f o r  DBZ. 
however i n  pheno th iaz ine  t h e r e  is a l s o  n i t rogen .  
r e a c t i v i t y  t o  t h e  p y r r h o t i t e  and n i t r o g e n ,  a l though  t h e  p r e s e n t  
evidence i s  i n s u f f i c i e n t  t o  c h a r a c t e r i z e  p y r r h o t i t e  as an HDN c a t a l y s t .  

1,4-Naphthoquinone_: No t r o i l i t e  is observed i n  t h e  r e s i d u e s ;  hexagonal p y r r h o t i t e  
i s  obtained with 48.1 a t .% i r o n .  
FeS 

A s i n g l e  Mossbauer l i n e  is observed a t  44OoC with an IS  = 0.35 mm/sec. 

Th i s  d i f f e r e n c e  may be a t t r i b u t e d  t o  t h e  excess  of H S when 2 

The excess  of  s u l f u r  atoms on t h e  p y r i t e  s u r f a c e  i s  

There i s  evidence of a c t i v e  

2 

7 8’ 

Th i s  l a s t  r e s u l t  is c l e a r  

?n both molecules  s u l f u r  is p r e s e n t ,  
It  is tempting t o  a t t r i b u t e  some 

expe r imen ta l  

R e s u l t s  a r e  ve ry  similar t o  t h e  ones ob ta ined  f o r  

2’ 

In  t h e  p r e s e n t  experiments  we have s t u d i e d  t h e  r e a c t i o n s  of FeS2 and Fe S with 7 8  
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a s e l e c t e d  number of model compounds. 
sugges t  t h a t  one of t he  mechanisms by which p y r r h o t i t e  enhances c o a l  l i q u e f a c t i o n  is 
through i n t e r a c t i o n s  w i t h  oxygen bonds i n  c o a l .  There i s  a l s o  ev idence  from the  
p r e s e n t  exper iments  a s  we l l  as those  r epor t ed  i n  t h e  l i t e r a t u r e  t h a t  t he  p y r r h o t i t e s  
a c t  a s  hydrogenation c a t a l y s t .  
ignored .  
The r eac t ions  wi th  n i t r o g e n  compounds a r e  no t  very  c l e a r  and more work remains to  be 
done i n  t h i s  a r e a  of r e sea rch .  We a r e  of t h e  op in ion  t h a t  hydrodesu l fu r i za t ion  has  
t o  be excluded as one of t h e  r o l e s  of the  p y r r h o t i t e s .  I n  t h e  fo l lowing  paragraph 
we w i l l  d i s c u s s  t h e  behavior  of t he  p y r r h o t i t e  s u r f a c e s  i n t e r a c t i n g  wi th  simple 
gases .  

From t h e  r e s u l t s  of such exper iments  we 

However, t h e  r o l e  of H S cannot be comple te ly  
There is c l e a r  ev idence  of  d i r e c t  involvemen$ of H S i n  t h e  r e a c t i o n s .  2 

E l e c t r o c  Energy LUSV Aeasurements 
__I--- 

Normal inc idence  was used f o r  t h e  EEL measurements. The EEL s p e c t r a  were 
measured i n  t h e  second d e r i v a t i v e  mode f o r  va r ious  primary e l e c t r o n  e n e r g i e s  (50 eV, 
150 eV, 250 eV). A sma l l  modulation was app l i ed  t o  t h e  CMA (vpp=l v o l t )  and used a s  
a r e fe rence  s i g p a l .  
sub jec t ed  t o  A r  ion bombardment f o r  s e v e r a l  c y c l e s  u n t i l  a c l ean  s u r f a c e  was 
ob ta ined .  

The major i m p u r i t i e s  were carbon and oxygen. The samples were 

E lec t ron  energy  l o s s  spec t roscopy i s  s t r o n g l y  s u r f a c e  s e n s i t i v e .  By vary ing  
t h e  e l e c t r o n  primary energy one is a b l e  to  d i s t i n g u i s h  between volume and su r face  
p r o p e r t i e s  (16).  In t e rband  and in t r aband  t r a n s i t i o n s  can be i d e n t i f i e d  wi th  t h i s  
technique .  
spec t roscopy.  I n  t h e  p re sen t  work t h e  major i o n i z a t i o n  l o s s e s  s tud ied  a r e  t h e  M 
and M, of s u l f u r  and i r o n .  

I o n i z a t i o n  l o s s e s  can be e a s i l y  s t u d i e d  us ing  e l e c t r o n  energy  l o s s  
293 

A. EEL Study of  Fe7% A t  High Temperatures and i n  t h e  Presence  
o f  C O ,  O2 and H2 

E f f e c t  of Tem e r a t u r e :  The e f f e c t  of tempera ture  on t h e  EEL spectrum of a ~ - - - -  
s i n g l e  c r y s t a l  of <e S is shown i n  F igu re  G (Ep=150eV). One observes  the  
t ransformat ion  of t h z  f!EL spectrum as t h e  tempera ture  is inc reased ,  a t  32OoC t he re  
is i r o n  enrichment of  the  s u r f a c e .  Th i s  is d e t e c t e d  by the  observed enhancement of 
peak C ( su r face  plasmon 8f  Fe) .  
l e v e l s  of i r o n ) .  A t  450 C t h e  spectrum of t h e  i r o n  s u l f i d e  is d i f f e r e n t  from thz'c' 
observed a t  RT w i th  B peak s h i f t e d  i n  energy from 5.1 t o  6.2 eV. The new i r o n  
s u l f i d e  on t h e  s u r f a c e  has  a d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e  a l though some i r o n  
c h a r a c t e r  is r e t a i n e d .  

The peaks J , K  a r e  due t o  a 3p +3d  t r a n s i t i o n  ( M  

I n t e r a c t i o n 4 w i t h  C O , ~  and-! : The Auger spectrum of Fe Sa a f t e r  r e a c t i o n  
wi th  CO (4 x 10 t o r r )  a t  
oxygen on the  s u r f a c e .  Th i s  oxygen is bonded t o  t h e  i r o n  i n  t h e  p y r r h o t i t e .  This  
i s  c l e a r l y  seen  i n  F igure  8 where the  low energy i r o n  Auger peak shows the  
c h a r a c t e r i s t i c  shape of  t h e  oxide  ( a  s t r o n g  double t  around 50 eV). 
d e t e c t e d  on t h e  s u r f a c e ;  t h e  absence of  carbon can be expla ined  only  by t h e  
format ion  o f  some v o l a t i l e  s p e c i e s  of carbon and s u l f u r  ( l i k e  CS2). 
energy l o s s  spectrum a t  Ep=150eV is  shown i n  F igu re  9. 
e n e r g i e s  a r e  c h a r a c t e r ' s t i c  of  t h e  Fe-0 system. 
exposed t o  O 2  ( 4  x lo-' t o r r ,  45OoC f o r  f i v e  minutes )  i s  shown i n  F igu re  7 1  'One can 
observe  the s t r o n g  s i m i l a r i t i e s  wi th  t h e  spectrum obta ined  f o r  CO exposure.  
F igu re  9 the EEL spectrum f o r  oxygen exposure i s  a l s o  shown. 
s i m i l a r i t y  to  t h a t  of Fe Ss exposed t o  CO.  
sha rpness  a r e  c h a r a c t e r i l t l c  of  i r o n  oxides .  I f  hydrogen i s  used i n s t e a d  of O2 o r  
CO one ob ta ins  t h e  spectrum shown i n  F igu re  9. 
s u l f i d e  where some of t h e  s u l f u r  has  been removed from t h e  su r face .  
c h a r a c t e r  of t he  s u r f a c e  i s  s t i l l  r e t a i n e d  a s  shown by t h e  presence  of t h e  3p +3d 

i g  shown i n  F igu re  7. One ob le rves  t h e  presence  of 

No carbon is 

The e l e c t r o n  
The two s t r o n g  peaks a t  low 

The Auger spectrum f o r  Fe S 

I n  
There is a g r e a t  

The lower J , K  peak p o s i t i o n s  and 

This spectrum i s  t h a t  of an i r o n  
The i r o n  

1 7 4  



t r a n s i t i o n s .  
removed from t h e  s u r f a c e  ( format ion  of H 0) .  The i r o n  s u l f i d e  s u r f a c e  is r e s t o r e d  
but w i th  a s to i ch iomet ry  d i f f e r e n t  from $hat of Fe S8.  
descr ibed  he re ,  a c l e a n  Fe S 
doped on the  s u r f a c e  wi th  Xuafur was als8 s tud ied  us ing  EEL spec t roscopy.  
s i m i l a r  spectrum to  t h a t  ob ta ined  a t  450 C f o r  Fe S8 was measured. 
i n d i c a t e s  a s t r o n g  i r o n  c h a r a c t e r  of t he  p y r r h o t i l e  su r face .  

I f  a combination of C O / H  (1 :1)  is used a t  450°C the  oxygen i s  t o t a l l y  
2 

I n  a l l  t he  exper iments  
7 sample was used a s  a s t a r t i n g  m a t e r i a l .  An i r o n  f o i l  

A very 
Such a r e s u l t  

9. EEL Study of  FeS2 a t  High Temperatures and i n  t h e  Presence 
o f C 0 , S g F L H 2  

A t y p i c a l  energy l o s s  spectrum o f  a p y r i t e  s i n g l e  c r y s t a l  s u r f a c e  is shown i n  
Af t e r  h e a t i n g  t h e  sample t o  220°C one observes  a dramat ic  change Figure  10 ( t o p ) .  

i n  t h e  spectrum. We a t t r i b u t e  t h i s  change t o  t h e  presence  of e lementa l  s u l f u r ,  and 
probably some Fe A t  32OoC the  spectrum of the  s u r f a c e  i s  more s i m i l a r  t o  t h a t  
of Fe S. 
two lk&. 
two i r o n  spec ie s  (Fe 
no Byr i t e  c h a r a c t e r  k e a i n e d .  
450 C from Fe7S8 (Figure  7 ) .  
p y r r h o t i t e  i s  not  Fe S 

S.  
It il-:oted t h a t  the  3p +3d t r a n s i t i o n s  show t h e  presence  of more than  
This  spectrum f o r  t he  J,K t r a n s i t i o n s  can  be produced by t h e  presence  of  

A t  45OoC the  s u r f a c e  i s  t h a t  of p y r r h o t i t e  wi th  S and FeS ). 
Tte  spectrum i s  almost i d e n t i c a l  t o  t h a t  ob ta ined  a t  

We want t o  po in t  ou t  t h a t  t h e  h igh  tempera ture  

7 8' 

The behavior  of  p y r i t e  a t  45OoC i n  the  presence  of CO and 0 c o n t r a s t s  markedly 
wi th  t h a t  of Fe S8 ( see  F igu res  10 and 11). 
EEL s p e c t r a  be tJeen  the  two samples i s  r e l a t e d  to  the  excess  of  e lementa l  s u l f u r  
present  on the  p y r i t e  s u r f a c e  a t  45OoC. 
i r o n  i n  the  p y r r h o t i t e  t o  r e a c t  wi th  CO o r  oxygen. 
O f  CO o r  0 a sma l l  change is observed i n  t h e  EEL spectrum, probably  due to  the  
removal of the  s u l f u r  from the  s u r f a c e .  
t h e  r e a c t o r ,  an EEL spectrum very s i m i l a r  t o  t h a t  observed f o r  Fe S is obta ined .  
In  thi 's  case  e l emen ta l  s u l f u r  i s  removed from t h e  s u r f a c e  and the7sg r face  behaves a s  
t h a t  of a pure p y r r h o t i t e .  

We b e l i e v e  t h a t  t h i g  d i f f e r e n c e  i n  t h e  

This  excess  of s u l f u r  does not  permit t h e  
I f  H 2  is used a s  a gas  i n s t e a d  

2 
I f  a combination of 8 / H 2  ( 1 : l )  is used i n  

I n  conclus ion  w e  f i n d  t h a t  t h e  major d i f f e r e n c e  i n  t h e  behavior  of t he  
p y r r h o t i t e  and p y r i t e  s u r f a c e s  a t  h igh  tempera ture  i s  due t o  t h e  presence  of an  
excess  of s u l f u r  on t h e  l a t te r .  We a l s o  observe  t h a t  t h e  p y r r h o t i t e  s u r f a c e  has  a 
s t r o n g  i r o n  c h a r a c t e r  and g r e a t  a f f i n i t y  t o  oxygen. Although t h e  p re sen t  s tudy  is 
only  on very  s imple  g a s e s ,  t hese  gases  a r e  p r e s e n t  i n  t h e  r e a c t o r  du r ing  d i r e c t  c o a l  
l i q u e f a c t i o n .  
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FIGURE 1 Reactor  f o r  Mossbauer " in - s i tu ' '  measurements. 
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FIGURE 2 M'tssbauer s p e c t r a  a t  RT f o r  a mixture  of FeS2 and DBZ. 
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FIGURE 3 Mijssbauer s p e c t r a  a t  RT of t h e  r e s i d u e  of t h e  r e a c t i o n  of 
FeS and DBZ. 
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FIGURE 4 Mossbauer s p e c t r a  a t  45OoC of Fe,S8 and pyrene  i n  a 
hydrogen atmosphere. 
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FIGURE 5 MGssbauer spectra of the residue of the reaction 
with pyrene . Tr : t r o i l i t e  

Pr:  pyrrhotite 
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FIGURE 6 EEL spectra of Fe S a t  
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FIGURE 7 Auger spectra of Fe S8 a f t e r  a 
reaction with CO an$ 02. 
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FIGURE 10 EEL s p e c t r a  of FeS2 a f t e r  h e a t i n g  t o  va r ious  t empera tu res  
(RT to 450' C ) .  
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IRON-BASED CATALYSTS, H2S AND LIQUEFACTIOV 

V i r g i l  I .  Stenberg, K. Tanabe, T. Ogawa, P. Sweeny and R. Hei  

U n i v e r s i t y  o f  N o r t h  Dakota, Grand Forks, Nor th  Dakota 58202 

INTRODUCTION 
One o f  t he  most p romis ing  advances o f  t h e  pas t  50 yea rs  o f  coa l  l i q u e f a c t i o n  

c a t a l y s i s  i s  l e a r n i n g  o f  t h e  i r o n  and s u l f u r  synergism. Now w i t h  t h e  promot ional  
e f fec ts  of h drogen s u l f i d k  demonstrated ( 1 )  and i t s  mechanism o f  a c t i o n  be ing  
unve i l ed  ( 2 , 3 f ,  t h e  i n t e r a c t i o n  o f  hydrogen s u l f i d e  w i t h  i r o n  needs t o  be understood 
f o r  e x p l a i n i n g  t h e  b a s i s  o f  p r e s u l f i d i n g  c a t a l y s t s  and f o r  new c a t a l y s t  des ign.  
P r e s u l f i d i n g  metal ox ide  hydrogenat ion c a t a l y s t s  has l o n g  been known t o  enhance 
l i q u e f a c t i o n  y i e l d s .  However, t h e  chemistry-based reason(s)  f o r  t he  enhancement i s  
unc lea r .  The metal ox ides are probably  conver ted t o  a mixed o x i d e - s u l f i d e  under 
s u l f u r - r i c h  cond i t i ons .  Using d i f f e r e n t i a l  thermal a n a l y s i s  under  h i g h  pressure f o r  
coa l  hydrogenation, Takeya ( 4 )  r a t e s  red  mud + S a t  297°C as hav ing  b e t t e r  c a t a l y t i c  
a c t i v i t y  than red  r e d  mud a t  429°C. A combinat ion o f  i r o n  ox ides  and s u l f u r  have 
been used f o r  coal l i q u e f a c t i o n  e f f e c t i v e l y  (5,6). 

I n  r e l a t e d  s tud ies ,  Beardon and A l d r i d g e  have pa ten ted  t h e  pret reatment  o f  coa l  
w i t h  hydrogen s u l f i d e  t o  enhance conversioris ( 7 ) .  G a t s i s  ( 8 )  u t i l i z e d  4 t o  8 volume 
pe rcen t  hydrogen s u l f i d e  (based on hydrogen gas) t o  enhance the  convers ion of 
b i tuminous coal ( P i t t s b u r g h  Seam Coal )  i n t o  a mere f i l t e r a b l e ,  h i g h e r  hydrogen 
con ten t  product  u s i n g  a so l ven t .  The o p e r a t i n g  c o n d i t i o n s  i n  t h e  e x t r a c t i o n  zone 
were 250"-5OO0C and 500 t o  5,OOG p s i g  w i t h  a s o l v e n t  t o  coal  we igh t  r a t i o  o f  0.2 t o  
10 and a res idence t ime  f rom 30 seconds t.o 5 hours. I f  hydrogen i s  n o t  p resen t  i n  
t h e  e x t r a c t i o n  zone, then  i t  i s  recommended t h a t  t h e  H S amount be increased t o  40% 
based upon t h e  amount o f  coa l  f e d  i n t o  t h e  e x t r a c t i o i  zone. H e t t i n g e r  has shown 
t h a t  hydrogen s u l f i d e  causes a s i g n i f i c a n t  i nc rease  i n  hyd roc rack ing  ( 9 ) .  Goudrian 
e t  a l .  (10) and S a t t e r f i e l d  and Model (11) conclude t h a t  hydrogen s u l f i d e  improved 
F d a i q u e f a c t i o r i  o f  b i t um inous  coa ls  u s i n g  hydrogen gas and l i g n i t e s  us ing  
synthes is  gas. Sondreal, W i l l s o n  and Stenberg ( 1 )  have demonstrated the p o s i t i v e  
e f f e c t  of H S cn l i g n i t e  l i q u e f a c t i o n  us ing  syn thes i s  gas. The product  stream on 
t h e  c o n t i n u a s  f l o w  u n i t  has l ower  v i s c o s i t y ,  l ower  gas y i e l d  and h i g h e r  d i s t i l l a b l e  
o i l  y i e l d .  Th is  enhancement c o u l d  be due t o  t h e  i n t e r a c t i o n  c f  t $ S  w i t h  the  
m ine ra l s  present  i n  coa l .  

EXPERIHENTAL 
Diphenylmethane was purchased ( A l d r i c h )  and r e c r y s t a l  l i i e d  f rom i t s  e t h y l  

a l c o h o l  so lu t ic i r i ,  cooled and t h e  p u r i t y  o f  diphenylmethane determined by GC was over 
99.9%. S u l f u r  ( A l d r i c h )  and H,S (Matheson, Coleman and B e l l )  were used d i r e c t l y  
w i t h o u t  p u r i f i c a t i o n .  A l l  t he  k a c t i o n s  were c a r r i e d  out. i n  a 12-ml 316 s t a i n l e s s  
s t e e l  batch m ic roau toc lave  (12) .  The heat-up t ime  was a t  2 minutes and cool-down 
t i m e  a t  0.5 minutes,  r e s p e c t i v e l y .  The reac t i o r :  c o n d i t i o n s  were as f o l l o w s :  
temperature, 300-425"C, ma in l y  425°C; t ime, 0-120 minutes,  n o t  i n c l u d i n g  heat-up and 
cool-down t imes; t h e  molar  r a t i o  of s u l f u r  r e a c t a n t s  a re  des ignated i n  each t a b l e .  
A f t e r  the autoc lave was cooled, t h e  volume o r  pressure o f  gas was measured. The 
l i q u i d  products  were washed c u t  f rom the i ru toc lave w i t h  e the r ,  and y e n  analyzed by 
GC. Instruments f o r  i d e n t i f y i n g  t h e  p roduc ts  were GC-MS and H-nnr. A gas 
chromatograph (Var ian  2100) used f o r  t he  separa t i on  o f  1 i q u i d  products .  Separat ion 
was e f f e c t e d  by a column (0.64 cm x 183 cm) w i t h  3% OV-17 supported on Suplecoport 
A. 

RESULTS AND DISCLiSSION 
DiDhenvlmethane was se lec ted  as the  nLodel compound f o r  these s t u d i e s  t o  

exempliky <he chemical r e a c t i o n s  of an aromat ic  r i n g - a l i p h n t i c  s ide  cha in  i n  coa l .  
I t s  chemical s t r u c t u r e  denies a l i p h a t i c  e l i m i n a t i o n  r e a c t i o n s .  The aromat ic-methy-  
l e n  aromatic b,onds apparent absence i n  SRL , SRC ana t h e  l ower  b o i l i n g  l i q u i d s  from 
coa f -  l i q u e f a c t i o n  does n o t  d e t r a c t  from d iphenylmethane's  t h e o r e t i c a l  va lue  no r  
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prove i t s  absence o f  i t s  s t r u c u r a l  r e l a t i v e s  i n  coa ls .  I t s  a b i l i t y  t o  r e f l e c t  
improved c o n d i t i o n s  f o r  t h e  l i q u e f a c t i o n  o f  c o a l s  i n  the  u l t i m a t e  c r i t e r i o n  o f  value 
as a model compound. I t s  behav io r  under l i q u e f a c t i o n  c o n d i t i o n s  has a l ready 
accu ra te l y  r e f l e c t e d  t h e  H S enhancement o f  coa l  l i q u e f a c t i o n .  

The thermal  s tab i l? ty  o f  diphenylmethane i s  h i g h e r  than  b i b e n z y l  and 
diphenylpropane. Diphenylmethane i s  though t  t o  be one o f  t h e  most t h e r m a l l y  s tab le  
c o a l - r e l a t e d  model compounds. T h i s  i s  bourne o u t  by  t h e  data on t h e  p y r o l y s i s  o f  
diphenylmethane under v a r i o u s  r e a c t i o n  c o n d i t i o n s  as i l l u s t r a t e d  i n  Table 1. 
Diphenylmethane does n o t  decompose i n  t,he argon a t  t h e  temperature o f  425°C and 
r e a c t i o n  t ime  o f  60 minutes. S i m i l a r  r e s u l t s  were ob ta ined  i n  t h e  presence o f  
hydrogen s u l f i d e .  However, t he  decomposi t ion o f  diphenylmethane was enhanced i n  the 
presence of e i t h e r  s u l f u r  a lone o r  a m i x t u r e  o f  hydrogen s u l f i d e  and s u l f u r .  In the 
p y r o l y s i s  r.eacLiutis o f  diphenyi inethane, s u l f u r  f u n c t i o n s  as a r e a c t a n t  and 13 
p roduc ts  a re  formed t o g e t h e r  w i t h  a polymer, c f .  Tab le  1. Wi th  e i t h e r  elemental 
s u l f u r  under argon o r  under  tI2S atmospheres f o r  30 min, t h e  convers ions a re  49.9 and 
35.8%, respect  i v e l  y . 

The presence o f  Ii S d u r i n g  t h e  r e a c t i o n  o f  diphenylmethane w i t h  s u l f u r  
i n f l u e n c e s  t h e  p roduc t  & s t r i b u t i o n .  Wi th  t! S t h e  y i e l d s  o f  t h e  low molecular  
we igh t  products ,  t o luene  and th iopheno l  , are  'h;glier t han  those o f  t h e  comparable 
r e a c t i o n  w i t h  S d e s p i t e  the  r e d u c t i o n  i n  diphenylmethane convers ion,  c f .  Table 1. 
The y i e l d  o f  h i &  mo lecu la r  we igh t  p roduc ts ,  c l a s s i f i e d  as "polymer" i n  Table 1, was 
reduced which accounts f o r  t he  d i f f e r e n c e .  

The y i e l d s  o f  gaseous and po lymer i c  p roduc ts  i nc reased  w i t h  temperature and 
r e l a t i v e  c o n c e n t r a t i o n  o f  s u l f u r  w i t h  l i t t l e  dependence on t ime ,  c f .  Table 2 .  The 
amounts o f  gas evolved c o r r e l a t e d  w i t h  the  y i e l d  o f  po l ymer i c  products  under these 
c o n d i t i o n s  except  when t h e  S :diphenylmethane r a t i o  was low. The r e a c t i o n s  t o  form 
b o t h  gaseous and polymer ic  & reduc ts  a r e  r a p i d  and t h e  y i e l d s  appear t o  s t a b i l i z e  
a f t e r  30 minutes. 

Table 3 i l l u s t r a t e s  t h a t  diphenylmethane-S p roduc t  d i s t r i b u t i o n  does indeed 
change before 30 minutes even though t h e  conver&on a i d  w i t h i n  exper imenta l  e r r o r .  
Te t rapheny le thy lene  was t h e  p r i n c i p a l  p roduc t  i r i  t k  i n i t i a l  stages o f  t h e  r e a c t i o n ,  
and i t  vanished a f t e r  60 minutes r e a c t i o n  t ime .  Benzene, to luene  and th iophenol  
y i e l d s  appear t o  be t h e  main benefactors  o f  these secondary r e a c t i o n s .  S ince the 
fo rma t i cn  o f  t e t r a p h e n y l e t h y l e n e  occurs l a r g e l y  w i t h i n  the  2-minute heat-up t ime, 
i t s  format ion i s  one o f  t h e  p r i n c i p a l  p r imary  r e a c t i o n s  o c c u r r i n g  i n  the 
diphenylmethane m i x t u r e .  I t s  i ncomp le te  convers ion i n t o  p roduc ts  i s  p c s s i b l y  due t o  
e i t h e r  the diphenylnethane-S r e a c t i o n  o c c u r r i n g  o n l y  i n  t h e  l i q u i d  phase a t  lower 
temperatures where su l fu r - i nguced  r a d i c a l  r e a c t i o n s  a re  known t o  occur  o r  a change 
i n  t h e  chemical na tu re  and r e a c t i v i t y  of s u l f u r  occu r red  w i t h  t h e  r e a c t i o n  t ime .  

I n  a d d i t i o n  t o  te t rapheny le thy lene ,  t e t rapheny le thane  and thiobenzophenone were 
de tec ted  a t  300" and 350°C and t h e i r  c o n c e n t r a t i o n  decreases w i t h  i nc reas ing  
temperature. The low b o i l i n g  p roduc ts ,  benzene, to luene  arid th iophenol  a re  no t  
formed a t  300" and 350°C. There fo re  these must be ca tegor i zed  as secondary 

J n  t h e  hydrogen gas and/or  t he  H S gas, t h e  diphenylmethane convers ion was 
about  4%. On t h e  o the r  
hand, the  diphenylmethane convers ion was enhanced i n  a H 2 - H  S m i x t u r e  gas. The 
diphenylmethane convers ion  was H S c o n c e n t r a t i o n  dependent, esFcc ia l  l y  a t  l ower  H S 
concen t ra t i ons ,  and independent & ti2 c o n c e n t r a t i o n  under  t h e  c o n d i t i o n s  employed ?n 
t h i s  study. The main p roduc ts  w i t h  t h e  H -H S mixt.ure gas were again benzene and 
to luene .  Sever21 minor  p roduc ts  were fo<me?i i n  l e s s  than 1% o f  t h e  we igh t  o f  
diphenylmethane charged. 

The r e s u l t s  ob ta ined  i n  a p r e s u l f i d e d  r e d c t o r  tube showed t h a t  the 
diphenylmethane hyd roc rack ing  was promoted i n  p a r t  by t h e  meta l  s u l f i d e  l a y e r  formed 
on t h e  s t a i n l e s s  s t e e l  r e a c t o r  w a l l .  The r e a c t o r  w a l l  was su l f i dec l  w i t h  ti S be fo re  
t h e  i n t r o d u c t i o n  of diphenylmethane which r e s u l t s  i n  a b l a c k  c o a t i n g  be ing  qormed on 
t h e  r e a c t o r  w a l l .  Since t h e  meta l  s u l f i d e  i s  be ing  formed as t h e  r e a c t i o n  proceeds 
i n  t h e  ncnsy l f i ded  meta l  r e a c t o r  t ube ,  It i s  d i f f i c u l t  t o  be c e r t a i n  o f  the 
percentage, 1f  arly, of t h e  hyd roc rack ing  which occurs i n  the gas phase. 

products .  

Benzene and to luene  were fogmed i n  about equal anicunts. 
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With P y r r h o t i t e ,  H gas causes cons ide rab le  hyd roc rack ing  of diphenylmethane 
which c o n t r a s t s  w i t h  i t 2  behav io r  i n  t h e  absence o f  t h e  i r o n  s u l f i d e .  Benzene and 
to luene a re  t h e  main p roduc ts  w i t h  benzene i n  excess. 

The H H S gas m i x t u r e  over p y r r h o t i t e  enhanced t h e  diphenylmethane 
i h y d r o c r a c k i h -  T e a c t i o n  cons ide rab ly  more a lone  d i d .  Moreover, t he  

diphenylmethane convers ion  i n  t h e  presence ofth;;rrtkite was much h i g h e r  than  t h a t  
i n  i t s  absence. 

Using p y r r h o t i t e ,  t h e  diphenylmethane convers ion i nc reases  r e c t i l i n e a r l y  w i t h  
i n c r e a s i n g  hydrogen pressure.  A s i m i l a r  e f f e c t  on convers ion  occurs when the 
hydrogen pressure i s  k e p t  cons tan t  and t h e  r e a c t i o n  t ime  increased.  As t h e  r i g o r  of 
t h e  diphenylmethane r e a c t i o n  s o l u t i o n  i s  enhanced by e i t h e r  i n c r e a s i n g  the  hydrogen 
concen t ra t i on  o r  t h e  r e a c t i o n  t ime, t h e  benzene:toluene r a t i o  increases from the  
va lue  o f  1. 

The convers ion o f  diphenylmethane i s  dependent on t h e  H2S c o n c e n t r a t i o n  on ly  
u n t i l  s l i g h t l y  more t h a n  a 1:l mole s t o i c h i o m e t r y  i s  achieved whether o r  n o t  
p y r r h o t i t e  i s  p resen t .  The y i e l d s  o f  benzene and to luene  a re  s i m i l a r l y  e f fected.  
The i n c r e a s i n g  c o n c e n t r a t i o n  o f  H S i n h i b i t e d  t h e  f o r m a t i o n  of p roduc ts  o t h e r  than 
benzene and to luene.  The amount 02f p y r r h o t i t e  p resen t  i n f l u e n c e s  t h e  convers ion  b u t  
n o t  t he  product  d i s t r i b u t i o n .  The p y r r h o t i t e  l o a d i n g  a t t a i n e d  i t s  optimum e f f e c t  a t  
a weight  r a t i o  t o  diphenylmethane o f  0.5. 

The thermal hyd roc rack ing  o f  diphenylmethane i n  t h e  preserice o f  i n i t i a t i n g  
r a d i c a l s  has been suggested t o  proceed by r e a c t i o n s  1 and 2. I n  the  absence of 
i n i t i a t i n g  molecules such as b ibenzy l ,  t h e  slow thermal-decomposit ion r e a c t i o n  o f  

The e f f e c t  o f  p y r r h o t i t e  p a r t i c l e  s i z e  was n o t  impor tan t .  i 

R' + H -f RH + H'  1) 

3 )  
H '  + P i  CH + PhH + PhCH2' 2 )  
Ph CH2 -t2 P i '  + PhCH ' 

d iphenylmeth ine,  r e a c t i o n  3 and t i e  thermal  decomposi t ion da ta  ob ta ined  under argon, 
p rov ides  the  o n l y  source o f  R '  f o r  r e a c t i o n  1 w i t h  t h e  consequence o f  slow k i n e t i c s  
o f  t he  thermal decomposi t ion o f  diphenylmethane under hydrogen. Another reason f o r  
t h e  slow k i n e t i c s  o f  t he  diphenylniethane decomposi t ion under  hydrogen i s  the  
endothermic cha rac te r  o f  r e a c t i o n  1. From bond d i s s o c i a t i o n  data,  one can expect  
t h i s  r e a c t i o n  t o  be endothermic by 0 t o  +25 kca l /mo le  depending on t h e  n a t u r e  o f  E*. 
The l a c k  o f  hydrogen pressure dependence w i t h  no a d d i t i v e s  p resen t  i s  probably  an 
a r t i f a c t  a t t r i b u t e d  t o  the  low l e v e l  o f  convers ion and obscurred by exper imenta l  
e r r o r .  

W i th  hydrogen s u l f i d e  and hydrogen p resen t ,  t he  convers ion  and p roduc t  y i e l d s  
a re  s i g n i f i c a n t l y  h ighe r .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  r e a c t i o n s  4 and S 
becoming opera t i ona l  i n  the  r e a c t i o n  m ix tu re .  The hydrcjgen s u l f i d e  pressure 

dependence i s  r a t i o n a l i z e $  by r e a c t i o n  4 and i t s  maxirdum c o n c e n t r a t i o n  optimum i s  
c o n t r o l l e d  by r e a c t i o n  5 which regenerates H S. The r e a c t i o n  sequence 4 and 5 i s  a 
thermodynamic s tepwise z l t e r n a t i v e  t o  t h e  h i $ h l y  endothermic r e a c t i o n  1: Thus, t he  
hydrogen s u l f i d e  e f f e c t  i s  suggested t o  teke  p lace  by r e p l a c i n g  r e a c t i o n  1 w i t h  two 
p o t e n t i a l l y  f a s t e r  r e a c t i o n s  which accomplished the  same end r e s u l t .  ReaEtion 4 i s  
es t ima ted  t o  be endothermic o r  exothermic by t h e  range o f  -9 t o  +16 kcal /mole and 5 
endothermic by +9 kcal /mole.  Therefore,  hydrcgen s u l f i d e  f u n c t i o n s  as a H - t r a n s f e r  
c a t a l y s t  i n  a hydrogen-hydrogen s u l f i d e  gas m i x t u r e ,  and t h i s  r e s u l t s  i n  an enhanced 
diphenylmethane hyd roc rack ing  reac t i on .  

The s i g n i f i c a n t  changes on us ing  p y r r h o t i t e  t o g e t h e r  w i t h  hydrogen and hydrogen 
s u l f i d e  i s  r a t e  enhancement, hydrogen and hydrcgen s u l f i d e  dependence a d  increased 
benzene fo rma t ion .  The r a t e  enhancement can be a t t r i b u t e d  t o  a weakening o f  t h e  SH 
bonds o r  o u t r i g h t  d i s s o c i a t i o n  o f  H S on t h e  p y r r h o t i t e  su r face  which serves t o  
enhance the  r a t e  of r e a c t i o n  4. The gydrogen pressure dependence w i t h  p y r r h o t i t e  i s  
a t t r i b u t e d  t o  t h e  increased concen t ra t i on  o f  an a c t i v e  'SH and r e a c t i o n  5 becoming a 
s i g n i f i c a n t  f a c t o r  i n  the  r e a c t i o n  m ix tu re .  S ince benzene i s  formea i n  h i g h e r  
y i e l d s  than to luene  and to luene  i s  conver ted i n  low y i e l d  i n t o  benzene under these 
c o n d i t i o n s  i n  t h e  absence o f  p y r r h o t i t e ,  a d s o r p t i o n  o f  diphenylmethane on t h e  

R' + H S + RH + 'SH 4 )  
5) 'SH + 8, + H S + H'  
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p y r r h o t i t e  s u r f d c e  i s  i n d i c a t e d  and t h e  benzene i n  excess o f  a s t o i c h i o m e t r i c  r a t i o  
w i t h  to luene  fornied f rom some adsorbed species. 

Two f a c t o r s  were considered i n  t h e  des ign  of flew i r o n  o x i d e  supportea 
c a t a l y s t s :  ( a )  i r o n  i s  t h e  p r i n c i p a l  t r a n s i t i o n  meta l  t o  be used based on t h e  cost 
f a c t o r ,  and ( b )  t h e  a c i d i t y  o f  t h e  suppor t  ox ide  should be v a r i e d  t o  determine the 
optimum a c i d i t y .  These meta l  ox ides have been screened and t h e  p romis ing  r e s u l t s  
pub l i shed  (3 ) .  S ince then,  we have con t inued  work w i t h  these c a t a l y s t s  u s i n g  s u l f u r  
a d d i t i v e s  and have ob ta ined  much more e x c i t i n g  r e s u l t s  than those pub1 ished,  c f .  
Tables 5 and 6 .  

Diphenylmethane i s  copver ted  i n t o  ma in l y  benzene and to luene  when exposed t o  
reduc ing  c o n d i t i o n s  a t  l i q u e f a c t i o n  temperatures such as 425OC (Table 5 ) .  When 
hydrogen i s  used i n  t h e  s t a i n l e s s  s t e e l  r e a c t o r  w i t h  no added c a t a l y s t  t h e r e  i s  no 
convers ion o f  t h e  s t a r t i n g  m a t e r i a l .  When meta l  ox ide  heterogeneous c a t a l y s t s  are 
added, the s t a r t i r i g  m a t e r i a l  i s  conve r ted  i n t o  t h e  observed products  t o  va ry ing  
degrees (Tab le  6 ) .  A l l  t h r e e  newly des igned and synthes ized c a t a l y s t s  a re  a c t i v e  
and compare f a v o r a b l y  w i t h  t h e  commerc ia l ly  a v a i l a b l e  COO-MOO,. Table 6 g ives  data 
which demonstrate t h e  p o s i t i v e  e f f e c t  o f  s u l f i d i n g  t h e  cata l ’ j /s ts  be fo re  o r  du r ing  
use. The S i 0  - suppor ted c a t a l y s t  was s e l e c t e d  f o r  t he  p resc rd  s tudy on t h e  bas is  
o f  c o s t  e f fecg iveness .  
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Tzb le  1 The P y r o l y s i s  of Diphenylmethane w i t h  S8 and H2S/Ssa 

S H S f S  b Products 
Be fi z ene 1.1 S.0 
To1 uene 3.9 8.0 

Diphenyl s u l f i d e  Trace 0.4 
Unknown 0.0 0.7 
Oihenzothiophene 0.0 0.8 
Thioxafi thene 0.7 2.c 
T r i p he ny 1 methane 1.3 0.4 
9-Pheny1t.hioxanthene Trace Trace 
9 ,lO-Dihydro-9,10-diphenylanthracene 0.2 Trace 
Tetraphenylethy lene 0.2 0.0 
12+13-Dihydrodinaphthothiophene 1.6 0.4 
l,l,l-Triphenyl-2-phenylethane 0.3 Trace 
Po 1 yriie r 35.2 25.2 
Conversion 49.9 35.8 

aThe r e a c t i o n s  were done a t  425°C f o r  30 min. a t  temperature w i t h  tr S:PhZCH2:S r a t i o  
b o f  2.5:I:l.. The s u l f u r  r e a c t i o n  was done under an argoi i  atmospherg. 

Thiophenol 6.9 9.0 

The r e s u l t s  are g i ven  i n  mole pe rcen t  based on the  amount o f  s t a r t i n g  m a t e r i a l  
except  f o r  t he  amount o f  polymer. 
p l u s  S charged. 

The l a t t e r  i s  g i v e n  i n  we igh t  percent  o f  Ph2CH2 

Table 2 The React ion o f  S, w i t h  Diphenylmethaiie 

Mole r a t i o  Gaseous Pol ymeri c 
l enp ,  "C Time, min S:Ph2CH2 products ,  w t X a  products ,  w t X a  

300 30 1 
250 30 1 

1 .0  
2.7 

425 30 1 6.6 
60 

120 
3@ 

425 
425 

1 7.0 
1 6.8 

425 0.5 4.6 
425 30 2 18.1 
425 Ob 1 5.6 

14.8 
29.e 
35.2 
33.6 
34.0 

9.9 
44.2 
24.2 

:Weight percent  o f  t o t a l  s u l f u r  p l u s  diphenylmethane charged. 
The heat-up t i n e  was 2 minutes w i t h  an immediate temperature quench. 
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Table 3 Time Dependence of S8-Ph2CH2 Product  D i s t r i b u t i o n a  

Time a t  temperature,  min b Products  

Benzene 
To1 uene 
Thiophenol 
Unkncwn 
T h i o ben zop he none 
Thioxanthene 
T r i  phenyl methane 
5-Phenjii f l u o r e n e  
9,10-Dihydro-9,10-dipherjylanthracene 
Tetraphenyl  e t h y l  ene 
12,13-Dihydrodinaphthothiophene 
l,l,l-Tripheny1-2-phenylethane 
Conversion 

OC 

0.4 
0.6 
2.0 
1.2 
0.9 
1.3 
0.5 
0.9 
0.2 
7 .6  
1.6 
0.2 

46.9 

30 

1.1 
3.9 
6.S 

0 
0 

0.7 
1.3 
0 

0.2 
0 .4  
1.6 
0.3 

49.9 

6@ 

1.3 
4.2 
7.3 

0 
0 

G.9 
1.6 
0 

0.3 
0 

1.5 
0 

48.8 

120 

1.8 
3.3 
5.5 

0 
0 

0.7 
1.1 
0 

0.3 
0 

1.7 
0.3 

47.5 

aThe r e a c t i o n  temperature was 425°C; t h e  S:Ph CP 

bThe r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  based on t h e  diphenylmethane charged. 
'The heat-up t ime  was 2 min  w i t h  an immediate temperature quench. 

mole r a t i o  was 1; and t h e  
r e a c t i o n s  were done under an atmosphere o f  a?goa. 

Table 4 Diphenylinethane Conversion w i t h  S8-H2Sa 

Time e t  temperature,  min 

0' 15 30 60 120 

b Products 

Benzene 
Toluene 
Th i ophenol 
Diphenyl  s u l f i d e  
Unknown 
Dibenzothiophene 
Thioxanthene 
Triphenylmethane 
Tetraphenyl  e thy lene  
12,13-Dihydrodinaphthothiophene 
Polymer 
Ph2CH2 convers ion 

0.8 
0 

0.3 
0 

24.4 
7.8 

0.4 1.0 1.1 1.3 
6.7 6.0 6.9 6.7 
7.5 9.0 8.6 8.2 

Trace 0.4 0.2 0.4 
0.7 0.7 0.6 0.6 
0 .5  0.8 0.7 0.7 
1.5 2.0 1.4 1.2 
0.2 0.4 0.3 0.2 
0 0 0 0  

Trace 0.4 Trace Trace 
27.9 25.2 27.6 29.0 
34.3 35.8 32.9 31.5 

:The r e a c t i o n  temperature was 425°C and t h e  H S:S:Ph CH molar  r a t i o s  were 2 . 5 : l : l .  
The r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  bc.sed gpon thg  a i o u n t  o f  s t a r t i n g  m a t e r i a l  
except  f o r  t h e  amount c;f polymer. The l a t t e r  i s  g i ven  i n  we igh t  pe rcen t  o f  Ph2CH2 
p l u s  S charged. 

'The hegt-up t i m e  was 2 niin w i t h  an imniediate quench. 
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Table 5. Diphenylniethane Product D i s t r i b u t i o n  Using t h e  Fe203 - Si02 C a t a l y s t a  

Gases CO .. 

Added H.0 t i  H" ' H  
H s'(P! H ~ S ' ( P )  !2 (6) H~+&. 

Benzene 1 7 1  43 
Products 2----- 83 
To1 uene 1 75 67 21 88 
Cyclohexanes @ 3 7 0 5 
Others 0 I 2 a 1 
Conversion 1 88 8 1  d l  100 

I 
P=presul f i d e d  
U=utlsul f ided  

aThe reac t i ons  were done i n  t h g  12ml r o c k i n g  autoc laves a t  425'C f o r 3 1  h r .  H (4 .9  
x 10- 
used. 
r e s u l t s .  
p s i  H 2  and r a i s i n g  t h e  temperature t o  425°C and keeping i t  t h e r e  f o r  1 h r .  

moles), H S (3.9 x 10- 
A 10 we ig6 t  pe rcen t  l o a d  o f  c a t a l y s t  was used. 

moles), and diphenylmethane ( 3  x 10- moles) wgre 
The c i t e d  data i s  d u p l i c a t e  

The p r e s u l f i d i n g  wds done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe r e a c t i o n  temperat rue was 450GC. 

Table 6. The ReactJon o f  Diphenylinethane Using t h e  Tanabe Newly Synthes ized 
Ca ta l ys ts  

None Fe203 Fe 0 Fe 0 Fe,O 
-- on 2rd2 on ? ia2 on $id, ~00.~00% 

CO/H O/H2S NA Trace 4 2 Trace 34 

H Z / S  9 30 92 95 8 1  99 
H,/H;S HA 30 82 98 100 09 

tlL" NA 5 45 16 23 50 
H;/H~S/H~O NA 2 3 4 4 26 

aThe reac t i ons  were done i n  th3  12nil  r o c k i n g  autoc laves a t  425°C f o r 3 1  h r .  H (4 .0  
x 10- moles) ,  H,S (3.9 x 10- moles) ,  and d iphenylnethane (3  x 10- moles) wgre 
used. 
r e s u l t s .  
p s i  H2 and r a i s i n g  the  temperature t o  425°C and keeping i t  t h e r e  f o r  1 hr. 

A 10 weight  pe rcen t  l oad  of c a t a l y s t  was used. The c i t e d  data i s  d u p l i c a t e  
The p r e s u l f i d i n g  was done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe c a t a l y s t  i s  p r e s u l f i d e d  f o r  t h i s  run. 

I 
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INCREASING THE ACTIVITY OF COAL MINERAL MATTER 
FOR HYDRODESULFURIZATION AND HYDRODENITROGENATION 

Kindtoken H-D. L iu  and Charles  E .  Hamrin, Jr .  

Department of Chemical Engineer ing 

U n i v e r s i t y  of Kentucky 
Lexington,  Kentucky 40506 

and I n s t i t u t e  f o r  Mining and Minerals  Research 

C a t a l y s i s  by c o a l  minera ls  has  been t h e  s u b j e c t  of much work i n  r e c e n t  
years  by Guin et a l .  ( 1 , 2 ) ,  Granoff .  e t  a l .  (? ,$ ,5 j ,  Given and coworkers 
( 6 , 7 ) ,  and Mukhejce arid Chowdhury (8) s i n c e  i t s  d iscovery  by Wright and 
Severson (9) i n  1972. Severa l  s t u d i e s  using model compounds such as thio-  
phene, benzothiophene, p y r r o l e ,  pyr ro l idene ,  and n-butyl  amine have a l s o  
been publ ished based on work performed a t  t h e  Univers i ty  of Kentucky (10- 
16) .  I t  i s  t h e  purpose of  t h i s  paper  t o  compare t h e  hydrodesul fur iza t ion  
(HDS) and hydrodeni t rogenat ion (HDN) a c t i v i t i e s  of minera l  matter modified 
by i r o n  o r  n i c k e l  a d d i t i o n s  t o  t h e  a c t i v i t i e s  of un t rea ted  minera l  matter. 

EXPERIMENTAL - A p u l s e  micro-reactor  packed wi th  minera l  mat te r  us ing  hydro- 
gen a s  t h e  c a r r i e r  gas was used t o  e v a l u a t e  c a t a l y t i c  a c t i v i t y  over  t h e  
temperature  range of 573 t o  723 K a t  101 kPa. Conversions were c a l c u l a t e d  
from t h e  t o t a l  of C4 gases  d e t e c t e d  i n  t h e  product  stream by gas  chromato- 
graphy. Details of t h e  system a r e  presented  elsewhere (16). Modif icat ion 
of minera l  mat te r  was c a r r i e d  o u t  by prepar ing  phys ica l  mixtures  of Ky 1/9 
and Ky 1\11 wi th  Harshaw Ni-4301 (6% N i  and 19% W as oxides  on s i l i c a -  
alumina) and by evapora t ing  v a r i o u s  i r o n  and n i c k e l  s o l u t i o n s  conta in ing  
Ky 1 9  and Ky 1111. Phys ica l  m i x t u r e s  were prepared i n  two d i f f e r e n t  ways. 
I n  one method H2-pretreated,  -24+42 mesh p a r t i c l e s  of LTA and t h e  Harshaw 
c a t a l y s t  were combined t o  g i v e  1 0  w/o n i c k e l  and loaded i n t o  t h e  r e a c t o r  
f o r  a c t i v i t y  t e s t i n g .  The a c t i v i t y  w a s  between t h a t  of t h e  LTA and t h e  
catalyst .  A second p h y s i c a l  method was used which gave more i n t e r e s t i n g  
r e s u l t s .  
e i t h e r  of t h e  LTAs, pressed ,  c rushed  t o  -24+42 mesh, and H2 p r e t r e a t e d  as 
f o r  o t h e r  test samples. The c a t a l y s t  charged was 5 x kg conta in ing  
10 w/o n i c k e l  ( c a l c u l a t e d ) .  

The c a t a l y s t  w a s  ground i n  a mor ta r  and p e s t l e  and combined wi th  

Two grams of LTA were mixed w i t h  t h e  corresponding amount of N i ( N 0 3 ) ~ -  

I f  necessary ,  h e a t  
6H2O to  g i v e  10,  25, and 50 w/o N i  mix tures .  
d i s t i l l e d  water  (0.021) w a s  added t o  d i s s o l v e  t h e  s a l t .  
w a s  added f o r  about  30 seconds t o  c a r r y  o u t  t h e  d i s s o l u t i o n .  
then  placed i n  a 383 K oven o v e r n i g h t  t o  evapora te  t h e  l i q u i d .  
s o l i d  was pressed ,  s ieved ,  and p r e t r e a t e d  a s  descr ibed  earlier. S i m i l a r  
t rea tments  were c a r r i e d  o u t  wi th  FeC13-6H20, Fe(N0-J3'9H20, and NiC12-6H20. 

RESULTS AND DISCUSSION - The HDN convers ion  f o r  t h e  combination of  t h e  Ky 
1/11 LTA wi th  t h e  ground Harshaw c a t a l y s t  i s  shown i n  F igure  1, along wi th  
t h e  pure components. 
a long  with t h e  amount of bu tane  and u n s a t u r a t e s .  
wi th  t h e  c a t a l y s t  which produces only  butane ,  g i v e s  lower conversion,  and 
l o s e s  a c t i v i t y  a s  p u l s i n g  cont inues .  

A s m a l l  q u a n t i t y  of  double  

The s l u r r y  was 
The remaining 

On t h e  l e f t  i s  t h e  Ky d l l  LTA showing t o t a l  conversion 
This  c o n t r a s t s  s h a r p l y  

The mixture  (3rd graph from l e f t )  pro- 
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duces a mean conversion of 72.5 which is much higher than either of the 
components indicating a synergistic effect. The first pulse produced only 
butane but thereafter the butane accounted for about 12.5%, 1-butene for 
about 9%, and 2-butenes for about 51% of the total 72.5% conversion. 
Apparently, the hydrogenation sites are quite sensitive to nitrogen 
poisoning, but they do not affect the denitrogenation activity. 

The effect is even more impressive when Ky 119 which was third lowest 
in activity was combined with the powdered catalyst. 
the mixture (right graph) gave a mean conversion of 77.2% which was the 
highest of any material tested. Again the first pulse gave pure butane; 
thereafter about 32% (of the 77.2%). After five pulses cis-2 butene appears 
and is about the same value as butane with the remainder trans-2-butene. 
No 1-butene was observed. 

As shown in Figure 2, 

The catalyst produced from Ni(N03)~ 6H2O and Ky 1/11 evidenced quite 
stable performance with a mean conversion of 53.6% which is very close to 
the LTA value (Figure 1). Unsaturates make up almost all of the products. 

Results for all of the Fe and Ni solution-type catalyst are presented 
in Table I which gives both HDN and HDS conversion. None of the mixtures 
improve the HDN conversion appreciably and the ferric nitrate decreases it 
by 26%. 
gives C1% and the 50% Ni yields a value of 38.8%. The values of the sur- 
face area for the Ni treated mixtures give a mean value of 28.9 m2/g 5 2 . 2  
which is slightly less than the untreated LTA value of 32.0. This indicates 
the added Ni is responsible for the increase in activity and the surface 
area is unaffected by the treatment. The iron treatment shows some improve- 
ment as does the nickel chloride, but the nitrate is by far the most effec- 
tive treatment rivaling the Harshaw mixtures as shown in Figure 3. Here it 
is seen that 10% Harshaw with Ky 1/11 gives 23% conversion compared to 21% 
for the above treatment. The highest HDS conversion was 24.2% for the Ky#9- 
Harshaw mixture. It is also interesting to note that the Harshaw catalyst 
does not give a high concentration of n-butane as it did for ADN. Probably 
H2S poisoning is responsible for the lack of hydrogenation. 

Very large changes in HDS conversion are apparent since the LTA 

The effect of temperature on HDS conversion for Ky 1/11 mineral matter, 
25% Ni, and 50% Ni is shown on Figure 4 .  
linearly by almost 3-fold from 600 t o  700 K. The 50 w/o mixture increases 
7-fold from 500 to 700 K. 
significantly for the Ni-mixtures over the untreated mineral matter. One 
measure of this is the temperature required for the more active materials 
to give the same conversion as the mineral matter; i.e. 1% at 683 K. This 
requires considerable extrapolation, but it is estimated that the 25% Ni 
mixture would require a temperature of 523 K and the 50 w/o about 453 K. 

The 25% Ni mixture increases 

It is also obvious that the activity has increased 

Another comparison is shown in Figure 5 where log conversion is plotted 
against the reciprocal temperature. 
for presulfided Ky 1\11 LTA (Morooka and Hamrin, 10) which gave an activation 
energy of 58.6 kJ/mole. In this study a value of 57.5 kJ/mole was found for 
H2-treated Ky 1/11 which is in good agreement with the earlier value indi- 
cating that pretreatment by H2 or H2S does not affect the activation energy. 
Shown on the figure are the data for the 25% Ni mixture which gave a value 
of 30.4 kJ/mole with a correlation coefficient (r = 0.97). 

A previously reported curve is shown 

For the 50% 
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Ni-LTA, a v a l u e  of 30.3 kJ/mole ( r  = 0.97) w a s  found. The N i  t reatment  c u t  
the  a c t i v a t i o n  energy almost  i n  h a l f ,  but  i n c r e a s i n g  t h e  amount of N i  from 
25 t o  50 w/o had no e f f e c t  on i t .  

Addi t iona l  H2-treatment on t h e  Ni-modified LTA c a t a l y s t  i n c r e a s e s  its 
HDS a c t i v i t y  but  decreased its HDN a c t i v i t y .  Typica l  r e s u l t s  are given i n  
Table I1 f o r  t h e  25% N i  m i x t u r e  where t h e  HDN a c t i v i t y  decreased from 54.7 
t o  47.5 when a d d i t i o n a l  H2  t rea tment  of 95 hours  was c a r r i e d  o u t .  
be expla ined  by t h e  i n c r e a s e  of  c racking  a c t i v i t y  of  t h e  c a t a l y s t  as t h e  
reduct ion  of N i  s i tes proceeded. 

This  may 

The f a c t  t h a t  Ni-added c a t a l y s t  increased  t h e  HDS a c t i . v i t y  up t o  56 
times seems due t o  t h e  h igh  hydrogenst iou a c t i v i t y  of N i  metal which p lays  
an h p a r t a u c  r o l e  on t h e  hydrocracking of thiophene a s  t h e  f i r s t  s t e p  t o  
give 1,3-butadiene fol lowed by hydrogenat ion t o  g i v e  n-butenes and butane. 
On t h e  o t h e r  hand, s i n c e  t h e  N i  added c a t a l y s t  only keeps t h e  HDN a c t i v i t y  
unchanged impl ies  t h a t  t h e  hydrogenat ion a c t i v i t y  of N i  metal does not  con- 
t r i b u t e  t o  t h e  n-butylamine conversion;  t h e r e f o r e  t h e  n-butylamine HDN con- 
v e r s i o n  is not  a hydrocracking r e a c t i o n  b u t  a c racking  r e a c t i o n  i n  which 
dehydrogenation occurs .  

P y r r o l e  and p y r r o l i d i n e  p u l s i n g  on N i  modified Ky 111 LTA c a t a l y s t  
showed some poisoning e f f e c t  on t h e  n-butylamine HDN a c t i v i t y  whi le  th io-  
phene p u l s i n g  increased  t h e  HDN a c t i v i t y  from 41% t o  51% but  decreased t h e  
s e l e c t i v i t y  t o  n-butane. 

ACKNOWLEDGMENT - This  work w a s  suppor ted  by t h e  U.S. Department of Energy 
under Contract  No. EX-76-C-01-2233. 
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TABLE I 

Effect of Fe and Ni Modification of Ky fill LTA 
on HDN and HDS Conversions 

w f o  Added Surface Area Conversion* 
HDS - - Addition Compound Element m 2 I g  HDN 

None 0 32.0 52.0 0.78 

Fe(N03) 3- 9H20 10 

F r C l j  6H20 10 

NiC12. 6H20 10 

Ni(N03)i 6H 0 10 
2 

Ni(N03) f 6H20 25 

Ni(N03) i 6H20 50 

27.0 

31.3 

28.3 

38.6 1.98 

48.0 0.96 

48.8 4.73 

53.6 14.0** 

54.7 16.0 

60.7 38.8 

* 
** Extrapolated to 0 additional H2 treatment. 

At 673 K, WfF = 2.91 g cat-hr/mole, 4 hr hydrogen pretreatment at 673 K. 
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TABLE I1 

Effect of Additional H2 Treatment on 
HDN Activity of 25% Ni-Ky /Ill Mixture 

Additional H2 Treatment at 673 K, hr 
95 - 39 - 14 - 0 - 

HDN Conversion From 
C4's Produced, % 54.7 5 0.9 51.0 5 0.7 50.1 f 1.3 47.5 2 1.7 

C1 - C3 By Cracking, % 6.0 5 0.7 7.4 5 4.1 11.0 f 1.1 18.2 2 1.9 

Total Conversion, % 60.7 58.4 61.1 65.7 

n-Butane in Total, % 7 . 9  5 1.4 9.1 f 1.1 16.5 5 3.3 49.6 5 12.0 
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R e l a t i v e  A c t i v i t y  o f  T r a n s i t i o n  Meta l  C a t a l y s t s  
i n  Coal L i q u e f a c t i o n  

Diwakar Garg and Edwin N. Givens 

Corporate Research & Development Department 
A i r  Products  and Chemicals, I nc .  

P.O. Box 538, A l l en town ,  PA 18105 

Abs t rac t  

The c a t a l y t i c  a c t i v i t y  o f  t r a n s i t i o n  meta ls  f o r  coa l  l i q u e f a c t i o n  was s t u d i e d  
and compared. Impregnat ion o f  coa l  w i t h  t r a n s i t i o n  meta ls  s i g n i f i c a n t l y  
increased t h e  p r o d u c t i o n  of  o i l s  and t h e  convers ion o f  asphal tenes and preas- 
phal tenes i n  coa l  l i q u e f a c t i o n .  O v e r a l l  conve rs ion  o f  coa l  i nc reased  m a r g i n a l l y  
w i t h  t r a n s i t i o n  me ta l s .  The p r o d u c t i o n  o f  hydrocarbon gases decreased s l i g h t l y  
w i t h  meta ls .  I r o n  impregna t ion  was more a c t i v e  i n  preasphal tenes convers ion  
than  c o b a l t ,  n i c k e l ,  and molybdenum; whereas t h e  o t h e r  me ta l s  were more a c t i v e  
i n  asphal tenes convers ion  than  i r o n .  Hydrogen consumption decreased w i t h  t h e  
use o f  metals. The q u a l i t y  o f  generated s o l v e n t  decreased w i t h  i r o n ,  whereas 
i t  increased w i t h  o t h e r  me ta l s .  
i r o n  and molybdenum. Simultaneous impregna t ion  o f  coa l  w i t h  i r o n  and molybdenum 
s i g n i f i c a n t l y  i nc reased  t h e  convers ion  o f  c o a l ,  asphal tenes,  and preasphal tenes,  
and t h e  p r o d u c t i o n  o f  o i l s  compared t o  i n d i v i d u a l  meta ls .  The m i x t u r e  o f  i r o n  
and molybdenum a l s o  decreased t h e  hydrocarbon gas p r o d u c t i o n  ove r  i r o n  and 
molybdenum alone.  I n  a d d i t i o n ,  t h e  q u a l i t y  o f  generated s o l v e n t  was h i g h e r  
w i t h  i r o n  and molybdenum m i x t u r e  compared t o  i r o n  alone. 

S i g n i f i c a n t  synergism was observed between 

I n t r o d u c t i o n  

Ex tens i ve  research has been per formed i n  t h e  areas o f  c a t a l y t i c  and n o n - c a t a l y t i c  
coa l  l i q u e f a c t i o n .  I t  i s  w e l l  known t h a t  i n  coa l  l i q u e f a c t i o n ,  h igh -mo lecu la r  
we igh t  compounds r u p t u r e  t h e r m a l l y ,  p roduc ing  uns tab le  f r e e  r a d i c a l s .  These 
f r e e  r a d i c a l s  r e a c t  w i t h  hydrogen donated by hydrogen donor species p r e s e n t  i n  
t h e  process s o l v e n t  t o  form s t a b l e  species.  
s u f f i c i e n t  hydrogen donor compounds i n  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  m i x t u r e  
i s  necessary t o  p r e v e n t  t h e  r e p o l y m e r i z a t i o n  o f  f r e e  r a d i c a l s  the reby  a i d i n g  
t h e  p r o d u c t i o n  o f  lower-molecular -weight  o i l s  and asphal tenes.  It has been 
speculated t h a t  m ine ra l  m a t t e r  c a t a l y z e s  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  by 
enhancing t h e  t r a n s f e r  o f  hydrogen from t h e  gas t o  l i q u i d  phase thus  m a i n t a i n i n g  
t h e  hydrogen donor c a p a b i l i t y  o f  the p rocess  so l ven t .  

The c a t a l y t i c  e f f e c t  o f  m ine ra l  m a t t e r  on hyd rogena t ion  o f  model compounds and 
coa l  has been i n v e s t i g a t e d  b y  a number o f  i n v e s t i g a t o r s . ( l - l Z )  I r o n  compounds 
which a r e  abundant b o t h  i n  n a t u r e  and as an  a r t i c l e  o f  commerce were s t u d i e d  
e x t e n s i v e l y .  
ox ide  c o n t a i n i n g  m a t e r i a l  ob ta ined  f rom aluminum manufacture) t o  feed  s l u r r y  
improved coa l  l i q u e f a c t i o n . ( l 3 )  Numerous researchers  who have s t u d i e d  t h e  
c a t a l y t i c  a c t i v i t y  o f  i r o n  as e i t h e r  i r o n  p y r i t e  o r  p y r r h o t i t e  i n  l i q u e f a c t i o n  
have r e p o r t e d  improved resu l t s . (14 -22 )  

Therefore,  t h e  presence o f  

The Germans found t h a t  add ing  i r o n  s u l f a t e  and Bayermasse ( i o r n  
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Like iron, molybdenum and several other transition metal have been shown to 
catalyze Coal liquefac~ion.(l3,23,~4,25,26) Since transition metals are both 
expensive and scarce, their application in liquefaction will depend greatly on 

shown to be very active in coal liquefaction at very low concentrations.(l3.25,26) 
I their activity at low concentrations. Interestingly, several metals have been 

In the present paper, the activity of iron, molybdenum, cobalt, and nickel in 
catalyzing the liquefaction of coal is discussed. 
be related to the product distribution which will include hydrocarbon gas 
make, oil yield, asphaltene and preasphaltene yields, and degree of coal 
conversion. 
All the data reported in this paper refer to results in a continuous 100 
pounds per day coal process unit. 

Experimental Section 

Materials. A low-ash, low-pyrite Eastern Kentucky Elkhorn #2 coal obtained 
from a mine in Letcher County was used in the study. 
in a coal preparation plant to reduce the ash and pyrite contents. This 
sample was purposely selected to minimize.the influence of the coal ash and 
pyrite on the liquefaction. The coal sample was ground to 95% minus 200 mesh 
particles, dried in air and screened through a 150 mesh sieve prior to use. 
The detailed analysis of the screened coal is reported in Table 1. 

SRC-I1 heavy distillate supplied by the Pittsburg and Midway Coal Mining 
Company was used as a process solvent. 
solvent is shown in Table 2. 
oils, 5.0% asphaltenes, 0.4% preasphaltenes, and 0.8% insoluble organic 
material (pyridine insolubles). The process solvent contained organic 
compounds boiling in the range of 550 to 85OOF temperature. 

Iron sulfate (FeS04.7H 0) was received from Textile Chemical Company, Reading, 
Pennsylvania. 
and minor quantities of iron oxide, titanium dioxide and magneisum sulfate as 
impurities. Ammonium molybdate, nickel nitrate, and cobalt nitrate were 
reagent grade materials obtained from Fischer Scientific Company, Fair Lawn, 
New Jersey. 

Metals Impregnation. A sample of coal was impregnated with 1% iron by adding 
a 10.0% ferrous sulfate solution in distilled water to ground coal. Three 
different samples of coal were impregnated with 0.02% molybdenum, nickel, and 
cobalt by mixing the samples with 0.5% ammonium molybdate, nickel nitrate and 
cobalt nitrate solutions, respectively. Since molybdenum, nickel, and cobalt 
are very expensive compared to iron, very low concentrations (200 ppm) of 
these metals based on coal were used. Another sample of coal was impregnated 
simultaneously with a mixture of 1 wt.% iron and 0.02 wt.% molybdenum based on 
coal. The impregnated coal samples were dried at 6OoC for 72 hours and ground 
under nitrogen before use in liquefaction experiments. 

Equipment. 
liquefaction unit equipped with a continuous stirred autoclave. The use of a 
stirred tank reactor ensured that solvent vaporization matched that of an 
actual coal liquefaction dissolver and that coal minerals did not accumulate. 

The catalytic activity will 

The effect of iron and molybdenum mixtures was also studied. 

The sample was treated 

The chemical analysis of the process 
The solvent contained 93.8% pentane-soluble 

The samble contained approximately 97% iron sulfate cyrstals 

Process studies were done in a continuous 100 pound/day coal 
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Since the re  was no s l u r r y  p rehea te r ,  a l l  o f  t h e  s e n s i b l e  hea t  was p r o v i d e d  by 
r e s i s t a n c e  hea te rs  on t h e  r e a c t o r .  Because o f  t h i s  h i g h  hea t  f l u x ,  t h e  r e a c t o r  
w a l l  was about  27'F h o t t e r  t han  t h e  b u l k  s l u r r y .  M u l t i p l e  thermocouples 
revealed t h a t  t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  9 O F  
f rom top t o  bottom. 
elsewhere. (27) 

The products  were quenched t o  32OoF b e f o r e  f l o w i n g  t o  a g a d l i q u i d  separa to r  
t h a t  was opera ted  a t  system pressure.  
p roduc t  r e c e i v e r  w h i l e  t h e  p r o d u c t  gases were c o o l e d  t o  recove r  t h e  p roduc t  
water  and o rgan ic  condensate. 
o n - l i n e  gas chromatograph. 

Procedure. Coal l i q u e f a c t i c n  runs Were per formed a t  825OF, 2,000 p s i g  
hydrogen p ressu re ,  1,000 rpm s t i r r e r  speed, hydrogen feed  r a t e  e q u i v a l e n t  t o  
5.5 w t .  % o f  c o a l ,  and a s u p e r f i c i a l  s l u r r y  space v e l o c i t y  o f  1.5 i n v e r s e  
hours. The coa l  c o n c e n t r a t i o n  i n  t h e  feed was 30 wt .%.  

A t  l e a s t  10 r e a c t o r  volumes o f  t h e  p roduc t  were d i sca rded  p r i o r  t o  c o l l e c t i n g  
a p roduc t  sample. A complete sample c o n s i s t e d  o f  one 8-02 p roduc t  s l u r r y ,  one 
1-L product  s l u r r y  as back-up sample, a l i g h t  condensate sample, and a p r o d u c t  
gas sample. 

The product  s l u r r y  from t h e  cont inuous r e a c t o r  was s o l v e n t  separated i n t o  f o u r  
f r a c t i o n s :  (1)  pen tane-so lub le  m a t e r i a l  ( o i l ) ,  (2) pen tane- inso lub le  and 
benzene-soluble m a t e r i a l  (aspha l tene ) ,  ( 3 )  benzene- insolub le and p y r d i n e - s o l u b l e  
m a t e r i a l  (preasphal tene) ,  and (4 )  p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The l a t t e r  
c o n t a i n s  i n s o l u b l e  o rgan ic  m a t e r i a l  ( IOM)  and m i n e r a l  res idue .  The o v e r a l l  
coa l  convers ion i s  c a l c u l a t e d  as t h e  f r a c t i o n  o f  o:ganic m a t e r i a l  (mois ture-ash-  
f r e e  c o a l )  s o l u b l e  i n  p y r i d i n e .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e a c t o r  i s  p resen ted  

The s l u r r y  was t h r o t t l e d  i n t o  t h e  

The p r o d u c t  gases were t h e n  analyzed by an 

Resu l t s  and D iscuss ion  

E f f e c t  o f  T r a n s i t i o n  Meta ls  - The impregna t ion  o f  E l kho rn  #2 coa l  w i t h  1 w t . %  
i r o n  had no e f f e c t  on o v e r a l l  coa l  conve rs ion  b u t  i nc reased  
o f  o i l s  f r o m  12 t o  25% (Table 3). 
w i t h  i r o n ;  t h e  decrease i n  t h e  p r o d u c t i o n  o f  hydrocarbon gases i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h i s  l e v e l .  
w i t h  i r o n  impregnat ion.  The preasphal tene c o n c e n t r a t i o n  decreased from 44 t o  
36% w i t h  i ron impregnat ion.  Hydrogen consumption based on e lementa l  hydrogen 
balance decreased from 0.6 t o  0.4 p e r c e n t  w i t h  i r o n  impregnat ion.  

The hydrogen con ten ts  o f  t h e  o i l ,  aspha l tene  and p reaspha l tene  f r a c t i o n s  were 
lower  w i t h  i r o n  impregna t ion  compared t o  t h e  b a s e l i n e  run  (Tab le  4). 
t h e  d ispersed i r o n  system was n o t  e f f e c t i v e  i n  hyd rogena t ing  t h e  l i q u e f a c t i o n  
p roduc ts .  Th is  would be advantageous i n  t h a t  expensive hydrogen would n o t  
wasted i n  hydrogenat ing SRC (asphal tenes and p reaspha l tenes ) ,  which would be 
used u l t i m a t e l y  as a b o i l e r  f u e l .  The SRC s u l f u r  c o n t e n t  was unchanged w i t h  
i r o n  impregnat ion.  L ikewise,  t h e  s u l f u r  con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  
were una f fec ted  w i t h  i r o n  (Table 4). 
f r a c t i o n s  decreased s l i g h t l y ,  whereas i t  increased i n  t h e  preasphal tene 
f r a c t i o n .  

t h e  p r o d u c t i o n  
The p r o d u c t i o n  o f  hydrocarbon gases decreased 

The p r o d u c t i o n  o f  heteroatom gases changed m a r g i n a l l y  

Apparen t l y  

N i t r o g e n  c o n t e n t  i n  t h e  o i l  and asphal tene 

The oxygen c o n t e n t  o f  o i l s  decreased s l i g h t l y ,  b u t  i t  increased 
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s i g n i f i c a n t l y  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  w i t h  i r o n  impregnat ion.  
No d e f i n i t e  conc lus ion  cou ld  be drawn concern ing deoxygenat ion because oxygen 
con ten t  was determined by d i f f e r e n c e .  

The hydrogen d i s t r i b u t i o n  i n  t h e  s o l v e n t  generated by coa l  l i q u e f a c t i o n  was 
determined by p r o t o n  NMR t o  determine the  changes i n  s o l v e n t  q u a l i t y  by i r o n  
impregnat ion.  
terms o f  the combined concen t ra t i on  o f  H and H . The h i g h e r  t h e  combined 
concen t ra t i on  of  H and H , t h e  b e t t e r  w h l d  be'the q u a l i t y  o f  t h e  process 
so l ven t .  
s o l v e n t  generated w i t h  no c a t a l y s t  and w i t h  i r o n  was lower  than t h a t  o f  t h e  
o r i g i n a l  process so l ven t .  The a romat i c  hydrogen con ten t  o f  s o l v e n t  increased 
w i t h  b o t h  no c a t a l y s t  and w i t h  i r o n .  However, t h e  i nc rease  i n  a romat i c  hydrogen 
con ten t  was more dramat ic  w i t h  i r o n .  The decrease i n  the  q u a l i t y  o f  t h e  
s o l v e n t  generated w i t h  i r o n  was c o n t r a r y  t o  t h e  s p e c u l a t i o n  made b y  seve ra l  
researchers t h a t  m ine ra l  m a t t e r  improved c o a l  l i q u e f a c t i o n  by enhancing hydrogen 
t r a n s f e r  from gas t o  l i q u i d .  I n  terms o f  a c t u a l  p l a n t  ope ra t i on ,  a decrease 
i n  so l ven t  q u a l i t y  means a decrease i n  t h e  l i q u e f a c t i o n  performance. Therefore,  
t h e  generated s o l v e n t  has t o  be hydrogenated e x t e r n a l l y  t o  i nc rease  i t s  hydrogen 
donor c a p a b i l i t y  and t o  m a i n t a i n  t h e  l i q u e f a c t i o n  performance o f  t h e  i r o n  

I 

The hydrogen donor c a p a b i l i t y  o f  a s o l v e n t  was measured i n  

Data i n  Table 5'revealed t h a t  t h e  hydrogen donor c a p a b i l i t y  o f  t h e  

c a t a l y s t .  

The impregnat ion o f  coa l  w i t h  0.02 w t . %  (200 ppm) c o b a l t  and molybdenum inc reased  
t h e  coa l  convers ion s l i g h t l y .  The magnitude o f  t h e  i nc rease  i n  coa l  conve rs ion  
was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  1 w t . %  i r o n  (Table 3) .  The coa l  convers ion,  
however, decreased w i t h  n i c k e l  impregnat ion.  The p r o d u c t i o n  o f  o i l s  increased 
s i g n i f i c a n t l y  from 12 t o  20-21% w i t h  c o b a l t ,  n i c k e l ,  and molybdenum. The 
inc rease  was s l i g h t l y  lower  than t h a t  ob ta ined  w i t h  i r o n .  
hydrocarbon gases was h i g h e r  w i t h  c o b a l t ,  n i c k e l  and molybdenum than  i r o n  b u t  
s t i l l  lower than t h e  b a s e - l i n e  run.  Preasphal tenes convers ion  i nc reased  w i t h  
c o b a l t ,  n i c k e l ,  and molybdenum, b u t  i t  was much lower  than  t h a t  noted w i t h  
i r o n .  Asphaltenes y i e l d  was s l i g h t l y  l ower  w i t h  c o b a l t ,  n i c k e l ,  and molybdenum 
than  i r o n ;  asphal tene c o n c e n t r a t i o n  decreased f rom 21 t o  18 w i t h  c o b a l t ,  
n i c k e l ,  and molybdenum, whereas it decreased t o  19 p e r c e n t  w i t h  i r o n .  

Hydrogen consumption based on e lementa l  hydrogen balance was lower  w i t h  c o b a l t ,  
n i c k e l  and molybdenum compared t o  b a s e l i n e  r u n  (Table 3). 
consumption was due t o  lower  p r o d u c t i o n  of  hydrocarbon gases and lower  hydrogen 
con ten ts  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  (Table 4).  L i k e  i r o n ,  
o t h e r  meta ls  were a l s o  found t o  be i n e f f e c t i v e  i n  hyd rogena t ing  asphal tenes 
and preasphal tenes.  N i t r o g e n  and s u l f u r  con ten ts  i n  v a r i o u s  f r a c t i o n s  were 
v e r y  s i m i l a r  w i t h  and w i t h o u t  meta ls .  
ob ta ined  w i t h  meta ls  were s i m i l a r  t o  t h e  base - l i ne  r u n  except  f o r  n i c k e l  
(Table 4). 

The q u a l i t y  o f  s o l v e n t  generated wi th  c o b a l t ,  n i c k e l  and molybdenum was h i g h e r  
than  t h a t  generated e i t h e r  w i t h  i r o n  o r  w i t h o u t  me ta l s  (Table 5). The concen- 
t r a t i o n  o f  HAR decreased and t h a t  o f  H 
w i t h  c o b a l t ,  n i c k e l  and molybdenum. 
s o l v e n t  i s  an i n d i c a t i v e  o f  enhancement o f  hydrogen t r a n s f e r  f rom gas t o  
l i q u i d  phase w i t h  c o b a l t ,  n i c k e l  and molybdenum c a t a l y s t s .  

The p r o d u c t i o n  o f  

Lower hydrogen 

The hydrogen con ten ts  o f  t h e  o i l  f r a c t i o n s  

and H e i t h e r  i nc reased  o r  ma in ta ined  
Tfie i nc rgase  i n  t h e  q u a l i t y  o f  generated 

203 



The above d i s c u s s i o n  showed t h a t  the impregna t ion  o f  E l kho rn  #2 coa l  w i t h  
meta ls  s i g n i f i c a n t l y  i nc reased  o i l s  p r o d u c t i o n ,  i nc reased  preasphal tene 
convers ion and decreased hydrocarbon gas make. The me ta l s ,  however, d i d  n o t  
change SRC s u l f u r  con ten t .  

Comparing t h e  a c t i v i t y  o f  i r o n  t o  t h a t  o f  o t h e r  me ta l s ,  i t  was found t h a t  i r o n  
impregnat ion y i e l d e d  h i g h e r  o i l s  p r o d u c t i o n  and preasphal tenes convers ion than 
o t h e r  metals. However, o t h e r  me ta l s  were more a c t i v e  i n  asphal tenes convers ion 
than  i ron .  The hydrogen c o n t e n t  o f  generated s o l v e n t  decreased w i t h  i r o n  and 
n i c k e l ,  whereas it was ma in ta ined  w i t h  c o b a l t  and molybdenum. The q u a l i t y  o f  
generated s o l v e n t  decreased w i t h  i r o n ,  b u t  i t  inc reased  w i t h  o t h e r  meta ls .  

i n t e r a c t i o n  o f  Me ta l s  i n  Coal L i q u e f a c t i o n  - To u t i l i z e  t h e  s e l e c t i v e  a c t i v i t y  
o f  i r o n  f o r  t h e  convers ion o f  preasphal tenes and o f  o t h e r  me ta l s  f o r  t h e  
convers ion o f  asphal tenes,  a sample o f  coa l  impregnated s imu l taneous ly  w i t h  
i r o n  and molybdenum was l i q u e f i e d .  The convers ion  o f  b o t h  asphal tenes and 
preasphal tenes i nc reased  w i t h  iron/rnolybdenum m i x t u r e  compared t o  i r o n  and 
molybdenum a lone  (Table 6). I n  a d d i t i o n ,  o i l s  p r o d u c t i o n  i nc reased  s i g n i f i c a n t l y  
w i t h  t h e  m i x t u r e  compared t o  i r o n  and molybdenum alone.  I r o n  and molybdenum 
t o g e t h e r  n o t  o n l y  i nc reased  o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes 
convers ion b u t  a l s o  s i g n i f i c a n t l y  i nc reased  t h e  o v e r a l l  coa l  convers ion f rom 
87 t o  91%. 
e i t h e r  alone. 
w i t h i n  the  l i m i t s  o f  expe r imen ta l  e r r o r .  These inc rease  i n  coa l  convers ion,  
o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes convers ion  i n d i c a t e d  a 
s i g n i f i c a n t  s y n e r g i s t i c  e f f e c t  o f  t h e  two meta ls .  

Hydrogen consumption w i t h  t h e  iron/molybdenum m i x t u r e  was h i g h e r  than  molybdenum 
and i r o n  a lone (Table 6). The hydrogen c o n t e n t  o f  t h e  v a r i o u s  f r a c t i o n s  generated 
w i t h  iron/molybdenum m i x t u r e  was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  i r o n  and 
molybdenum a lone  (Table 7) .  
n i t r o g e n  and oxygen con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  generated w i t h  i r o n  and 
molybdenum a lone  o r  used t o g e t h e r  except  f o r  s l i g h t l y  lower  n i t r o g e n  con ten t  
no ted  i n  preasphal tene f r a c t i o n  o b t a i n e d  w i t h  iron/molybdenum mix tu re .  The 
q u a l i t y  o f  s o l v e n t  generated w i t h  iron/molybdenum m i x t u r e  was h i g h e r  than  i r o n  
a lone,  b u t  was lower  than  t h a t  ob ta ined  w i th  molybdenum a lone  (Table 8). 

The above d i scuss ion  shows t h a t  a synergism e x i s t s  between i r o n  and molybdenum 
i n  t h e  c a t a l y s i s  o f  coa l  l i q u e f a c t i o n  r e a c t i o n .  
e f f e c t i v e l y  u t i l i z e d  t o  i nc rease  t h e  o i l s  p r o d u c t i o n  and t h e  convers ion  o f  
asphal tenes and preasphal tenes.  Fur thermore,  t h e  i nc rease  i n  o i l  p r o d u c t i o n  
can  be ob ta ined  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  hydrogen consumption by 
t a k i n g  advantage o f  s y n e r g i s t i c  e f f e c t .  
bdenum, however, i s  i n e f f e c t i v e  i n  reduc ing  SRC s u l f u r  content .  

The p r o d u c t i o n  o f  hydrocarbon gas was lower  w i t h  m i x t u r e  than  
The SRC s u l f u r  c o n t e n t  changed s l i g h t l y ,  b u t  t h e  change was 

No s i g n i f i c a n t  d i f f e r e n c e s  were noted i n  t h e  

T h i s  synergism can be 

The comb ina t ion  o f  i r o n  and moly- 

Conc lus ion  

The impregnat ion o f  coa l  w i t h  t r a n s i t i o n  me ta l s  l i k e  i r o n ,  c o b a l t ,  n i c k e l ,  and 
molybdenum increases t h e  o i l s  p r o d u c t i o n  by i n c r e a s i n g  t h e  asphal tenes and 
preasphal tenes convers ion.  Me ta l s  impregna t ion  a l s o  h e l p  i n  improv ing  o v e r a l l  
c o a l  convers ion excep t  f o r  n i c k e l .  
w i t h  meta ls .  L i kew ise ,  hydrogen consumption decreases w i t h  meta ls .  I r o n  i s  
more a c t i v e  f o r  t h e  convers ion  o f  preasphal tenes and t h e  p r o d u c t i o n  o f  o i l s  
t h a n  o t h e r  metals, where. s it i s  l e s s  a c t i v e  f o r  t h e  convers ion  o f  asphaltenes. 

The p r o d u c t i o n  o f  hydrocarbon gases decreases 
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These d i f f e r e n c e s  may p a r t l y  be due t o  t h e  use o f  h i g h e r  concen t ra t i on  o f  i r o n  
than o t h e r  metals.  Since i r o n  i s  r a t h e r  inexpens ive  compared t o  o t h e r  meta ls ,  
i t  i s  economical ly f e a s b i b l e  t o  use h i g h e r  c o n c e n t r a t i o n .  On t h e  o t h e r  hand, 
i t  i s  n o t  economica l l y  f e a s i b l e  t o  use h i g h e r  concen t ra t i on  ( g r e a t e r  than 200 
ppm) o f  o t h e r  metals.  Simultaneous impregnat ion  o f  c o a l  w i t h  i r o n  and molybdenum 
shows s i g n i f i c a n t  synergism i n  c o a l  l i q u e f a c t i o n .  The convers ion  o f  c o a l ,  
asphal tenes, and preasphal tenes and the  p roduc t i on  o f  o i l s  a r e  much g r e a t e r  
w i t h  iron/molybdenum m i x t u r e  than e i t h e r  o f  them alone. The m i x t u r e  a l s o  
r e s u l t s  i n  lower hydrocarbon gas make than i r o n  and molybdenum alone. The 

I m i x t u r e ,  however, i s  i n e f f e c t i v e  i n  reduc ing  t h e  SRC s u l f u r  con ten t .  
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Table I 

Chemical Analyr i5 o f  Elkhorn X2 Coal Sample 

weight % 

Carbon 77.84 
Hydrogen 5.24 
Oxygen 7.20 
Su l fu r  1 .  08 
Ni t rogen 1.75 

Moisture 
Dry Ash 

1.55 
6.29 

O i s t r i b u t i o n  o f  Su l fu r  

Total  1.08 
Su l fa te  0.04 
P y r i t e  ' 0.25 
Organic 0.79 

Table 2 

Analysis o f  SRC-I1 Heavy O i s t i l l a t e  

Element Weight % 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Su l fu r  

89.4 
7.2 
1.7 
1 . 1  
0.6 

Table 3 

E f f e c t  o f  T r a n s i t i o n  Metals on Coal L ique fac t i on  

Ca ta l ys t  None 
Metal Concentration, 

Feed Composition 
Temperature. 'F 825 
Pressure. p s i g  2,000 
Hydrogen F l o w  Rate, MSCF/T 18.9 
Reaction Time. Mi " .  35 

Product D i s t r i b u t i o n .  ut.% MAF Coal 

ut.% Coal 

nc 5.2 
co. co2 0 .7  
H S  0.3 

Asphaltenes 21.2 
Preasphaltenes 44.2 
I.O.M. 14.7 
Water 1.5 
Conversion 85.3 

0 6 s  12.2 

Hydrogen Consumption. 

SRC Su l fu r .  X 
W t . %  MAF Coal 0.64 

0.6 

I r o n  Cobalt  

1 .0  0.02 
70x Solvent + 30% Coal 

825 825 
2,000 2,000 

20.6 23.8 
32.8 36.7 

3.5 3.8 
0.6 0.7 
0.2 0.4 

25.0 21.5 
i s .  1 17.7 
35.8 40.2 
13.5 14.3 
2.3 1.4 

86.5 85.7 

0.40 0.39 
0.6 0.6 

8 

N icke l  

0.02 

825 
2,000 

23.8 
37 

4.8 
0.7 
0.6 

20.0 
17.0 
38.5 
1 6 . 5  

1 . 9  
83.7 

0.33 
0.5 

Molybdenum 

0.02 

825 
2,000 

23.7 
36 .5  

4 .1 
0.7 
0 .6  

21.7 
17 .6  
40.3 
13. 7 

1.8 
86.8 

0.40 
0.6 



Table J 

D i s t r i b u t i o n  o f  Elements i n  Various L ique fac t i on  Reac:ion F rac t i ons  

Ca ta l ys t  None 

O i l  F rac t i on ,  ut.$ 

C 
H 

N 
5 

Oa 

Asphaltene F rac t i on .  wt.X 

L 
H 

N 
5 

Oa 

Preasphal tene F Pact ion,  v t .  P. 

C 
H 

N 
s 
O a  

89.5 
7 .2  
1 . 7  
0 .9  
0.7 

8 5 . 9  
6 . 3  
4 .8  
2.4 
0 .6  

85.3 
5.2 
6.2 
2.2 
0 . 6  

I r o n  

89 .9  
7. 1 
1.5 
0.8 
0 . 7  

85.6  
6 . 0  
5 5  
2.4 
0 .5  

82.9 
4.9 
8.9 
2.6 
0 . 1  

Cooalt  N icke l  Molybdenum 

89 6 89.8  89.5 
7.2 7 . 1  7 . 2  
1.7 1 .7  1.7 
0.8 0 . 8  0.9 
0 . 7  0.5 0.7 

85.6 85 .0  85.3 
5.8 5.9 5.9 
5 .7  6.2 6.0 
2.3 2.4 2 .2  
0 .6  0.5 0. 6 

83.5 83.6 83.4 
4 . 7  4.6 5. I 
8.9 9.0 8.3 
2.3 2.3 2.6 
0 . 6  0 5  0 .6  

a Oxygen i s  determined by d i f f e rence  

Table 5 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F r a c t i o n  

Process Generated Solvent 

Ca ta l ys t  Solvent None I r o n  Cobalt  N icke l  Molybdenum 

Total Hydrogen. w t . %  7 . 2  7.2 7. I 7 . 2  7.  I 7.1 

3.20 3 .26  3.64 2.90 2.88 2.75  

2 . 0 2  1.95 1.80 2.12  2.24 2.32  

1.98 1.99 1.66 2.18 1.97 2. I3  

“AR 

Ha 

tiAR concen t ra t i on  o f  aromat ic protons 

Ha 

Ho 

= concen t ra t i on  o f  a lpha protons d e f i n e d  as protons on carbon atoms immediately 
adjacent t o  an aromatic r i ng .  

= c o n c e n t r a t i o n  O f  beta and h ighe r  p ro tons  de f i ned  as those protons res id ing  
on two o r  more carbon atoms removed from an aromat ic r i n g .  

9 
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Table 6 

Synerg i s t i c  E f f e c t  i n  Coal L ique fac t i on  

Cata lyst  I r o n  Molybdenum 
Metal Concentration. 1.0 0.02 

w t . Z  coal  
Feed Composition 70% Solvent f 30% Coal 
Temperature. O F  825 825 

Hydrogen Flow Rate. MSCF/T 20.6 23.7 
Reaction Time, Mi" 32.8 36.5 
Product O i s t r i b u t i o n .  u t .% MAF Coal 

HC 3.5 4.1 

Pressure, p s i g  2,000 2,000 

co .  co2 

H2S 
O i l s  
Asphaltenes 
Preasphaltenes 
I . O . M .  
Water 
Conversion 

Hydrogen Consumption. 

SRC S u l f u r ,  I 
w t . %  MAF Coal 

0 .6  

0 . 2  

2 5 . 0  
19.1 

35.8 
13.5 
2. 3 
85.6 

0.4 
0.6 

0.7 

0 .6  

2 1 . 7  
17.6 
40.3 
13.7 

1.8 
86.8 

0.40 
0.6 

I r o n  + Molybdenum 
1.0  i r o n  + 0.02 

molybdenum 

825 
2.000 

23.4 
37.2 

3.1 
0. 7 
0.6 

36. 3 
15.2 
33.0 
9.3 
1.8 

90.7 

0.59 
0. 7 

Table 7 

D i s t r i b u t i o n  of  Elements i n  Various L ique fac t i on  F rac t i ons  

Ca ta l ys t  I r o n  Molybdenum I r o n  Molybdenum 
O i l  Fract ion.  X 

C 
H 
Oa 
N 
S 

89.9 89.5 ~~ ~ 

7.1 7.2 
1.5 1.7 
0.8 0.9 
0.7 0.7 

Asphaltene F rac t i on ,  X 
C 85.6 
H 6.0 

N 2.4 
S 0.5 

Oa 5 . 5  

Preasphaltene Fract ion,  X 
C 82.9 

4.9 
8.9 

N 2.6 
S 0.7 

a Oxygen i s  determined by  d i f f e r e n c e  

85.3 
5.9 
6.0 
2.2 
0.6 

83.4 
5.1 
8.3 
2.6 
0.6 

89.8 
7.2 
1.6 
0.8 
0.6 

85.1 
5.9 
6.0 
2.4 
0.6 

83.7 
4.9 
8.4 
2.3 
0.7 

Table 8 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i on  

Ca ta l ys t  I r o n  Molybdenum I r o n  + Molybdenum 
Tota l  Hydrogen, wt.X 7 .1  7.2 7.2 

"AR 3.64 2.75 2.92 

"a 

HO 

1.80 2.32 
1.66 2. 13 

10 

2. I5 
2. 13 
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DISPOSABLE CATALYSTS IN TWO-STAGE COAL LIQUEFACTION 

S.B. Reddy Karri and V . K .  Mathur" 

Department of Chemical Engineering 
University of New Hampshire 

Durham, NH 03824 

Introduction 

In Two Stage Liquefaction, coal is dissolved and partially hydrogenated 

The unreacted coal and ash are removed by antisolvent deashing and the 
in the short contact time first stage t is ing process derived solvent as vehicle 
o i : .  
product oil is upgraded in a separate catalytic reactor (Stage 11). 
scheme is proposed as a means of converting coal to distillate with higher 
yield, reduction in hydrogen consumption, and minimal catalyst poisoning since 
no catalyst is used in the first stage. A number of papers have been published 
discussing various aspects of this technique (1,2,3,4,5). 

of bauxite, limonite, and molybdenum ore concentrate is added to the first 
stage and its effect on the yield and quality of the product oil from the 
second stage is studied. 

This 

In this investigation a disposable ore catalyst consisting of a mixture 

Rationale for the Use o f  Ores as Catalysts 

Our research work (6,7) as well as a literature review reveals that 
cobalt and molybdenum are eminently suited catalysts for hydrogenation and 
hydrodesulfurization of coal, whereas nickel and molybdenum are good for 
hydrodenitrogenation. Other metals like iron, copper, tin, zinc, platinum, 
and tungston have also been found to be effective in coal liquefaction (8). 
The most inexpensive sources of these metals are their ores where they are 
present mostly as sufides or oxides. 

A number of researchers (9,lO) have shown iron pyrites to be an effective 
catalyst in coal liquefaction. Our earlier studies (11,12,13) have shown that 
mixtures of iron pyrites and minerals containing other catalytic active transi- 
tion metals were better liquefaction catalysts than iron pyrites alone. The 
best ore catalysts tested, in terms of high liquid yield and low product oil 
viscosities, were mixtures of pyrites, molybdenum ore concentrate, and cobalt- 
containing ores. 

In this study an acid treated (14) mixture of bauxite, limonite and 
molybdenum ore concentrate was used as a disposable catalyst in the first 
stage. In the second stage a commercial supported nickel-molybdenum catalyst 
was used for hydroprocessing. 

*Inquiries should be addressed to this author. 
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\ M a t e r i a l s ,  Experimental Equipment, and Exper imenta l  Procedure 

The major  m a t e r i a l s  used i n  t h i s  s tudy c o n s i s t e d  o f  b i tuminous coa l ,  a 
coa l -de r i ved  heavy d i s t i l l a t e ,  and a d isposable o re  c a t a l y s t .  B i tminous coa l  
from t h e  B l a c k s v i l l e  No. 2 mine, West V i r g i n i a  ( P i t t s b u r g h  seam) whose p r o x i -  
mate and u l t i m a t e  analyses a r e  presented i n  Table I r a s  used. The v e h i c l e  o i l  
was d i s t i l l a t e  w i t h  a b o i l i n g  range 232-455OC produced a t  . t he  F t .  Lewis p i l o t  
P l a n t  running i n  t h e  S R C - I 1  mode. 

A mix tu re  o f  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and molybdenum o re  concen- 
t r a t e  (analyses o f  ores g i v e n  i n  Table 11) was used as a d i sposab le  c a t a l y s t  
i n  Stage I .  A commerc ia l ly  a v a i l a b l e  suppor ted Ni-Mo-alumina c a t a l y s t  from 
American Cynamid Co. (HDS-3) was used as a hydroprocess ing c a t a l y s t  f o r  t h e  
Stage 11. The c a t a l y s t  and coa l  used were ground t o  minus 200 mesh. Hydrogen 
gas o f  > 99.95% p u r i t y  was used. 

Experimental Equipment 

p laced  i n  a h igh  p ressu re  i n t e r n a l l y  s t i r r e d  au toc lave  o f  one l i t e r  capac i t y .  
The experiments were c a r r i e d  o u t  a t  a s t i r r e r  speed o f  1000 rpm. 
was p rov ided  w i t h  a c o o l i n g  c o i l  t h rough  which water  cou ld  be passed t o  reduce 
the  r e a c t i o n  temperature i f  so des i red .  The au toc lave  had an e l e c t r i c  furnace 
c o n t r o l l e d  w i t h  a p r o p o r t i o n a l  temperature c o n t r o l l e r .  The temperature o f  t he  
r e a c t i o n  mass was c o n t i n u o u s l y  mon i to red  by a temperature recorder .  
t he  autoc lave was p rov ided  w i t h  a thermowel l ,  a pressure gauge, a ven t ,  a 
sampling va l ve ,  and a s a f e t y  r u p t u r e  d i s c .  
t h e  autoc lave w i t h  hydrogen. 

The hydrogenat ion r e a c t i o n  was c a r r i e d  o u t  i n  a s t a i n l e s s  s t e e l  l i n e r  

The au toc lave  

I n  a d d i t i o n ,  

A compressor was used t o  p r e s s u r i z e  

Experimental Procedure 

Each o f  the exper imenta l  runs c o n s i s t e d  o f  two stages. I n  t h e  f i r s t ,  
SRC-11 d i s t i l l a t e  was used as the  v e h i c l e  w h i l e  i n  t h e  second, t h e  l i q u i d  
p roduc t  from the f i r s t  s tage was used ins tead .  
approximate the  use o f  p roduc t  o i l  f rom t h e  Stage I f o r  hydroprocess ing i n  
Stage 11. 

l i n e r .  About 83.6 gms o f  S R C - I 1  d i s t i l l a t e  ( i n  app rox ima te l y  1 : Z . l  r a t i o )  
were then  added t o  t h e  l i n e r .  
c a t a l y s t  was next  added t o  t h e  con ten ts  o f  t h e  l i n e r .  
was f i t t e d  onto t h e  au toc lave  and secu re l y  b o l t e d .  A f t e r  t e s t i n g  f o r  leakage, 
t h e  autoc lave was purged w i t h  hydrogen. 
determined va lue so t h a t  a pressure o f  about 2000 p s i g  (13.79 MPa) was reached 
a t  t h e  r e a c t i o n  temperature. The hea t ing  was i n i t i a t e d  t h e r e a f t e r .  I t  u s u a l l y  
t ook  65-70 minutes t o  heat  t h e  au toc lave  and i t s  con ten ts  f rom room temperature 
t o  r e a c t i o n  temperature. 
p e r i o d  of t ime.  
d u r i n g  t h i s  pe r iod .  
a r r e s t e d  by t u r n i n g  o f f  t h e  power t o  t h e  furnace and c o o l i n g  the  con ten ts  down 
r a p i d l y  by pass ing c o l d  water  through the  c o o l i n g  c o i l .  
a l l owed  t o  coo l  down t o  room temperature by l e a v i n g  i t  ove rn igh t .  The l i q u e -  

Th is  pro$edure was f o l l o w e d  t o  

Stage I L ique fac t i on :  F o r t y  grams o f  crushed coa l  were p laced  i n  t h e  

A pre-determined amount o f  t h e  d i sposab le  ore 
The s t i r r e r  assembly 

I t  was then  p ressu r i zed  t o  a p re -  

The r e a c t i o n  was then  a l l owed  t o  proceed f o r  a g i ven  
The temperature was ma in ta ined  a t  t h e  r e a c t i o n  temperature 

A f t e r  t h e  e lapse o f  r e a c t i o n  t ime ,  t h e  r e a c t i o n  was 

The autoc lave was 
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Table I 

Proximate and U l t i m a t e  Analyses of Coal Sample 

Proximate Ana lys i s  
As Recd. Mo is t .  Free M o i s t . ,  Ash Free 

% % % 

Mo is tu re  1.2 
V o l a t i  1 e 35.8 
F ixed Carbon 51.5 
Ash 11.5 

N/A 
36.2 
52.1 
11.7 

N/A 
41.0 
59.0 

N/A 

U l t i m a t e  Ana lys i s  
As Recd. M o i s t .  Free Mo is t . ,  Ash Free 

% % % 

Hydrogen 5.0 
Carbon 72.0 

S u l f u r  2 .7 

Ash 11.5 

N i t rogen  1.0 

Oxygen 7.7 

4.9 
72.9 

1.2 
2.7 
6.7 

11.7 

B t u / l  bm 12,892 13,052 

1. L imoni te  

Table I1 

Minera l  Ores and T h e i r  Percent 

N i  1.1 
Mg 9.8 
A1 1.4 

2. Molybdenum Oxide Mo 47.0 
Concentrate (Moly. Corp.) Fe 2.8 

S i  3.5 
Mg 0.6 
A1 0.6 
S 0.4 

3. Bauxi te  (Canada) 

5.5 
82.5 

1 .4  
3.1 
7.6 
N/A 

Composi t i on 

S i  
Fe 
C r  

Ca 
cu 
Sn 
Zn 
K 

Mn 
N i  
S 
Sn 
T i  
Mo 
Ag 
Na 

0.1 S i  
0.5 Ca 
0.1 co 
0.7 A1 

10.1 C r  
0 .2  cu 
0.1 Fe 
0.6 K 

Mg 

14,776 

16.4 
20.2 
0.5 

0.4 
0.5 
0.4 
0.2 
0.2 

1.9 
0.3 
0 .1  

28.8 
0.3 
0.1 
5.6 
0.3 
0.1 
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f i e d  products  were then  taken  o u t  o f  t he  au toc lave  and h o t  f i l t e r e d  t o  remove 
unconverted coa l ,  ash, and c a t a l y s t .  
weighed and percent  conve rs ion  and l i q u e f a c t i o n  c a l c u l a t e d .  V i s c o s i t y  of the 
p roduc t  l i q u i d  a t  6OoC was determined u s i n g  a B r o o k f i e l d  v iscometer .  

Stage I 1  L ique fac t i on :  
p roduc t  l i q u i d  from t h e  Stage I. 
used f o r  t h i s  stage. 

The f i l t e r e d  l i q u i d  and res idue  were 

The same procedure was repeated u s i n g  f i l t e r e d  
A commercial suppor ted Ni-Mo c a t a l y s t  was 

Resul ts  and Discuss ion 

The main o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  t h e  e f f e c t  o f  
a d d i t i o n  of a d isposable c a t a l y s t  i n  t h e  Stage I on t h e  y i e l d  and q u a l i t y  of 
p roduc t  o i l  from t h e  Stage 11. 
v i s c o s i t y  o f  the p roduc t  o i l s  a r e  presented i n  Table 111. 

The pe rcen t  convers ion,  pe rcen t  o i l  y i e l d  and 

Percent convers ion and l i q u e f a c t i o n  o f  coa l  a re  d e f i n e d  as f o l l o w s :  
Percent Conversion = ( O r i g i n a l  Coal (macf) - 

Percent L i q u e f a c t i o n  = L i q u i d  Products  x 1 0 0 / 0 r i g i n a l  Coal (macf) 
where macf = mo is tu re ,  ash, c a t a l y s t  f r e e  

Residue (macf)] x 1 0 0 / 0 r i g i n a l  Coal (macf) 

Experiments S.N. 1 through 12 show t h e  e f f e c t  o f  a d d i t i o n  o f  a d i sposab le  
c a t a l y s t  t o  Stage I. Experiments were conducted a t  r e a c t i o n  t ime  o f  30, 10, 
and 6.5 minutes f o r  Stage I ,  whereas r e a c t i o n  t ime  f o r  Stage I 1  was kep t  
cons tan t  a t  30 mintues. 
same as mentioned e a r l i e r  under exper imenta l  procedure. I t  was found t h a t  
pe rcen t  coa l  l i q u e f a c t i o n  f o r  a l l  Stage I r e a c t i o n  t ime  was about 10 pe rcen t  
h ighe r  when the  d i sposab le  c a t a l y s t  was used. S i m i l a r l y ,  v i s c o s i t y  o f  p roduc t  
o i l ,  from b o t h  Stage I and 11, was lower  f o r  a l l  Stage I r e a c t i o n  t ime  when 
t h e  d isposable c a t a l y s t  was used. Product  o i l  f rom Stage I 1  showed about 35 
pe rcen t  reduc t i on  i n  v i s c o s i t y  w i t h  the  use o f  o u r  d i sposab le  c a t a l y s t  i n  
Stage I. 

The o t h e r  o p e r a t i n g  c o n d i t i o n s  were mainta ined t h e  

I n  another s e t  o f  experiments S.N. 13 through 16, e f f e c t  o f  r e a c t i o n  
temperature on p roduc t  o i l  v i s c o s i t y  f rom Stage I1 was s tud ied .  Experiments 
were conducted a t  r e a c t i o n  t ime  and temperature o f  30 minutes and 4OOOC i n  
Stage 11, r e s p e c t i v e l y ,  w i t h  and w i t h o u t  t h e  use o f  t h e  d i sposab le  c a t a l y s t  i n  
Stage I. The f i r s t  stage l i q u e f a c t i o n  was conducted a t  r e a c t i o n  t ime  and 
temperature o f  6 . 5  minutes and 425OC, r e s p e c t i v e l y .  
o i l  from Stage I 1  was found t o  be lower  by  o n l y  about  20 pe rcen t  as compared 
t o  35 pe rcen t  i n  e a r l i e r  exper iments S.N.  9 through 12. T h i s  i s  cons idered 
due t o  lower  r e a c t i o n  temperature i n  Stage 11. 

The v i s c o s i t y  o f  p roduc t  

Solvent  ana lys i s  (15) was performed on p roduc t  o i l  f r om Stage I1  f o r  
experiments S.N. 14 and 16. I t  was found t h a t  asphal tene con ten t  (cyclohexane 
i n s o l u b l e s )  o f  p roduc t  o i l  w i t h  no c a t a l y s t  used i n  Stage I was 12.3 a g a i n s t  
8.3 pe rcen t  when l i q u e f a c t i o n  was conducted i n  Stage I i n  presence o f  t h e  
d isposable c a t a l y s t .  Preasphal tene (THF i n s o l u b l e s )  c o n t e n t  was found t o  be 
0.3 pe rcen t  i n  b o t h  the  cases. 
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Conclus ions 

The d isposable c a t a l y s t  c o n t a i n i n g  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and 
molybdenum ore concen t ra te  when used i n  t h e  f i r s t  s tage o f  t h e  Two-Stage 
L i q u e f a c t i o n  process improved t h e  y i e l d  and q u a l i t y  o f  p roduc t  o i l .  
l i q u e f a c t i o n  y i e l d  i n  Stage I increased by  about  10 pe rcen t  w i t h  t h e  use o f  
t h i s  c a t a l y s t .  S i m i l a r l y ,  t he  v i s c o s i t y  o f  p r o d u c t  o i l  from Stage I 1  showed a 
decrease o f  20-35 pe rcen t  when t h e  d i sposab le  o re  c a t a l y s t  was used i n  Stage 
I. 

Coal 
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COAL LIQUEFACTION WITH TIN OXIDE CATALYST 

M. Mizumoto, H. Yamashita, and S .  Matsuda 
Hitachi Research Laboratory 

Hitachi Ltd. 
Ibaraki, Japan 31912 

INTRODUCTION 

In recent years, a large amount of work has been performed in the 
region of coal chemistry. Liquefaction of coal has been investigated widely 
not only of industrial application but also fundamental interests. Various 
catalysts are examined in a huge amount of papers reported. They are 
classified into many categories. One of them is metal oxide catalyst. 
Metal oxide catalysts are easily prepared and handled. Iron oxide catalyst 
and HDS catalyst have been tested in pilot scale experiments. In this 
paper, we examined the catalytic activity of metal oxide catalysts for 
direct liquefaction of coal. 

It is useful to investigate the mechanism of the liquefaction of coal 
using model compounds which are typical of coal. In the latter part of this 
paper, we examine the hydrogenation of benzyl ether and discuss the reaction 
path of liquefaction. 

EXPERIMENTAL SECTION 

Figure 1 shows the experimental apparatus used in this work. The auto- 
clave was made of stainless steel. Coal or model compounds were mixed with 
solvent and catalyst in the autoclave by continuous stirring. The autoclave 
was heated up to reaction temperature at a rate of 50C/min under pressurized 
hydrogen. 

Liquid products were seperated into three fractions by solvent 
extraction. That is, n-hexane soluble fraction was called oil, n-hexane 
insoluble and toluene soluble fraction was called asphaltene, and toluene 
insoluble fraction was called residue. Conversion of coal was calculated 
from the weight o f  residue (daf). Gas chromatography was used for analysis 
of gas and liquid products. 

The composition of coals used in this work is shown in Table 1. 
Powdered coal (0.1 - 0.4 mm) was mixed with twofold of creosote oil. 
Catalysts were prepared by the following methods. That is, calcination of 
hydroxide (FezO3, Ti0 , MnO, ZnO, Sn02) and impregnation method 
(Co-Mo-AlpOj, Ni-Mo-TiOZ?. Powdered catalyst passed through a 200 mesh 
sieve was mixed with slurry in a ratio of 5 wt% to coal. Benzyl ether, 
phenyl ether, and dibenzyl were used as model compounds. They were added to 
1-methylnaphthalene (MN) or tetra1 in and hydrogenated in the presence or 
absence of Sn02 catalyst. 

RESULTS AND DISCUSSION 

Coals were liquefied at 450OC for 30 min under pressure of 150 atm. 
Pressurized hydrogen was allowed to flow at a rate o f  300 l/hr (stp). 

Residue was analyzed by X-ray diffraction. 
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Figure 2 snows tne conversion of Taiheiyo coal liquefied with various 
CatalytS. It was found tnat 5702 catalyst showed the highest activity, and 
that the conversion of coal and yield of oil reached 100% and 75%, 
respectively. Consequently the reactions with Sn02 catalyst were examined 
in detail hereafter. 

At first, three kinds of coal were liquefied with Sn02 catalyst under 
the same conditions mentioned above. Conversion of coal is shown in 
Figure 3 .  It was found that the conversion of coal increases with the 
content of volatile inatter. 

It was found that catalyst distributed in residue was reduced to metal- 
lic tin from X-ray diffraction analysis. Therefore it was considered that 
catalyst present in coal mixture under reaction conditions is melted tin 
metal. 

The following scheme is well-known as the reaction path for coal 
liquefaction. 

coal > fragments + products 

hydrogenation 

recombination i decomposition 

carbonaceous solid 

Scheme I 

Coal is thermally decomposed to fragments followed by hydrogenation and 
recombination reactions. Fragments were recombined with each other to form 
carbonaceous solid which is one of the components of residue. When Sn02 was 
used as catalyst, residue was not formed. It is considered that Sn02 has 
higher selectivity for hydrogenation than for recombination. In order to 
confirm the reason we examined the hydrogenation of model compounds. 

Benzyl ether was hydrogenated with or without SnO2 catalyst under 
initial pressure of 150 atm. Figure 4 shows the gas chromatograms of 
products hydrogenated at 350OC in 1-methylnaphthalene. There are some 
differences in product distribution. I n  the presence of Sn02 catalyst, 
benzyl ether decomposed to toluene and benzyl alcohol. Compounds which have 
higher boiling points than benzyl ether (called HBP compounds) such as 
fluoranthene were formed at low selectivity. On the contrary, the selec- 
tivity to HBP compounds increased in the absence of Sn02 catalyst. Products 
from hydrogenation of benzyl ether with several catalysts are shown in 
Table 2. The selectivity to HBP compounds was found to be about 40% without 
Sn02 catalyst, while in the presence of Sn02 about 10%. It was also found 
that the selectivity was independent of the hydrogen donating property of 
solvent. 

Phenyl ether and dibenzyl were hydrogenated under the same conditions. 
Compared with benzyl ether, conversions of them were low due to higher bond 
energy. 
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It was deduced that decomposition of benzyl ether takes place by the 
following scheme from the results o f  this work. 

J 
, ,, , 50:  ,- ' jU. ! , . I . ,  

Scheme I 1  

Benzyl ether decomposed to benzaldehyde and toluene accompanied with intra- 
molecular rearrangement of hydrogen without Sn02 catalyst. Benzaldehyde 
decomposed consecutively to benzene and reacted with solvent molecule to 
form HBP compounds such as fluoranthene. On the contrary, the reaction path 
seems t o  be different in the presence of Sn02 catalyst. It was considered 
that the rate of hydrogenation of intermediate becomes higher than that of 
rearrangement with Sn02. Therefore benzyl ether decomposed to toluene and 
benzyl alcohol with low selectivity to HBP compounds. 

In this paper we discussed the reaction path of hydrogenation of coals 
and model compounds. It was concluded that tin interacts with fragments of 
coal and stabilized fragments to prevent recombination reaction. 
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T a b l e  1. Com?osi t ion of c o a l .  

f !>roxi inate  ana1 ,vs i s  ( % )  

a s h  m o i s t u r e  v.n. C . c :  

T a i h e i y o  1 3 . 9  5 .1  ,:3.3 37.2 

Mi-ike 16.2 2 . F, 37 .?  44.0 

Coal ~ 

, D a  ton,? 9 . 7  1 . 3 2 3 . 3  53.5 

u l t i m a t e  a n a l v s i s  ( 9 6 )  

C H N 

03 .9  5 . 6  1.1 

6 8 . 3  !j . 0 1.1 

77 .5  4.5 0 . 9  

T a i h e i y o  

M i  - i k e  

D a  t o n g  

0 20 40 60 80 100 
C o n v e r s i o n  o f  c o a l  ( % )  

R e a c t i v i t v  o f  c o a l  w i t h  SnO 
2 '  

r e a c t i o n  t e r n q e r a t u r e ;  4 5 O o C ,  r e a c t i o n  t i n e ;  

30i i in ,  H 2  p r e s s u r e ;  150atm 
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T a b l e  2 .  l ’ roducts  from h v d r o s e n a t i o n  o f  b e n z v l  e t n e r .  

5 1-methylnaGhtha lene  

6 8  compounds lwiiose b o i l i n , ?  n o i n t s  are  hi ,?her  t h a n  h e n z y l e t h e r  

225 



A STRUCTURAL INVESTIGATION OF THE EFFECT OF CATALYSIS 

A BITUMINOUS AUSTRALIAN COAL 
ON THE LIQUEFACTION PRODUCTS OF A BROWN AND 

B A and R.B. Johns M.G. Strachan,A A.M. V a s s a l l o  

A. 

B. C . S . I . R . O .  D i v i s i o n  o f  F o s s i l  Fue ls ,  N o r t h  Ryde, N.S.W., 

Department o f  Organ ic  Chemistry,  U n i v e r s i t y  o f  Melbourne, 
Parkv i  l l e ,  V i c t o r i a ,  A u s t r a l i a  3052. 

A u s t r a l i a  2113. 

INTRODUCTION 

The e f f e c t  o f  c a t a l y s t s  on t h e  donor s o l v e n t  hydrogenat ion  o f  A u s t r a l i a n  coa ls ,  
b o t h  brown and b l a c k ,  have been i n v e s t i g a t e d  by a number o f  workers ( 1 - 5 ) .  
However, these s t u d i e s  have c o n c e n t r a t e d  m a i n l y  on o b t a i n i n g  convers ion ,  o i l  y i e l d ,  
aspha l tene and preaspha l tene d a t a ,  r a t h e r  t h a n  emphasis ing chemical  s t r u c t u r a l  
a n a l y s i s  o f  t h e  r e s u l t a n t  p roduc ts .  To s o l e l y  use the  fo rement ioned c r i t e r i a  as a 
b a s i s  f o r  c a t a l y s t  e v a l u a t i o n  can and may be m i s l e a d i n g ,  as the  p r o d u c t  q u a l i t y  i s  
an unknown parameter,  which can g i v e  much i n s i g h t  i n t o  b o t h  t h e  e f f e c t i v e n e s s  and 
mechanism o f  c a t a l y s i s .  

The paper r e p o r t s  a s t u d y  comparing t h e  e f f e c t s  o f  a s i n g l e  c a t a l y s t ,  Co/Mo, on 
two A u s t r a l i a n  c o a l s  o f  d i f f e r e n t  r a n k  a t  t h e i r  uncata lyzed o p t i m a l  o i l  y i e l d  
temperatures (4)(8)(9) under donor s o l v e n t  c o n d i t i o n s .  I t  was cons idered more 
a p p r o p r i a t e  t o  compare the  produc ts  f rom t h e  two c o a l s  a t  t h e i r  r e s p e c t i v e  o p t i m a l  
o i l  y i e l d  temperatures r a t h e r  than a t  the  same temperature.  The former accounts 
and compensates f o r  d i f f e r i n g  thermal  r e a c t i v i t i e s  w i t h  rank, thereby  a l l o w i n g  a 
d i r e c t  comparison o f  p r o d u c t  q u a l i t i e s  t o  be made. 

The c o a l s  used f o r  t h e  s t u d y  were a V i c t o r i a n  brown c o a l ,  LY1277, f rom t h e  Loy 
Yang 
from t h e  L i d d e l l  F i e l d .  
p o t e n t i a l .  They were r e a c t e d  a t  375°C and 425°C r e s p e c t i v e l y ,  i n  ba tch  au toc laves  
u s i n g  a s o l v e n t  ( t e t r a l i n )  c o a l  r a t i o  o f  2:1, a c a t a l y s t  c o n c e n t r a t i o n  o f  10% w/w 
cclal and were r e a c t e d  f o r  2 hours a t  tempera ture .  

The t o t a l  l i q u i d  p r o d u c t  (TLP) ( d e f i n e d  as CHZC12 s o l u b l e s )  was f r a c t i o n a t e d  by a 
s e p a r a t i o n  method ( 6 )  designed s p e c i f i c a l l y  t o  separa te  by f u n c t i o n a l i t y  i n t o  
c h e m i c a l l y  d e f i n e d  c lasses  viz. a c i d s ,  bases and n e u t r a l s .  Th is  method u t i l i z e s  a 
sequence o f  ion-exchange r e s i n s  and s i l i c a  a d s o r p t i o n  chromatography. 
of  t h e  method i s  t h a t  i t  does n o t  remove t h e  donor s o l v e n t  u n t i l  a l l  t h e  p o l a r  
m a t e r i a l  i s  absent,  hence a l l e v i a t i n g  t h e  r i s k  o f  thermal  a l t e r a t i o n  o f  the  samples 
as may occur  w i t h  an i n i t i a l  d i s s o l u t i o n  s t e p .  
c l a s s  s e p a r a t i o n .  

The TLP, r e s i d u e s  and t h e  r e s u l t i n g  f r a c t i o n s  have been i n v e s t i g a t e d  by a number o f  
a n a l y t i c a l  and s p e c t r o s c o p i c  methods i n  an a t t e m p t  t o  use chemical  a n a l y s i s  as a 
probe f o r  i n v e s t i g a t i n g  t h e  e f f e c t i v e n e s s ,  mode o f  a c t i o n ,  and s t r u c t u r a l  
dependence o f  the c a t a l y s t .  
component c lasses  t h e  m a j o r i t y  o f  the  da ta  r e p o r t e d  here  concerns m a i n l y  t h e  TLP 
and r e s i d u e .  

F i e l d ,  a med ium- l igh t  l i t h o t y p e ,  and a N.S.W. h i g h  v o l a t i l e  b i tuminous  c o a l  
They were chosen because of  t h e i r  known l i q u e f a c t i o n  

A f e a t u r e  

The method i s  v e r y  e f f e c t i v e  i n  

A l though t h e  TLP has been f r a c t i o n a t e d  i n t o  i t s  

RESULTS AND D I S C U S S I O N  

The e f f e c t  o f  the  Co/Mo c a t a l y s t  on the two c o a l s ,  as judged b y  normal l i q u e f a c t i o n  
c r i t e r i a  i s  shown i n  Table 1. I n  b o t h  cases convers ion  inc reased w i t h  c a t a l y s i s ,  
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however the o i l  y ie lds  f o r  the catalyzed (C) Liddell r u n  was lower than f o r  the  
uncatalyzed (UC), run, the converse of the Loy Yang case.  
uncatalyzed Liddell r u n  was much better than f o r  both the Loy Yang runs, with the 
catalyzed Liddel run being only s l i g h t l y  lower i n  y ie ld  than the  catalyzed LOY Yang 
run. 
to  62% f o r  the uncatalyzed run, and 75% and 60% f o r  the catalyzed and uncatalyzed 
Loy Yang runs respec t ive ly .  
exhib i t  d i f fe ren t  l iquefac t ion  behaviour. 
markedly increases conversion, but decreases o i l  y i e l d .  The  increased conversion 
i s  a t  the  expense of increased H20 production and g a s i f i c a t i o n .  The gases being 
predominantly hydrocarbons. 
Primarily increases o i l  y i e l d  and/or conversion, o r  a c t u a l l y  upgrades the products, 
the r a t i o  of the H20 and gases t o  o i l  y ie ld  must be taken. Clear ly  the r a t i o  of 
H20/oil y ie ld  a n d  gas /o i l  y ie ld  i s  very s i m i l a r  for  the  Loy Yang runs (Table 11, 
while i t  i s  markedly d i f f e r e n t  between the two Liddell runs. 
t h a t  i n  the Loy Yang runs the c a t a l y s t  i s  not removing heteroatoms o r  upgrading 
the product, b u t  ra ther  in te rac t ing  only with the  coal and a s s i s t i n g  i t s  
d i sso lu t ion .  However i n  the Liddell case the marked increase in the two r a t i o s  
ind ica tes  both cleavage of a lkyl  s ide  chains and heteroatom removal ( i . e .  the  
product i s  being a f fec ted  by the c a t a l y s t ) .  

Elemental analysis  (Table 2) gives credence t o  these i n i t i a l  conclusions with H / C  
and O / C  ra t ios  being marginally higher f o r  the uncatalyzed Loy Yang o i l  than the 
catalyzed o i l ,  but s t i l l  very s i m i l a r .  Whereas, the Liddell runs show the 
converse viz., increased H / C  and much decreased O / C  f o r  the catalyzed compared t o  
the uncatalyzed o i l .  
of the LY1277 o i l s  t o  be very s imi la r  ( s i m i l a r  percentages of  the various a c i d i c ,  
basic  and neutral  mater ia l s ) .  This adds f u r t h e r  t o  the hypothesis t h a t  the 
c a t a l y s t  i s  primarily increasing the y ie ld  of product ra ther  than upgrading i t .  
I f  the c a t a l y s t  had acted on the  o i l  i t  would not be unreasonable to  expect 
differences in the composition of the o i l s .  This i s  indeed shown with the 
Liddell o i l s ,  where the uncatalyzed o i l  has 75% of i t s  mater ia l  as  acids  and bases 
(25% and 50% respec t ive ly) ,  whereas in the catalyzed o i l  over 75% of the mater ia l  
i s  neut ra l ,  with l e s s  than 16% being basic .  I t  i s  observed t h a t  near ly  70% of the 
o i l  e x i s t s  as nonpolar neut ra l s  which a re  predominantly a l i p h a t i c  and aromatic 
hydrocarbons ( 7 ) ,  whereas in  the uncatalyzed o i l  t h i s  f rac t ion  represents  only 
14%. This i s  i n  marked cont ras t  t o  the LY1277 o i l s  where t h e i r  respect ive 
percentages of nonpolar neut ra l s  i s  very s i m i l a r ,  as  i s  the  percentage of polar  
neut ra l s .  Obviously t h i s  data  shows qui te  markedly t h a t  f o r  the Liddell o i l s  the 
c a t a l y s t  i s  act ing not only on the coal b u t  a l s o  on the r e s u l t a n t  product, 
upgrading i t  via loss  of f u n c t i o n a l i t i e s  t o  produce hydrocarbon neutral  mater ia l .  
This data reaff i rms the t rends shown by H20/oil y i e l d  and gas/oi l  y ie ld  r a t i o s .  

Spectroscopic and molecular weight data f u r t h e r  confirms these t rends .  
comparison of IR spectra  (Figs .  1,  21, using semi-quant i ta t ive methods reveals  only 
a minor decrease i n  the  -OH absorption f o r  the catalyzed LY1277 o i l ,  whi l s t  there  
i s  a marked reduction in the same absorption in  the catalyzed Liddell o i l .  This i s  
reinforced by the analogous reduction in the H The 
a romat ic i t ies  as determined by I 3 C  nmr (Fig.  3YHof both catalyzed o i l s  increased 
marginally over t h e i r  uncatalyzed counterpar t s ,  with both the  Liddell o i l s  being 
much more aromatic than the LY1277 o i l s .  

'H nmr has shown there  t o  be a reduction in  the amount of aromatic protons (Har) 
for  the  catalyzed compared t o  the uncatalyzed LY1277 o i l ,  the  converse occurred for  
the Liddell o i l s  (Table 4 ) .  Similar ly ,  the percentage of methylene protons (Ho) 
and hence average s ide  chain length increased f o r  the catalyzed LY1277 o i l  compared 
t o  the uncatalyzed o i l ,  whereas there  was a marked reduction in  both f o r  the 
catalyzed Liddell o i l .  This i s  not surpr i s ing  considering the high y ie ld  of 

The o i l  y i e l d  for  the 

On a conversion basis  the catalyzed Liddell run gave 92% conversion compared 

Hence, on an o i l  yield/conversion basis  the  coals  
Cata ly t ic  l iquefac t ion  of Liddell 

To determine the e f f e c t  of c a t a l y s t ,  a s  t o  whether i t  

These data ind ica te  

Data on the o i l s  (Table 3 )  shows the composition ( %  w / w  o i l )  

A 

a s  shown by ' H  nmr. 
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hydrocarbon gases from t h e  l a t t e r ,  most probably formed from s ide  chain cleavage. 
This view i s  fu r the r  subs tan t ia ted  by the  increase in the percentage of protons or 
carbons a t o  aromatic r ings  ( H u )  compared t o  the  uncatalyzed Liddell o i l .  However, 
w i t h  the catalyzed LY1277 o i l  t he re  i s  a marked reduction in the percentage of Ha. 
This observation and the  increase in 110 suggests t h a t  the ca t a lys t  may be operating 
in  e i t h e r  of two ways: ( a )  
cleavage a n d  hence r ing  opening of naphthenic r ings  in the  coal s t r u c t u r e .  
more l i ke ly  the l a t t e r  i s  occurring as the  former was n o t  observed f o r  the  Liddell 
o i l ,  which a l so  contains aromatic r i n g s ,  and the  s t ruc tu re  of brown coal i s  
suggested as having a l a rge  pimoportion of naphthenic r ings  a n d  arene systems (10) .  
This,mode of ac t ion  of the  c a t a l y s t  i s  more cons is ten t  w i t h  the o ther  d a t a ,  
suggesting i t  i s  operating on the decomposition a n d  d i sso lu t ion  of the coal ra ther  
t h a n  upgrading the o i l .  Modified Brown-Ladner equations (11) showed the LY1277 o i l s  
t o  both have a s imi l a r  degree of s u b s t i t u t i o n ,  whereas the Liddell o i l s  were much 
lower in value with the catalyzed o i l  being subs t an t i a l ly  lower t h a n  t h a t  f o r  the 
uncatalyzed o i l .  This trend i s  a l s o  shown by the Har/Car r a t i o ,  from b o t h  the  
modified Brown-Ladner method and d i r e c t l y  from ' H  and 1 3 C  nmr, ( c f .  Table 4 )  where 
the degree of condensation i s  much reduced f o r  the uncatalyzed compared t o  the  
catalyzed Liddell o i l ,  which i n  t u r n  i s  s imi l a r  in value t o  the  LY1277 o i l s  

This i s  suggestive of the catalyzed Liddell o i l  having a smaller average ring s i z e  
a n d  hence molecular weight t h a n  the o ther  o i l s .  Molecular weight d a t a  proves t h i s  
t o  be the case,  with the catalyzed Liddell  o i l  having a MW l e s s  t h a n  half  t h a t  of 
the uncatalyzed o i l  (169 a n d  379 r e spec t ive ly ) .  The l a t t e r  i s  s l i g h t l y  l e s s  t h a n  
t ha t  found fo r  the  LY1277 o i l s  which in  turn have s imi l a r  MIIs ( 4 9 8  fo r  the 
uncatalyzed a n d  512 f o r  the catalyzed o i l ) .  

The semi-quantitative IR data agrees very well with t h a t  from ' H  nmr. 
C-H bending region in the IR increases  only marginally fo r  the catalyzed Loy Yang 
o i l  (F ig .  1)  b u t  i s  markedly increased fo r  the catalyzed Liddell o i l  (Fig.  2 ) .  
The differences in the  r e l a t i v e  amounts  of -OH s t r e t ch ings  are  a l so  reaffirmed by 
the amount of -C-0- IR spec t ra l  i n t e n s i t y ,  with the Liddell o i l s  being l e s s  than 
the LY1277 o i l s ,  a n d  the catalyzed Liddell o i l  being markedly reduced in the  
amount  of -C-0- s t r e t ch ing  while the LY1277 i s  only marginally reduced. Similarly 
the I3C nmr a l so  agreed with the  ' t i  nmr d a t a ,  ind ica t ing  t h a t  the Cali ha t i c /  
Caromatic r a t i o  decreases qui te  markedly between the LY1277 a n d  Liddely o i l s  
(Fig.  31, b u t  only s l i g h t l y  between the  uncatalyzed and catalyzed o i l  from the same 
coa l .  

I R  inves t iga t ions  of the res idues  revealed t h a t  the contribution of a l ipha t i c  -CH2- ,  
-CH3 bending regions were g rea t e r  in  the  catalyzed than in the uncatalyzed res idues .  
CP-MASS 1 3 C  nmr of LY1277 catalyzed res idue  (Fig.  4 )  showed i t  t o  have a lower 
aromaticity than the uncatalyzed res idue ,  b u t  s t i l l  higher t h a n  the parent coal.  
For the Liddell case ,  hower, b o t h  res idues  had  the same aromaticity which again 
were higher t h a n  the parent coa l .  The  d a t a  fromthe LY1277 residues ind ica tes  t h a t  
the c a t a l y s t ,  may in f a c t  be hydrogenating aromatic r ings  whi l s t  dissolving the 
coa l .  Why th i s  occurs only f o r  LY1277 and n o t  for  Liddell may be due t o  t he  
s e l e c t i v i t y  of the c a t a l y s t ,  displaying s t ruc tu ra l  dependence fo r  the chemically 
very d i f f e ren t  s t a r t i n g  ma te r i a l s .  The r e s u l t  i s  surpr i s ing  considering the 
previous d a t a  on the  o i l s  and the  s imi l a r  a romat i c i t i e s ,  b u t  n o t  i f  the d i f f e r ing  
s t ruc tu res  of the  two coals a r e  taken i n t o  account. 

Pyrolysis-Gas Chromatography of the res idues  a n d  the parent coals reaffirms 
previous observations t h a t  the  c a t a l y s t  does a l t e r  the  organic s t ruc tu re  of the 
res idues .  
Liddell residue, while they a re  present in the uncatalyzed residue. 
with the marked increase in hydrocarbon gas production in the former. 
Pyrograms o f  the Loy Yang res idues ,  although d i f f e r ing  in some components between 

hydrogenating aromatic rings or ( b )  enhancing the 
I t  i s  

The aromatic 

A m a i n  observation i s  the l o s s  of  the alkane/alkenes in the catalyzed 
This agrees 

The 
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unca ta l yzed  and c a t a l y z e d  res idues ,  a r e  n o t  d i s s i m i l a r ,  d i f f e r i n g  m a i n l y  i n  
r e l a t i v e  q u a n t i t i e s  o f  components. 

Th is  paper has at tempted t o  show t h a t  t h e r e  are d e f i n i t e  advantages and 
disadvantages assoc ia ted  w i t h  t h e  c a t a l y t i c / n o n  c a t a l y t i c  l i q u e f a c t i o n  behaviour  
o f  coa ls  Possessing a wide v a r i a t i o n  i n  rank .  
t o  o n l y  i nc rease  t h e  o i l  y i e l d / c o n v e r s i o n  f o r  Loy Yang c o a l ,  markedly  upgraded t h e  
p roduc t  from L i d d e l l  coa l  - the reby  i n d i c a t i n g  a q u i t e  d i f f e r e n t  mode o f  a c t i o n  
( r e f l e c t i n g  a s t r u c t u r a l  dependence) i n  each case. 
O f  a c t i o n  and r e a c t i v i t y  o f  t he  c a t a l y s t  may be temperature dependent (as  the  o i l s  
were produced a t  two d i f f e r e n t  temperatures)  cannot  be ove r looked .  
purpose o f  t h i s  paper t o  i n v e s t i g a t e  such a p o s s i b l e  phenomena. 
show, and i t  c l e a r l y  has, t h e  problems t h a t  may a r i s e  i n  p roduc t  q u a l i t y  and 
upgrading i f  the o n l y  c r i t e r i a  f o r  l i q u e f a c t i o n  are o i l  y i e l d  and convers ion based. 

The use o f  c a t a l y s t ,  w h i l e  appear ing 1 
The p o s s i b i l i t y  t h a t  t he  mode 

Rather  i t  was t o  

! 
I t  was n o t  t h e  
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TABLE 1: PRODUCT DISTRIBUTION 

I 

i 

60.30 45.92 6.52 40.72 6.84 0.14 0.15 

74.63 55.89 8.02 25.37 10.37 0.14 0.19 

LY1277 
(uncat . )  
LY1277 
(ca t . )  

Liddell 62.22 59.57 1.48 37.78 1.17 0.03 0.02 (uncat . )  
Liddell 91.75 54.71 8.25 8.25 29.53 0.15 0.54 ( c a t . )  

A - g/100 g OAF c o a l  
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TABLE 2: ELEMENTAL ANALYSES 

Sample C H O* N S H / C  O / C  N / C  ASH 
(DAF) 

LY1277 
L i d d e l l  

T o t a l  O;!c 

LY1277 
(unca t .  ) 
LY1277 
( c a t . )  
L i  d d e l l  
( unca t  . ) 
L i d d e l l  
( c a t . )  

Residues 

LY1277 
(unca t . )  
LY1277 
( c a t . )  
L i d d e l l  
( unca t  .) 
L i d d e l l  
( c a t . )  

65.66 4.48 31.34 0.80 0.20 0.819 0.358 0.010 ~ 1 . 0  
80.1 5.9 10.90 2.03 1.0 0.883 0.102 0.022 28.1 

81.72 7.49 9.79 1.00 - 1.10 0.089 0.010 

85.08 6.85 7.83 0.24 - 0.966 0.069 0.002 

87.80 6.15 3.94 2.11 - 0.841 0.033 0.021 

90.71 6.53 1.53 1.23 - 0.863 0.013 0.015 

80.13 4.98 16.93 1.05 - 0.746 0.159 0.011 3.0 

69.66 4.95 24.51 0.889 - 0.853 0.264 0.011 17.9 

82.73 4.85 9.97 2.45 - 0.704 0.090 0.025 25.6 

63.18 4.64 29.38 2.81 - 0.881 0.349 0.038 72.6 

*By d i f f e r e n c e  

TABLE 3: CHEMICAL CLASS COMPOSITION OF TOTAL LIQUID PRODUCT ( w / w  % o f  o i l )  

LY1277 L i d d e l l  
Fraction* Uncata lyzed Cata lyzed Uncata lyzed Cata lyzed 

A 1  22.09 23.51 11.63 1.69 
A2 0.86 0.68 2.72 1.91 
A3 1.03 1.36 2.48 0.42 
A4 6.72 5.62 2.48 0.84 
A5 1.55 1.19 0.01 2.12 
A6 1.38 1.87 2.72 1.06 
B1 2.80 4.77 2.97 0.21 
82 9.00 9.03 50.50 15.25 
TN 54.50 51.97 24.49 76.50 

N PN 31.07 34.76 14.45 69.84 
P N 23.43 17.21 10.04 6.66 

A s e r i e s  - a c i d i c  f r a c t i o n s  f r o m  r e s i n s  
B s e r i e s  - bas ic  f r a c t i o n s  f rom r e s i n s  
TN = T o t a l  n e u t r a l s ,  i .e . ,  NPN + PN: NPN = Nonpolar n e u t r a l s ;  
PR = P o l a r  n e u t r a l s .  
*See Ref. 6. 
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FIG. 1 I.R. SPECTRA ff LY1277 PM, ITS LIWEFACTION PRCDUCTS 
-- 

FIG, 2 I . R .  SPECrKk W L I D U E l l  AND ITS LI(wU'ACT1oN PRODUCTS -__- 
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H-COAL@ PROCESS MODELING AND SCALEUP 

James 8. MacArthur, Allen L i ,  and Ani1 S. Ambegaonkar 

Hydrocarbon Research, Inc. 
( A  Subsidiary of Dynalectron) 

P .  0. Box 6047 
Lawrenceville, New Jersey 08648 

ABSTRACT 

H-Coal@ Process commercial v l s b i l f t y  has been confirmed by a higL.1 successful,  
2-?/2 year demonstration program a t  the Catlettsburg,  Kentucky, P i lo t  Plant.  A 
major accomplishment was the confirmation of scale-up of the H-Coal@ Process che- 
mistry in the well-mixed ebullated-bed reactor system. T h i s  paper describes the 
H-Coal@ Process Model developed from bench sca le  and PDU t e s t i n g  and i t s  rela- 
t ionship  t o  the P i l o t  Plant operations. Kinetics,  hydrodynamics, and overall pro- 
cess  simulation a re  described. 

PROCESS BACKGROUND 

The H-Coal@ Process is a d i r e c t  c a t a l y t i c  coal l iquefac t ion  process developed by 
Hydroyllbon Research, Inc. fo r  conversion of coal in to  high-quality,  clean l iqu id  
f u e l s  The process can be modified to  produce a range o f  products from a heavy 
fuel o i l  to an a l l - d i s t i l l a t e  (C4-650°F boi l ing  range) syncrude. The novelty of 
the  H-Coal Process res ides  i n  t h e  use of the  comerc ia l ly  proven ebullated-bed 
reac tor  i n  combination w i t h  other process s teps  t o  achieve C4-975°F 1 iquid product 
y i e l d s  in t h e  range of 40 t o  55 weight percent on dry coal.  Over twenty coal 
types have been evaluated in more than 70,000 hours of operation. The history 
development, and advances of the H-Coal@ Process have been extensively documented. 
Some de ta i l s  of the process and HRI’s ebullated bed reactor are appended t o  th i s  
paper. 

. 

H-COAL PROCESS SCALE UP 

The development path f o r  comnercialization of the H-Coal Process i s  s imi la r  to  
t h a t  used by HRI f o r  sca le  up of the commercial H-Oil” residuum and heavy crude 
hydroconversion process. The H-Oil reactor system was successfully scaled up from 
the  bench, through the PDU, followed by a p i l o t  p lan t  demonstration u n i t  and 
f i n a l l y  t o  the commercial sca le  plant. The diameters of experimental reac tors  
employed fo r  co l l ec t ing  process, engineering and scale-up data a re  l i s t e d  below. 
All reac tors  have operated a t  comerc ia l  design conditions. 

H - O i  1 H-Coal 
Reactor Diameter Reactor Diameter 

Bench Unit 
Development U n i t  
P i lo t  P lan t  
Conerc i a l  Plant 

3/4 in. 3/4 in. 
8-1/2 in. 6 & 8-1/2 in.  

4 f t .  6 in. 5 f t .  
13 f t .  10-13 f t .  
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I n  a d d i t i o n ,  H R I  has cons t ruc ted  two c o l d - f l o w  r e a c t o r  models f o r  f l u i d  dynamics 
s t u d i e s  and the  development of improved r e a c t o r  i n t e r n a l s :  a 6 i n .  x 12 ft glass 
.column and a 5 ft x 24 ft. carbon s t e e l  vessel. These c o l d  f l o w  s tud ies ,  combined 
w i t h  data Co l l ec ted  from t h e  var ious exper imenta l  u n i t s ,  have p rov ided  the i n f o r -  
ma t ion  t o  sca le  the  e f f e c t s  of equipment s i z e ,  pressure and temperature on r e a c t o r  
f l u i d  dynamics and vessel i n t e r n a l s  designs. 

The performance of t he  H - O i l  u n i t  a t  t h e  Kuwai t  Na t iona l  Petro leum Company's 
(KNPC) Shuaiba Re f ine ry  i s  evidence o f  t h i s  successfu l  s c a l e  up technique. The 
KNPC H-Oil u n i t  has two r e a c t o r  t r a i n s ,  each o p e r a t i n g  on vacuum residuum a t  about 
25,000 B/D. 

The H-Coal r e a c t o r  has been thoroughly  t e s t e d  i n  bench- and PDU-size systems and 
has r e c e n t l y  completed a 2 1/2 y e a r  demonstrat ion program a t  t he  C a t l e t t s b u r g ,  
Kentucky H-Coal P i l o t  P l a n t .  The H-Coal P i l o t  P l a n t  o p e r a t i o n  has achieved many 
s i g n i f i c a n t  r e s u l t s  i n c l u d i n g :  

Both r e a c t o r s  have been o p e r a t i n g  s ince  1968. 

a Conf i rma t ion  o f  H-Coal process chemist ry  and equipment scale-up. 

a Establ ishment  o f  process mechanical o p e r a b i l i t y  and r e l i a b i l i t y  i n  
c o m e r c i a l - s c a l e  equipment 

C o l l e c t i o n  o f  eng inee r ing  des ign and o p e r a t i n g  data on c r i t i c a l  equipment a 

- S l u r r y  Preheater  

- Letdown va lves 

- S l u r r y  pumps 

- Reactor and i n t e r n a l s  

a Accumulation o f  about 7000 hours o f  on-coal ope ra t i ons  w i t h  over 56,000 
tons o f  coal processed. 

H-COAL REACTOR IS WELL MIXED AND THERMALLY STABLE 

To determine t h e  degree o f  c a t a l y s t  backmixing i n  an e b u l l a t e d  bed, a 
r a d i o a c t i v e l y - t a g g e d  c a t a l y s t  sample was charged t o  t h e  PDU r e a c t o r  i n  separate 
ope ra t i ons  w i t h  Kentucky and Wyoming coals .  The amount o f  tagged c a t a l y s t  i n  the  
d a i l y  wi thdrawals  and subsequent r e a c t o r  c a t a l y s t  bed dump was determined. The 
res idence t ime  d i s t r i b u t i o n  of c a t a l y s t  i n  the  ebu l l a ted -bed  was then analyzed. A 
d e t a i l e d  d i scuss ion  o f  t h e  exper imenta l  procedures, and some o f  t he  t e s t  r e s u l t s  
were repo r ted  i n  t h e  l i t e r a t u r e .  The es t ima ted  r e a c t o r  P e c l e t  number r e p o r t e d  by 
B i c k e l  and Thomas(3) f o r  t h e  Kentucky coa l  ope ra t i on  was 0.451. Using a mod i f i ed  
d i s p e r s i o n  model and t a k i n g  i n t o  c o n s i d e r a t i o n  the  f l u i d  dynamics d u r i n g  the cata-  
l y s t  a d d i t i o n  and wi thdrawal  operat ions,  t he  P e c l e t  number f o r  t he  Wyoming coal 
o p e r a t i o n  was es t ima ted  t o  be 0.248 ( d e t a i l e d  a n a l y s i s  t o  be pub l i shed) .  These 
low P e c l e t  numbers i n d i c a t e  t h a t  t h e  c a t a l  s t  m i x i n g  c h a r a c t e r i s t i c s  i n  t h e  PDU 
ebul la ted-bed r e a c t o r  approximated t h a t  o f  t i e  CSTR. 

The a x i a l  temperature v a r i a t i o n  i n  an ebul la ted-bed r e a c t o r  i s  s i g n i f i c a n t l y  
sma l le r  than t h a t  i n  a p lug - f l ow  ( f i xed -bed  o r  moving-bed) r e a c t o r  a t  t h e  same 
convers ion l e v e l .  The a x i a l  temperature g r a d i e n t  ( A T )  i n  an ebul la ted-bed reac- 
t o r  can be es t ima ted  u s i n g  t h e  f o l l o w i n g  express ion:  

235 



where, 

C A ~ ,  C A ~  = c o n c e n t r a t i o n  of r e a c t a n t  i n  the  feed and i n  
t h e  r e a c t o r  o u t l e t ,  r e s p e c t i v e l y .  

A H r  

f l  

= h e a t  o f  r e a c t i o n  

= d imens ion less  c o n s t a n t  r e l a t e d  t o  r e c y c l e  
l i q u i d / f e e d  r a t i o  and i n t e r n a l  l i q u i d  
backmix ing .  T h i s  c o n s t a n t  ranges f rom 
5-15 i n  e b u l l a t e d - b e d  o p e r a t i o n s .  

= average f l u i d  d e n s i t y  and h e a t  c a p a c i t y ,  
r e s p e c t i v e l y .  

p ,  Cp 

The c a l c u l a t e d  tempera ture  g r a d i e n t s  f rom e q u a t i o n  ( I )  a r e  i n  agreement r i t h  POU 
and C a t l e t t s b u r g  P i l o t  P l a n t  da ta  as shown below: 

MEASURED VS. PREDICTED H-COAL REACTOR TEMPERATURE GRADIENTS 

( I l l i n o i s  No. 6 Coal ,  B u r n i n g  S t a r  !.line) 

PDU-5 C a t l e t t s b u r g  - 
Reactor  I n t e r n a l  D iameter  0.71 f t .  5 f t .  

Reactor  Temperature 850°F a 4 5 - a 5 i 0 ~  

Reactor  Pressure  2,700 p s i g  3,000 p s i g  

Reactor  Temperature G r a d i e n t  
Measured 16-20 "F 11- 18°F 
P r e d i c t e d  16'F 16°F 

F o r  a c o m n e r c i a l - s i z e  H-Coal r e a c t o r  o p e r a t i n g  a t  c o n d i t i o n s  s i m i l a r  t o  t h a t  of 
t h e  C a t l e t t s b u r g  P i l o t  P l a n t ,  a tempera ture  g r a d i e n t  o f  about  7 ° F  was p r e d i c t e d .  
Th is  lower r e a c t a r  tempera ture  g r a d i e n t  was due t o  i n c r e a s e d  backmix ing  i n  l a r g e  
s i z e  r e a c t o r .  The same c a l c u l a t i o n  procedure  p r e d i c t e d  temperature v a r i a t i o n s  of  
2-5'F i n  c o m e r c i a l  H - O i l @  r e a c t o r s ,  which i s  c o n s i s t e n t  w i t h  c o m e r c i a l  
exper ience.  The h i g h e r  tempera ture  g r a d i e n t s  observed i n  +Coals  r e a c t o r s  were 
caused by h i g h e r  h e a t  o f  r e a c t i o n  and l o w e r  e b u l l a t i n g  r e c y c l e  f l o w  i n  the H-Coal@ 
Process. 

I n  p l u g - f l o w  r e a c t o r s ,  such as f i x e d  beds and moving beds, the temperature g r a -  
d i e n t  across the  r e a c t o r  f o r  an exo thermic  h y d r o c r a c k i n g  r e a c t i o n  can be c a l c u -  
l a t e d  u s i n g  the  f o l l o w i n g  e q u a t i o n :  
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where subsc r ip t s  f and 1 denote r e a c t o r  f eed  and o u t l e t  c o n d i t i o n s ,  r e s p e c t i v e l y .  
Comparing equations (1) and (2) ,  one can deduce t h a t  t h e  a x i a l  temperature gra- 
d i e n t  i n  a p lug - f l ow  r e a c t o r  i s  about one o rde r  of magnitude h i g h e r  than t h a t  i n  
an ebu l l a ted -bed  r e a c t o r  when both a re  o p e r a t i n g  a t  t he  same convers ion l e v e l .  

The wel l -mixed ebu l l a t i ng -bed  r e a c t o r  system enables commercial r e a c t o r  systems to 
u t i l i z e  the exothermal heat  o f  r e a c t i o n  t o  preheat  t h e  H-Coal r e a c t o r  feed. Th is  
enables the coa l  s l u r r y  preheater  t o  operate a t  a low temperature (~700'F a t  t h e  
P i l o t  P l a n t ) .  No coke was found i n  the  s l u r r y  p rehea te r  a f t e r  2-1/2 years  o f  
P i l o t  P l a n t  ope ra t i on  because o f  t he  m i l d  preheater  s e v e r i t i e s .  The H-Coal reac-  
t o r  system i s  e n e r q y - e f f i c i e n t ,  c o s t - e f f e c t i v e ,  and has the  p o t e n t i a l  f o r  h i g h e s t  
p l a n t  On-stream f a c t o r s  o f  any d i r e c t  coal  l i q u e f a c t i o n  process. 

1 

H-COAL PROCESS MODELLING 

The H-Coal@ Process has been success fu l l y  demonstrated on t h e  bench sca le  w i t h  
over  20 coa l  types i n c l u d i n g  bituminous, sub-bituminous, l i g n i t e  and brown Coal. 

The H-Coal@ Process o f f e r s  considerable p roduc t  s l a t e  f l e x i b i l i t y ,  rang ing  from an 
a l l - d i s t i l l a t e  syncrude t o  a maximum heavy f u e l  o i l  p roduc t i on .  The H-Coal@ 
Process meets these requirements through man ipu la t i on  o f  key process v a r i a b l e s  
i n c l u d i n g :  

Coal space v e l o c i t y  

m Hydrogen p a r t i a l  pressure 

m Reactor temperature 

m Recycle s l u r r y  composi t ion 

H R I  has developed a t o o l  t o  p r e d i c t  t he  e f f e c t  o f  these key process v a r i a b l e s  on 
H-Coal y i e l d s  and p roduc t  q u a l i t i e s  f o r  I l l i n o i s  No. 6 coa l .  The H-Coal@ Process 
S imu la to r  i s  a comprehensive computer model o f  t h e  H-Coal r e a c t o r  system a t  
s teady -s ta te  cond i t i ons .  The S imu la to r  i nc ludes  r e c e n t l y  updat.;d c o r r e l a t i o n s  f o r  
H-Coal p roduc t  q u a l i t i e s ,  r e a c t o r  v a p o r / l i q u i d  e q u i l i b r i u m  K "  values, and an 
H-Coal k i n e t i c  m d e l .  A l l  r e a c t o r  f eed  and e f f l u e n t  streams, r e a c t o r  composit ion, 
and product  y i e l d s  and q u a l i t i e s  a re  depic ted.  Procedures a re  con ta ined  i n  the 
S imu la to r  f o r  e lemen ta l l y  ba lanc ing  y i e l d s  and c a l c u l a t i n g  r e a c t o r  s l u r r y  com- 
p o s i t i o n  as a f u n c t i o n  o f  r e c y c l e  s lu , r ry  and r e c y c l e  gas feed  stream r a t e s  and 
composi t ions.  The r e a c t o r  s l u r r y  composi t ion i s  an i m p o r t a n t  parameter i n  the 
H-Coal k i n e t i c  m d e l  f o r  p r e d i c t i n g  p roduc t  y i e l d s .  

H R I  has developed a semi-empir ica l  k i n e t i c  model based on a back-mixed reac to r  
system. The convers ion reac t i ons  a r e  assumed t o  be i r r e v e r s i b l e .  The reac t i ons  
a re  f i r s t  o rde r  except  f o r  preasphal tene and asphal tene conversion. The r e a c t i o n  
mechanism assumed i s  shown i n  F igu re  1. Coal i s  made up o f  i n e r t  components (ash 
and i n e r t  o rgan ic  m a t e r i a l  and r e a c t i v e  components. The p r imary  reac t i ons  
i n v o l v e  t h e  convers ion o f  r e a c t i v e  coal  t o  preasphal tenes and gases ( i n c l u d i n g  
hydrocarbon and heteroatoms). Secondary r e a c t i o n s  i n v o l v e  t h e  convers ion o f  
preasphal tenes t o  asphal tenes, d i s t i l l a t e s  (C4-400°F, 40O-65O0F, and 650-975°F) 
and gases. F i n a l l y ,  i n  t e r t i a r y  r e a c t i o n s ,  asphaltenes conver t  t o  d i s t i l l a t e s  and 
gases, and d i s t i l l a t e s  conver t  t o  l i g h t e r  b o i l i n g  components. 

C a t a l y s t  t ype  and replacement r a t e  
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The k i n e t i c  model i s  i n c o r p o r a t e d  i n t o  t h e  H-Coal@ Process Simulator .  I n  t h e  
S imu la to r ,  e m p i r i c a l  c o r r e l a t i o n s  a re  used t o  separate the  d i s t i l l a t e  components 
i n t o  narrow (50°F) b o i l i n g  range f r a c t i o n s .  These components are u t i l i z e d  t o  
o b t a i n  b e t t e r  es t ima tes  of r e a c t o r  composi t ion ( th rough  v a p o r / l i q u i d  e q u i l i b r i u m  
f l a s h  c a l c u l a t i o n s ) ,  phys i ca l / chemica l  p r o p e r t i e s  o f  t h e  p roduc t  streams, and f o r  
elemental ba lanc ing  o f  t h e  H-Coal@ Process y i e l d s .  

Table 1 summarizes t h e  da ta  base used t o  develop t h e  H-Coal K i n e t i c  Model f o r  
I l l i n o i s  No. 6 Coal (Bu rn ing  S t a r  Mine). A l l  process v a r i a b l e s  cover a wide range 
w i th  t h e  e x c e p t i o n  of temperature. The temperature e f f e c t  has been modeled based 
on p r i o r  da ta  o b t a i n e d  on a d i f f e r e n t  I ! ! i no i s  coa l  (Monterey Mine). 

TABLE 1. H-COAL KINETIC MODEL - RANGE OF DATA USED 

COAL TYPE: I l l i n o i s  No. 6 (Bu rn ing  S t a r  Mine) 

NUMBER OF YIELD PERIODS: 140 
PROCESS UNITS: BENCH, PDU 

CATALYST : HDS-1442A 

PROCESS VARIABLE RANGES 
Coal Space V e l o c i t y  
P ressu re  1450-2700 ps l a  
Hydroqen P a r t i a l  Pressure 1100-1900 p s i a  

25 - 80 l b / h t - / f t 3  

C a t a l y s t  Age 

Opera t i ng  Mode 
Reactor  Stages 

Temoerature 840 - 852°F 
0-600 hours 
0-3000 l b  c o a l / l b  c a t a l y s t  
Bottoms Recycle 
S ing le  

The H-Coal K i n e t i c  Model components, c o r r e l a t i n g  parameters, range o f  y i e l d  data, 
and s tandard d e v i a t i o n s  o f  t h e  c o r r e l a t i o n s  a r e  summarized i n  Table 2. Coal con- 
ve rs ion  i s  c o r r e l a t e d  as a f u n c t i o n  o f  coa l  space v e l o c i t y ,  r e a c t o r  temperature, 
and the  concen t ra t i on  o f  r e a c t i v e  coa l  i n  t h e  r e a c t o r .  The I l l i n o i s  coal i s  very 
r e a c t i v e  and coa l  convers ion data covered d narrow range o f  87-96 we igh t  pe rcen t  
o f  MAF coal .  Hydrogen p a r t i a l  p ressu re  e f f e c t s  were n o t  s t a t i s t i c a l l y  s i g n i f i -  
cant .  A l though c a t a l y s t  age and a c t i v i t y  i n f l u e n c e  s o l v e n t  q u a l i t y ,  no c a t a l y s t  
impact  on coal  conve rs ion  c o u l d  be  c o r r e l a t e d  from a v a i l a b l e  data. The s tandard  
d e v i a t i o n  f o r  t h e  t o t a l  bench and PDU da ta  base was 1.2%. 

TABLE 2. REVISED H-COAL KINETIC MOREL 

RANGE OF YIELDS STANDARD 
COMPONENT FORM OF CORRELATION % MAF COAL DEVIATION 

1.2 Coal Conversion F1 (SV,T,C) 87-96 

Preasphal tenes F2 (SV,T,AGE,HzPP,C) 1.3-20 - 
Toluene Conversion F 1 - f ~  

Asphal tenes F3 (SV,T,AGE,HzPP ,C) 

975°F- Conversion F 1 - f z - F ~  

650-975°F L i q u i d  F4 (FlrF2,F3,SV,C) 
400-650°F L i q u i d  F5 (F1,F2,F3,F4,SV,C) 
C4-4OO"F L i q u i d  F6 (F1,F2,F3,F4,F5) 
C1-C3 Gas F7 (FlsF1,F2,F4,F5) 

11-30 

45-80 

6- 14 
5-30 

10-40 
5-15 

2.5 

2.0 

2.3 
2.1 
3.1 
1.7 
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Preasphaltene and asphaltene convers ions were c o r r e l a t e d  as a f u n c t i o n  o f  coa l  
space v e l o c i t y ,  c a t a l y s t  age, hydrogen p a r t i a l  pressure, r e a c t o r  temperature, and 
r e a c t o r  concentrat ion.  S t a t i s t i c a l  performance was s i g n i f i c a n t l y  improved by 
c o r r e l a t i n g  t h e  to luene  convers ion [ c o a l  convers ion minus preasphal tene y i e l d )  and 
975°F' convers ion ( coa l  convers ion minus preasphal  tene and asphal tene y i e l d ) .  
Th i s  e l i m i n a t e d  data s c a t t e r  assoc ia ted  w i t h  smal l  d i f f e r e n c e s  between l a r g e  num- 
bers. Standard dev ia t i ons  of 1.8% and 2.0% were achieved f o r  t he  to luene conver- 
s i o n  and 975°F' convers ion,  r e s p e c t i v e l y .  Y i e l d s  o f  d i s t i l l a t e s  (C4-4OO0F, 
4O0-65O0F, 650-975OF) were s i m i l a r l y  c o r r e l a t e d .  The data, however, were more 
l i m i t e d  and data s c a t t e r  more s i g n i f i c a n t .  F u r t h e r  data a r e  r e q u i r e d  t o  c o n f i r m  
these reac t i ons  r a t e  constants .  

The H-Coal@ Process S imu la to r  i nc ludes  e m p i r i c a l  c o r r e l a t i o n s  o f  hydrogen consump- 
t i o n ,  and heteroatom (COX, HzS, NH3, H20) y i e l d s .  L i q u i d  p roduc t  q u a l i t i e s  a r e  
c a l c u l a t e d  by k i n e t i c  ( f o r  S,N) and e m p i r i c a l  c o r r e l a t i o n s .  

The H-Coals Process S imu la to r  has been used e x t e n s i v e l y  t o  p r e d i c t  H-Coals Process 
performance over a wide range o f  o p e r a t i n g  c o n d i t i o n s  and t o  eva lua te  process 
improvements. S i g n i f i c a n t  improvements have been made i n  i n c r e a s i n g  the  r e c y c l e  
s o l v e n t  b o i l i n g  range (400°F' t o  600°F') and e x t i n c t i n g  the  heavy vacuum gas o i l  
stream. Th is  improves process economics when a t r a n s p o r t a t i o n  p roduc t  s l a t e  i s  
des i rab le . (4 )  Also, r e c e n t  s tud ies  have shown t h a t  t he  hydroc lones used f o r  pre-  
p a r a t i o n  o f  r e c y c l e  s l u r r y  o i l  may be e l i m i n a t e d  i n  most cases w i t h o u t  s a c r i f i c i n g  
l i q u i d  y i e l d s .  

\ 

The S imu la to r  has been used t o  v e r i f y  P i l o t  P l a n t  performance. 

H-COAL PILOT PLANT YIELDS PREDICTIONS CONFIRMED 

The H-Coal P i l o t  P l a n t  had a successfu l  131 day run  w i t h  I l l i n o i s  No. 6 and 
HDS-1442A c a t a l y s t  (Run 8 )  d u r i n g  the  second h a l f  o f  1981. The run was conducted 
w i t h  d a i l y  c a t a l y s t  a d d i t i o n  and wi thdrawal  t o  m a i n t a i n  a t a r g e t  c a t a l y t i c  a c t i -  
v i t y .  Dur ing  t h i s  run, 19,200 tons o f  d r i e d  coa l  were processed w i t h  the  r e a c t o r  
p rocess ing  coal  o r  o i l  s l u r r y  100% o f  t h e  t ime  and coal  f e d  f o r  72% o f  t he  t ime. 
The data ob ta ined  a t  t h e  P i l o t  P l a n t  a re  f e l t  t o  be r e p r e s e n t a t i v e  o f  what would 
be achieved i n  l o n g  term commercial operat ions.  

Y i e l d  da ta  were ob ta ined  i n  bo th  September and a four-day ma te r ia l -ba lance  p e r i o d  
(October 29-November 2) .  The y i e l d  data ob ta ined  d u r i n g  t h e  ma te r ia l -ba lance  
p e r i o d  were considered most r e p r e s e n t a t i v e  due t o  l i n e d - o u t  H-Coal ope ra t i ons  a t  
s teady -s ta te  c o n d i t i o n s  d u r i n g  t h i s  per iod.  

Table 3 presen ts  a comparison o f  y i e l d s  ob ta ined  a t  t he  PDU s c a l e  w i t h  those 
ob ta ined  d u r i n g  t h e  four-day ma te r ia l -ba lance  p e r i o d  a t  t h e  P i l o t  P l a n t  f o r  t he  
I l l i n o i s  No. 6 b i tuminous coal .  Tab le  4 presents  s i m i l a r  data f o r  Wyodak sub- 
bi tuminous coa l .  These data show e q u i v a l e n t  y i e l d s  a t  t he  two scales and c o n f i r m  
t h e  scaleup o f  H-Coal@ Process chemist ry .  The H-Coal K i n e t i c  Model and Process 
S imu la to r  c l o s e l y  p r e d i c t e d  t h e  demonstrated P i l o t  P l a n t  performance. These 
r e s u l t s  p rov ide  conf idence i n  HRI 's  a b i l i t y  t o  p r o j e c t  commercial sca le  p l a n t  per-  
formance based on r e s u l t s  ob ta ined  i n  bench and POU u n i t s .  
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TABLE 3. H-COAL PROCESS CHEMISTRY SCALE-UP ILLINOIS NO. 6 COAL 

UNIT PDU PILOT PLANT - 
Nominal S ize,  T f O  3.5 200 

PERCENT PERCENT 
76x8- 11.77 

18.74 22.41 
28.33 25.27 

YIELDS 
1Ic3 

C4/400°F 
400/975"F 
975°F' Residuum 19.90 21.26 
lJnconve?i*ted Coal 5.78 3.46 
Ash 11.51 11.31 

T o t a l  D i s t i l l a t e  O i l  47.07 47.68 
Residuum P lus  Coal 24.78 24.72 

TABLE 4. H-COAL PROCESS CHEMISTRY SCALE-UP WYODAK COAL 

UNIT 

Nominal S ize,  T/D 

YIELDS 

E $0 OF 
400/975OF 
975°F' Residuum 
Unconverted Coal 
Ash 

To ta l  D i s t i l l a t e  O i l  
Residuum Plus Coal 

PDU 

3.5 

PERCENT 
-9T-8- 

22.12 
24.06 
11.27 
10.72 
8.84 

46.18 
21.99 

- PILOT PLANT 

200 

B/T PERCENT BTU - 9.29 - 
1.62 25.95 1.93 
1.40 23.93 1.41 
0.51 10.65 0.48 

9.12 
9.13 - 

49.88 
19.77 

SUMMARY 

The H-Coala Process f o l l o w s  t h e  same success fu l  development and sca le  up pa th  used 
f o r  t h e  H - O i l  Process. Resu l t s  o f  r e a c t o r  t e s t i n g  and model ing are i n  agreement 
w i t h  p l a n t  data, c o n f i r m i n g  t h a t  e b u l l a t e d  beds a re  we l l -m ixed  and h i g h l y  s t a b l e .  
A k i n e t i c  model and o v e r a l l  process s i m u l a t o r  have been developed and shown t o  
a c c u r a t e l y  p r e d i c t  r e s u l t s  from bench, PDU, and P i l o t  P l a n t  scales. P i l o t  P l a n t  
r e s u l t s  con f i rm  scaleup o f  t he  H-Coal@ Process chemist ry .  Data ob ta ined  i n  f u t u r e  
bench and PDU u n i t s  may be used wi th  conf idence f o r  des ign o f  commercial s c a l e  
p l a n t s .  
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FIGURE 1 

H-Coal@ Kinetic Model Reaction Mechanism 
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APPENDIX 

H-COAL PROCESS DESCRIPTION 

F i g u r e  1 presents  a s i m p l i f i e d  f l o w  diagram o f  t h e  H-Coal Process. Coal i s  
s l u r r i e d  w i t h  a process-der ived o i l ,  pumped t o  r e a c t o r  pressure,  mixed w i t h  
hydrogen, preheated and f e d  t o  t h e  reac to r .  There, coa l ,  r e c y c l e  o i l ,  and 
hydrogen r e a c t  i n  t h e  presence o f  a c a t a l y s t .  Depending on t h e  process s e v e r i t y  
se lected,  t h e  n e t  p roduc t  y i e l d  can be a l l - d i s t i l l a t e  m a t e r i a l  or, a t  low 
s e v e r i t i e s ,  a d i s t i l l a t e  and a heavy f u e l  o i l .  The r e a c t o r  t y p i c a l l y  operates 
a t  temperatures o f  about 800-850°F and pressures o f  2500-3000 ps ig .  A p o r t i o n  
o f  t h e  r e a c t o r  e f f l u e n t  i s  t r e a t e d  t o  reduce i t s  s o l i d s  content .  Low-sol id- 
c o n t e n t  o i l  i s  r e c y c l e d  as a s l u r r y  o i l  f o r  t h e  coal .  The balance o f  the l i q u i d  
i s  f r a c t i o n a t e d  t o  produce an a l l - d i s t i l l a t e  product .  The vacuum residuum, con- 
t a i n i n g  n o n d i s t i l l a t e  o i l s ,  unconverted coa l ,  and ash, can be f e d  t o  a p a r t i a l  
o x i d a t i o n  u n i t  t o  produce t h e  hydrogen f o r  t h e  process. 

EBULLATED-BED REACTOR DESCRIPTION 
F i g u r e  2 i s  a ske tch  o f  t h e  e b u l l a t e d  bed r e a c t o r  which i s  t h e  h e a r t  o f  t h e  
H-Coal r e a c t o r  design. The r e a c t o r  feed and r e c y c l e  streams f rom t h e  e b u l l a t i n g  
pump e n t e r  t h e  bottom o f  t h e  reac to r .  The l i q u i d  f l o w  causes t h e  c a t a l y s t  bed 
t o  expand and f l u i d i z e .  The c a t a l y s t  remains i n  t h e  bed. The r e a c t o r  products, 
i n c l u d i n g  t h e  unconverted coal  and ash s o l i d s ,  l eave  t h e  bed and are separated 
f o r  f u r t h e r  processing. Because the  c a t a l y s t  i s  c o n s t a n t l y  i n  motion, a p o r t i o n  
can be withdrawn and rep laced  t o  ma in ta in  h i g h  c a t a l y s t  a c t i v i t y .  On a d a i l y  
bas i s ,  about one o r  two pe rcen t  o f  t he  c a t a l y s t  i n v e n t o r y  i s  removed f o r  t h i s  
purpose. The ebul la ted-bed r e a c t o r  system has over  30 u n i t - y e a r s  o f  c o m e r c i a l  
ope ra t i ons  i n  HRI's H - O i l Q  pet ro leum residuum hydroconvers ion process. The 
H-Coal@ c a t a l y s t  now be ing  used has a l s o  been demonstrated commerc ia l ly  i n  H - O i l  
operat ions.  

The ebul la ted-bed r e a c t o r  a l l o w s  i n t i m a t e  c o n t a c t  between c a t a l y s t  p a r t i c l e s ,  
hydrogen, and t h e  coa l -o i  1 s l u r r y  t o  achieve e s s e n t i a l l y  i so the rma l  r e a c t i o n  
c o n d i t i o n s  and p rov ide  low cons tan t  r e a c t o r  d i f f e r e n t i a l  pressure. Other major  
advantages o f  t h e  H-Coal r e a c t o r  system are t h a t :  

0 High l i q u i d  y i e l d s  and q u a l i t i e s  a re  achieved i n  t h e  presence o f  a s y n t h e t i c  
c a t a l y s t  and a re  n o t  dependent on t h e  c a t a l y t i c  e f f e c t  o f  coa l  ash. 

Continuous c a t a l y s t  replacement c o n t r o l s  d e a c t i v a t i o n ,  prov ides cons tan t  
p roduc t  q u a l i t y ,  w i l l  p e r m i t  cont inuous c a t a l y s t  regenerat ion,  and prov ides 
f o r  h i g h  on-stream f a c t o r s .  

0 Operat ing c o n d i t i o n s  can be v a r i e d  t o  meet f l e x i b l e  p roduc t  s l a t e  r e q u i r e -  
ments. 

I 
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FIGURE A - 1  

Slmp!ified H-Coal" Process Flow Diagram 
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FIGURE A-2  
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HYDROGEN AND METHANE SOLUBILITY I N  
SRC-I1  COAL LIQUID 

Fu-Xin Ding, Shiao-Hung Chiang and George E .  Kl inz ing  

Chemical and Petroleum Engineering Department 
U n i v e r s i t y  of P i t t s b u r g h  

P i t t s b u r g h ,  PA 15261 

IhTRODUCTION 

The most 1mpor:anc s t e p s  i n  c o a l  l i q u e f a c t i o n  processes  a r e  t h e  d i s s o l u t i o n  
of coa l  in t h e  hydrogen-laden s o l v e n t  and t h e  subsequent  h y d r o t r e a t i n g  of t h e  
c o a l  der ived  l i q u i d .  A smal l  amount of methane is u s u a l l y  formed dur ing  c o a l  
l i q u e f a c t i o n .  Zhus hydrogen and methane s o l u b i l i t y  d a t a  a r e  e s s e n t i a l  f o r  t h e  
des ign  and o p e r a t i o n  of c o a l  l i q u e f a c t i o n  r e a c t o r s .  

A n m b e r  of i n v e s t i g a t o r s  s t u d i e d  vapor- l iquid e q u i l i b r i u m  i n  b inary  and 
multicomponent systems of eavy hydrocarbon l i q u l d s  and l i g h t  gases ,  inc luding  
hydrogen and Only l i m i t e d  experimental  d a t a  f o r  methane-oal 
l iquif5,9’fd hydrogen-coal l i q u i d  mixtures  have been repor ted  i n  t h e  l i t e r a -  
t u r e .  An a t tempt  w a s  made i n  t h i s  s tudy  t o  o b t a i n  s o l u b i l i t y  d a t a  in t h e  
b i n a r y  system of hydrogen-coal l i q u i d  (SRC-11) and t h e  t e r n a r y  system of 
hydrogen-methane-oal l i q u i d  (SRC-11) under c o n d i t i o n s  comparable t o  t h o s e  
encountered i n  c o a l  l i q u e f a c t i o n  processes .  Two s p e c i a l l y  designed i n - s i t u  
hydrogen probes were adopted f o r  monitor ing hydrogen c o n c e n t r a t i o n / p a r t i a l  
p r e s s u r e  i n  both vapor and l i q u i d  phase.  

EXPERIMENTAL 

The experimental  set-up and procedure i n  t h i s  s tudy  a r e  e s s e n t i a l l y  t h e  
same a s  t h a t  descr ibed  in previous  papers .  (‘:e’) A schemat ic  f l o w  diagram of  t h e  
equipment is shown i n  F igure  1. 

A o n e - l i t e r  au toc lave  was used as t h e  equi l ibr ium c e l l .  The au toc lave  i s  
made of s t a i n l e s s  s t e e l  and equipped with an  au tomat ic  temperature  c o n t r o l l e r  
capable  of maintaining cons tan t  temperature  w i t h i n  fl K of t h e  d e s i r e d  s e t t i n g .  
A magnatic s t i r r e r ,  d r i v e n  by a v a r i a b l e  speed motor ,  was i n s t a l l e d  i n  t h e  
a u t o c l a v e .  Two i n - s i t u  probes were used t o  measure t h e  hydrogen p a r t i a l  
p r e s s u r e .  (12)lhe o p e r a t i n g  p r i n c i p l e  of t h e s e  probes has  been d iscussed  
elsewhere.  

Hydrogen and methane were suppl ied  t o  t h e  equi l ibr ium c e l l  from high  
p r e s s u r e  cy l inders  through gas  feed  l i n e s .  Liquid and gas  samples can b e  
withdrawn from t h e  c e l l  i n t o  t h e  low p r e s s u r e  s e c t i o n .  A Hewlett-Packard 5880A 
chromatograph system was used  f o r  sample a n a l y s i s .  

High pressure  hydrogen ( 4 1  m a )  and methane (13 m a )  were used i n  t h i s  work 
wi th  repor ted  p u r i t y  of 99.995% and 99.0%, r e s p e c t i v e l y .  n te  SRC-I1 c o a l  l i q u i d  
( s u p p l i e d  by the Gulf R&D Co. c a t a l y t i c a l l y  hydro t rea t e d  with Ni-Moly 
c a t a l y s t  f o r  four  hours  a t  640°F.f7)was 
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RESULTS AND DISCUSSION ' Hydrogen-Coal Liquid Binary System. The hydrogen s o l u b i l i t y  d a t a  were obta ined  
by measuring hydrogen p a r t i a l  p r e s s u r e  (using t h e  i n - s i t u  probe)  and by t a k i n g  

4 t o  11 MF'a. Figure 2 shows t h e  hydrogen s o l u b i l i t y  a s  a f u n c t i o n  of t o t a l  
p ressure .  When t h e  t o t a l  p ressure  is held  c o n s t a n t ,  t h e  hydrogen s o l u b i l i t y  
i n c r e a s e s  wi th  temperature  t o  a maximum v a l u e  and t h e n  decreases .  'he reason  f o r  
t h i s  apparent  s o l u b i l i t y  i n v e r s i o n  is a t t r i b u t a b l e  t o  t h e  r a p i d  i n c r e a s e  of c o a l  
l i q u i d  p a r t i a l  p r e s s u r e  wi th  temperature ,  which c a u s e s  a s i g n i f i c a n t  d e c r e a s e  i n  
hydrogen p a r t i a l  p ressure  i n  t h e  gas  phase under cons tan t  t o t a l  p ressure .  It can  
be shown t h a t  t h e  hydrogen s o l u b i l i t y  i n c r e a s e s  monotomously w i t h  temperature if 
hydrogen p a r t i a l  p r e s s u r e  is held  c o n s t a n t  (F igure  3). I n  a d d i t i o n ,  hydrogen 
s o l u b i l i t y  d a t a  of t h  s t u d y  are  found t o  be  i n  good agreement wi th  t h e  r e s u l t s  
repor ted  by Lin e t  a l &  a t  temperatures  below 550 K. 

Hydrogen-Methane-Coal Liquid Ternary System. Experimental  measurements were made 
a t  two temperatures ,  591 K and 645 K, and a t  p r e s s u r e s  up t o  14 MF'a. I n  o r d e r  t o  
determine t h e  e f f e c t  of methane on hydrogen s o l u b i l i t y ,  methane p a r t i a l  p r e s s u r e  
was v a r i e d  from z e r o  t o  3.5 MF'a. 'he exper imenta l*resu l t s  a r e  p l o t t e d  i n  F igures  
4 and 5. Under cons tan t  hydrogen p a r t i a l  p r e s s u r e  and tempera ture ,  t h e  hydrogen 
s o l u b i l t y  decreases  d r a m a t i c a l l y  wi th  a n  i n c r e a s e  i n  methane p a r t i a l  p r e s s u r e .  
For  example, a t  645 K and c o n s t a n t  hydrogen p a r t i a l  p r e s s u r e  (9.52 MF'a), hydrogen 
concent ra t ion  i n  t h e  l i q u i d  phase f a l l s  from 0.136 t o  0.0387 mole f r a c t i o n  when 
methane p a r t i a l  p r e s s u r e  i n c r e a s e s  from z e r o  t o  3.0 ma. The methane s o l u b i l i t y  
v e r s u s  i t s  p a r t i a l  p r e s s u r e  is shown i n  F igures  6 and 7. 'he r e s u l t s  i n d i c a t e  a 
l i n e a r  r e l a t i o n s h i p  between methane s o l u b i l i t y  and i t s  p a r t i a l  p r e s s u r e  at 
c o n s t a n t  temperatures  and c o n s t a n t  hydrogen p a r t i a l  p r e s s u r e s .  A s t u d y  of  t h e  
effect  of hydrogen p a r t i a l  p r e s s u r e  on methane s o l u b i l i t y  is underway and t h e  
r e s u l t  w i l l  be presented  i n  a f u t u r e  paper .  

CONCLUSION 

I l i q u i d  samples a t  temperatures  ranging from 420 t o  681 K and t o t a l  p r e s s u r e s  from 

Hydrogen and methane s o l u b i l i t i e s  have been exper imenta l ly  obta ined  i n  t h e  
b i n a r y  hydrogen-oal l i q u i d  (SRC-11) and t e r n a r y  hydrogen-methane-coal l i q u i d  
(SRC-11) systems a t  e l e v a t e d  temperatures  and pressures .  I n  t h e  b inary  system, 
hydrogen s o l u b i l i t y  e x h i b i t s  a temperature  i n v e r s i o n  a t  c o n s t a n t  t o t a l  p r e s s u r e  
due t o  t h e  s t r o n g  dependence of c o a l  l i q u i d  p a r t i a l  p r e s s u r e  on temperature .  In  
t h e  te rnary  system, hydrogen s o l u b i l i t y  is a f f e c t e d  cons iderably  by methane 
p a r t i a l  p ressure  a t  c o n s t a n t  temperatures .  The methane s o l u b i l i t y  e x h i b i t s  a 
l i n e a r  c o r r e l a t i o n  wi th  i t s  p a r t i a l  p r e s s u r e  when hydrogen p a r t i a l  p r e s s u r e  is 
h e l d  cons tan t .  
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DISSOLVING COAL AT MODERATE TEMPERATURES AND PRESSURES 

Frank R. Mayo, Alber t  S.  Hirschon, John S. Zevely and Karen Sundback 

SRI I n t e r n a t i o n a l ,  333 Ravenswood, Menlo Park ,  CA 94025 

I n t r o d u c t i o n  

p r o p o r t i o n s  of  breakable  C-C and C-0 bonds i n  t h e  c o n n e c t i n g  l i n k s  between t h e  
condensed systems i n  c o a l .  Such i n f o r m a t i o n  should  t e l l  u s  a b o u t  t h e  p o s s i b i l i t y  Of 
c o a l  l i q u e f a c t i o n  under mi ld  c o n d i t i o n s .  
bonds were i n v e s t i g a t e d  by c l e a v a g e  r e a c t i o n s .  Cleavages of C-0 bonds i n  esters and 
e t h e r s  by s t r o n g l y  b a s i c  amines,  i o d i d e s ,  and a c i d s  a r e  d i s c u s s e d  f i r s t  and t h e n  o u r  
r e s u l t s  o n  t h e  d i s t r i b u t i o n  of  oxygen i n  c o a l  a r e  compared w i t h  t h e  r e s u l t s  o f  o t h e r  
workers.  We then  d i s c u s s  t h e  c l e a v a g e  of C-C bonds i n  c o n n e c t i n g  l i n k s  by oxida- 
t i o n s  of c o a l  f r a c t i o n s  and some d i f f e r e n c e s  among t h e  o x i d a t i o n  products .  In terms 
of  C-C bonds t o  be broken by o x i d a t i o n ,  t h e  p r i n c i p a l  problem i s  de termining  whether 
t h e  condensed aromat ic  systems are j o i n e d  by s i n g l e  o r  m u l t i p l e  methylene groups.  
Our conclus ions  are compared w i t h  some i n  t h e  l i t e r a t u r e .  
expansion o f  a previous  p r e s e n t a t i o n . ( l )  

The above f i n d i n g s  and c o n c l u s i o n s  a r e  t h e  f o u n d a t i o n  f o r  a new program t o  
prepare  a c o a l  product  on  a l a b o r a t o r y  scale a t  a moderate tempera ture  and p r e s s u r e  
t h a t  w i l l  m e l t  o r  d i s s o l v e  i n  a cheap  s o l v e n t  a t  o r  below 100OC. Ash c a n  t h e n  b e  
removed and t h e  product c a n  be used a s  a c l e a n  f u e l  o r  processed  more e a s i l y  t h a n  
c o a l  t o  a l i q u i d  f u e l .  A p r o g r e s s  r e p o r t  w i l l  b e  made. 

Coal P r e p a r a t i o n :  E x t r a c t i o n  of  Coal With P y r i d i n e  

obta ined  from Pennsylvania  S t a t e  U n i v e r s i t y  a s  PSOC 25. T h i s  d r i e d  c o a l  c o n t a i n e d  
76.0% C ,  4.88% H ,  1.46% N ,  2.17% S,  1.71% a s h ,  and 13.8% 0 by d i f f e r e n c e .  Much o f  
t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  was c a r r i e d  o u t  w i t h  s o l u b l e  c o a l  f r a c t i o n s  so  
t h a t  changes could  be fo l lowed by number-average molecular  w e i g h t s  (E ) .  
t h e s e  f r a c t i o n s  were prepared  by e x t r a c t i n g  o u r  c o a l  e x h a u s t i v e l y  w i t g  p y r i d i n e  a t  
100°C. About 16% d i s s o l v e d ,  a p p a r e n t l y  wi thout  chemica l  r e a c t i o n .  About one- th i rd  
of t h e  p y r i d i n e - s o l u b l e  m a t e r i a l  was s o l u b l e  in to luene ;  i t  c o n t a i n e d  more hydrogen 
and l e s s  oxygen t h a n  t h e  t o l u e n e - i n s o l u b l e ,  p y r i d i n e - s o l u b l e  (TIPS) f r a c t i o n ,  which 
i s  a u s e f u l  model f o r  c o a l  and w a s  used i n  much of  o u r  work. The TIPS f r a c t i o n  i s  
heterogeneous i n  molecular  weight and chemica l  composi t ion .  
M 1100 (by  vapor-phase osmometry) was f r a c t i o n a t e d  by GPC; 76% of t h e  t o t a l  
hsd E 
t h e  p?oducts were e a s i l y  s e p a r a t e d  i n t o  f r a c t i o n s  o f  E 
measure of a r o m a t i c i t y )  of  0.98-0.74, and w i t h  differe:t  p r o p o r t i o n s  o f  a r o m a t i c  
hydrogen. 

Reac t ions  of  Coal F r a c t i o n s  With Amines 

p y r i d i n e . ( 2 , 3 )  
chemical c l e a v a g e  o f  C-0 bonds i n  e s t e r  and e t h e r  groups .  
from r e a c t i o n s  of  b o t h  TIPS and p y r i d i n e - e x t r a c t e d  c o a l  w i t h  BnNH2. 
r e a c t i o n s ,  most of t h e  f r e e  BnNH2 was removed by vacuum d i s t i l l a t i o n  and t h e  r e s t  by 
washing w i t h  d i l u t e  aqueous HC1; t h e  l a t te r  was t h e n  e x t r a c t e d  by  aqueous ammonia. 
Table  1 shows t h a t  c l o s e  t o  one  molecule o f  BnNH2 becomes bound t o  t h e  TIPS f o r  each  
c l e a v a g e  r e a c t i o n  o r  a d d i t i o n a l  molecule formed. 
e x t r a c t e d  c o a l s ,  t h e  e x t e n t s  o f  r e a c t i o n  i n c r e a s e  w i t h  t h e  s e v e r i t y  of t r e a t m e n t .  
For t h e  p y r i d i n e - e x t r a c t e d  c o a l ,  we do not  know how much BnNH is i n c o r p o r a t e d  per  
c l e a v a g e ,  b u t  i f  t h e  r a t i o  i s  1, t h e r e  i s  about 350 i n  molecufar  weight u n i t s  
a s s o c i a t e d  wi th  each  bound BnNH2. 

s o l u t i o n s ,  b u t  t h e y  become p a r t l y  i n s o l u b l e  on  d r y i n g .  Thus,  one  EDA e x t r a c t  w a s  

The o b j e c t i v e  of  t h e  r e s e a r c h  r e p o r t e d  h e r e  was t o  d e t e r m i n e  t h e  k i n d s  and 
1 
i 

The k i n d s  and p r o p o r t i o n s  of C-0 and C-C 

T h i s  paper  i s  an  

A l l  o f  t h e  work r e p o r t e d  h e r e  was done wi th  a b e n e f i c i a t e d  I l l i n o i s  No. 6 c o a l ,  

Some O f  

One TIPS f r a c t i o n  o f  - 

i n  t h e  range  550-1550. A f t e r  h y d r o l y s i s  of  a T I P S  f r a c t i o n  by a l c o h o l i c  KOH, 
350 t o  1430, H / C  r a t i o s  ( a  

S t r o n g l y  b a s i c  amines have long  been known t o  d i s s o l v e  more c o a l  than  
We now a t t r i b u t e  t h e  h igh  s o l u b i l i t i e s  of  c o a l s  i n  t h e s e  s o l v e n t s  t o  

T h i s  c o n c l u s i o n  comes 
A f t e r  t h e s e  

With b o t h  TIPS and pyr id ine-  

The amine e x t r a c t s  from long  r e a c t i o n s  of c o a l  a t  100" a r e  a p p a r e n t l y  t r u e  
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c e n t r i f u g e d  and d r i e d  a t  76' and 1 t o r r ,  bu t  t h e n  on ly  90.5% was s o l u b l e  in EOA and 
on ly  24% was s o l u b l e  i n  p y r i d i n e  on r epea ted  e x t r a c t i o n s .  
cons ide red  t o  be e q u i v a l e n t ,  t h e  e x t r a c t  w a s  c e n t r i f u g e d  i n  an  o r d i n a r y  Centr i -  
fuge.  Another 1 .5  hour s  a t  30,000 g then produced no a d d i t i o n a l  p r e c i p i t a t e .  
Nearly a l l  t h e  s o l v e n t  was t h e n  removed from t h e  s o l u t i o n  and 200 mL of p y r i d i n e  w a s  
added t o  a 1-g sample. 
e x t r a c t i o n s  b u t  t h e  h i g h  s o l u b i l i t y  in p y r i d i n e  was unprecedented.  
t h i s  h igh  s o l u b i l i t y  is due  t o  t h e  omission of t h e  f i r s t  d r y i n g ,  b u t  t h e  presence of 
a few t e n t h s  of 1% of  BnNH2 i n  t h e  p y r i d i n e  may a l s o  have had some e f f e c t .  
d r y i n g  may p a r t l y  r e v e r s e  t h e  c l e a v a g e  o r  cause  condensa t ion  in o t h e r  ways. 

Other  Cleavage of TIPS 

and sodism, a i s o  c l e a v e  TIPS, presumably a t  C-0 bonds a s  r e p o r t e d  a t  t h e  Houston 
meet ing.(4)  
o r i g i n a l  TIPS molecu le ,  a s  measured by M . A f t e r  a l lowance f o r  bound ha logens ,  t h e  
ca rbon  r e c o v e r i e s  were u s u a l l y  90-95%. Re assume t h a t  t h e  mis s ing  m a t e r i a l  was low 
molecular  weight  wa te r - so lub le  o r  v o l a t i l e  m a t e r i a l .  l o s t  i n  t h e  workup and t h e r e f o r e  
t h a t  t h e  numbers in 'Cable 2 a r e  minimum v a l u e s .  However, t o  t h e  e x t e n t  t h a t  t h e  
p roduc t s  c o n t a i n  s a l t s  o r  o t h e r  i m p u r i t i e s  ( f o r  which w e  have no ev idence ) ,  t h e  
numbers in Tab le  2 a r e  too  l a r g e .  

A TIPS f r a c t i o n  of  M 1283 was t r e a t e d  f o r  7-15 days a t  90°C w i t h  hydrogen 
i o d i d e  i n  s o l u t i o n  i n  py ryd ine ,  t o l u e n e ,  O K  wa te r .  
weight  peak in t h e  TIPS d i sappea red  almost  comple t e ly  and was r e p l a c e d  by low 
molecular  weight  peaks.  S i m i l a r  b u t  incomplete  changes Occurred i n  to luene  and 
wa te r .  The r e a c t i o n  of H I  i n  p y r i d i n e  r e s u l t e d  in r ecove ry  of 4.4 moles of product  
p e r  1283 g of TIPS and i n c o r p o r a t i o n  of 3.03 g-atoms of i o d i n e  per  i n i t i a l  mole of 
TIPS. 
p r o d u c t ,  i n  good agreement w i t h  t h e  M d a t a  c o n s i d e r i n g  t h a t  t h e r e  was 6% loss of 
carbon and t h a t  t h e  i o d i d e  h y d r o l y s e s n a t  room t empera tu re .  

D i s t r i b u t i o n  o f  Oxygen i n  a TIPS F r a c t i o n  

ester group per ave rage  molecu le  and r e a c t i o n  wi th  H I  o r  ZnCIZ  g i v e s  - 1.2 
a d d i t i o n a l  c l e a v a g e s  p e r  TIPS molecule .  The phenol  c o n t e n t  co r re sponds  t o  3.5 
oxygen atoms p e r  a v e r a g e  molecule .  The n e t  r e s u l t  is t h a t  t h e s e  t h r e e  f u n c t i o n a l  
g roups  account f o r  64% o f  t h e  14.4% oxygen in o u r  c o a l .  T h e s e  r e s u l t s  are compared 
w i t h  r e s u l t s  of o t h e r s  in Tab le  4. The p r i n c i p a l  d i f f e r e n c e  is t h a t  w e  r e p o r t  as 
e s t e r s  what o t h e r s  r e p o r t  as ca rboxy l  g roups .  

Although t h e r e  is l i t t l e  doub t  abou t  t h e  c l eavage  o f  e t h e r s  by hydrogen i o d i d e ,  
o r  Of e s t e r s  by amines,  t h e  c l e a v a g e  of e t h e r s  by EOA and BnNH2 h a s  no precedent  in 
t h e  l i t e r a t u r e .  We have t r e a t e d  model e t h e r s  w i t h  t h e s e  amines f o r  long per iods  a t  
100°C, sometimes in t h e  p re sence  of an  e q u a l  weight  of c o a l ,  bu t  we  have found no 
ev idence  o f  r e a c t i o n  w i t h  benzyl  phenyl  e t h e r ,  d i h e x y l  e t h e r ,  4-hexyloxyphenol, o r  
t r i m e t h y l e n e  ox ide .  
e f f e c t s ,  w e  see no a l t e r n a t i v e  t o  e t h e r  c l eavage  by amines. 
of condensed a romat i c  n u c l e i  o r  t h e  uneven c o n c e n t r a t i o n  of phenol  g roups (9 )  makes 
t h e  c o a l  e t h e r s  more r e a c t i v e .  

I n  a BnNH2 e x t r a c t i o n ,  

The t o t a l  s o l u b i l i t y  i n  Table 2 is c o n s i s t e n t  w i th  o t h e r  
We t h i n k  t h a t  

The 

S e v e r a l  o t h e r  r e a p e a r s ,  mos t ly  h a l i d e s  o r  s o u r c e s  of ha logen ,  bu t  a l s o  a c i d s  

Tab le  3 g i v e s  t h e  a v e r a g e  Zumbers of molecules  r ecove red  from an  

By GPC,  t h e  high-molecular 

From t h e  i o d i n e  c o n t e n t  of t h e  p roduc t ,  we would expec t  4.03 molecules  of 

A TIPS f r a c t i o n  o f  Mn 1090, by r e a c t i o n  w i t h  a l c o h o l i c  KOH, c o n t a i n s  - 0.8 

However, s i n c e  t h e  amines and t h e  h a l i d e s  produce s i m i l a r  
Pe rhaps  t h e  involvement 

Ox ida t ions  of Coal F r a c t i o n s  
We r e p o r t e d  most o f  o u r  work on  c o a l  f r a c t i o n s  a t  t h e  A t l a n t a  Mee t ine . l l 0 )  W e  - .--, ~ 

aimed a t  maximum recove ry  o f  "b l ack  a c i d s " ,  s l i g h t l y  s o l u b l e  i n  weak aqueous b a s e ,  
w i t h  minimum l o s s  o f  ca rbon .  
w i t h  d i f f e r e n t  o x i d i z i n g  a g e n t s ,  t o  g i v e  u s  i n f o r m a t i o n  on b reakab le  C-C bonds i n  
c o a l .  For  o x i d a t i o n s ,  w e  used mos t ly  e x t r a c t e d  c o a l s  in suspens ion ,  and aqueous 
N a O C l  o r  oxygen in water a t  pH 13, add ing  sodium hydroxide t o  m a i n t a i n  t h e  pH, OK a 
suspens ion  i n  15-35% n i t r i c  a c i d .  
a c i d s  wi th  t h e  r e a g e n t s  named, w i th  E Five  
t o  10% y i e l d s  of wa te r - so lub le  a c i d s  Bere a l s o  o b t a i n e d .  

We expected i n v e s t i g a t i o n s  o f  t h e s e  b l a c k  a c i d s ,  made 

We o b t a i n e d  65-80% y i e l d s  on ca rbon  of b l a c k  
about  1000, and 12-20% los s  of carbon.  

Although t h e  n i t r i c  a c i d  
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o x i d a t i o n  products  had t h e  lowes t  H/C r a t i o s  (0 .65 from 0.73 i n  py r id ine -ex t r ac t ed  
c o a l )  o t h e r  d i f f e r e n c e s  among t h e  b l ack  a c i d s  were no t  obvious.  

Because t h e  y i e l d s  o f  b l a c k  a c i d s  w i t h  t h e  three m a i n  o x i d i z i n g  a g e n t s  were 
, s i m i l a r ,  we have compared t h e  b l a c k  a c i d s  wi th  r e s p e c t  t o  molecu la r  weight  d i s t r i -  

b u t i o n s  and wa te r  s o l u b i l i t y .  We used bo th  g e l  permeat ion chromtography (GPC) i n  
dimethylformamide and h igh  performance l i q u i d  chromatography (HPLC). s t a r t i n g  t h e  
e l u t i o n  wi th  10 mL of 25% n- ropano l  in wate r ,  fol lowed by n e a t  DMF. 
i n  a Waters column wi th  500 i pores ,  packed in DMF. HPLC s e p a r a t i o n s  were done on a 
Hamilton PRP-1 column. With each  column, t h e  f low r a t e  was 1 mL/min and a UV 
d e t e c t o r  a t  313 nn was used. S e v e r a l  known compounds were t e s t e d  on t h e  HPLC 
column: 2-naphthoic a c i d ,  t r ime l l i t i c  a c i d ,  p y r o m e l l i t i c  a c i d ,  and phenyl  benzoa te  
e l u t e d  a t  8-12 mL but  e v e r y t h i n g  e l s e  t e s t e d  (mos t ly  a romat i c  hydrocarbons,  some 
wi th  one  oxygen atom) e l u t e d  a t  24 mL o r  more. Thus t h e  HPLC column is mos t ly  a 
t e s t  f o r  water s o l u b i l i t y .  The p l o t s  of UV a b s o r p t i o n  a g a i n s t  r e t e n t i o n  t i m e  
c o n s i s t  mostly of f a i r l y  s h a r p  peaks w i t h  l i t t l e  a b s o r p t i o n  between we l l - sepa ra t ed  
peaks. 

R e s u l t s  on 11 b l a c k  a c i d s  a r e  summarized in Tab le  5 a r r anged  accord ing  t o  t h e i r  
o r i g i n s .  S e v e r a l  b l a c k  a c i d s  from N a O C l  o x i d a t i o n s  of p y r i d i n e - e x t r a c t e d  c o a l  were 
combined, d i s s o l v e d  i n  d i l u t e  b a s e ,  and f r a c t i o n a l l y  p r e c i p i t a t e d  by a d d i t i o n  of 
hydroch lo r i c  a c i d .  Sample F28D p r e c i p i t a t e d  between pH 5.5 and 5.0,  F29E between 
5.0 and 4.66. A s  expec ted ,  by GPC 28-D con ta ined  more of t h e  h i g h e s t  molecular  
weight  ( lowes t  r e t e n t i o n  volume) component a t  5 mL and less of t h e  lower molecu la r  
weight  m a t e r i a l s .  Sample F29E s u g g e s t s  t h a t  t h e  5.0 mL GPC peak co r re sponds  t o  t h e  
4.3 ML HPLC peak, b u t  t h e  correspondence is poor w i t h  Sample F29D. We s u s p e c t  t h a t  
t h e  5.0 mL GPC peak is no t  as homogeneous as i t  appea r s  and t h a t  t h e  wa te r - so lub le  
components a r e  po lyca rboxy l i c  a c i d s  t h a t  a r e  a s s o c i a t e d  i n  DMF. 

i n  Table  5. 
d a t i o n s  by sodium h y p o c h l o r i t e ,  50% n i t r i c  a c i d ,  and Ce4+ are r e l a t i v e l y  seve re .  
The most 5.0 mL component came from an o x i d a t i o n  w i t h  oxygen i n  wa te r  suspens ion  a t  
pH 1 3  and 50°C; t h i s  r e a g e n t  i s  a p p a r e n t l y  t h e  m i l d e s t  and most s e l e c t i v e  of t h o s e  
t h a t  we have used. However, 35% n i t r i c  a c i d  gave more lower molecu la r  weight  and 
wa te r - so lub le  m a t e r i a l  w i thou t  much s a c r i f i c e  of ca rbon  r ecove ry .  

By HPLC, f i v e  of  t h e  e l e v e n  b l a c k  a c i d s  gave a t  l e a s t  46% of t h e  4.3 mL com- 
ponent and seven o f  t h e  e l e v e n  have a 27.8 mL component t h a t  i s  e i t h e r  t h e  l a r g e s t  
o r  second l a r g e s t  component. S ix  of t h e  b l a c k  a c i d s  in Table 3 c o n t a i n  more t h a n  
70% of one component by e i t h e r  GPC o r  HPLC ( u n d e r l i n e d  in t h e  Table) ;  two of them 
show more than 70% of one component on b o t h  columns. 
T l O B ,  r e p r e s e n t s  68% recove ry  of  carbon i n  t h e  c o a l  f r a c t i o n .  
r e c o v e r i e s  of s o l u b l e  ca rbon  and t h e  d i f f e r e n t  e f f e c t s  o f  o x i d i z i n g  a g e n t s  on t h e  
a l i p h a t i c  and a romat i c  p o r t i o n s  o f  c o a l ,  t h e s e  chromatographic  methods o f f e r  con- 
s i d e r a b l e  p o t e n t i a l  f o r  de t e rmin ing  some ave rage  s t r u c t u r e s  i n  unprocessed c o a l .  

Ox ida t ions  wi th  m-Chloroperbenzoic Acid (MCPA) 
The o b j e c t i v e  of  t h i s  work was t o  de t e rmine  t h e  p r o p o r t i o n  of s i n g l e  methylene 

groups a s  connec t ing  l i n k s  between condensed systems in c o a l .  Th i s  problem evolved 
i n t o  a s e a r c h  f o r  d i a r y l  ke tones  i n  t h e  b l a c k  a c i d  o x i d a t i o n  p roduc t s  of c o a l  f r a c -  
t i o n s .  
e s t e r s ,  which were then  s a p o n f i f i e d .  The c r i t i c a l  measurement is a d e c r e a s e  i n  B 

wate r - in so lub le  p roduc t s  t h a t  w e  recovered from t h e  saponif icat io: ;  t h e  water- 
s o l u b l e  p roduc t s  were presumably t h e  lowes t  molecular  weight  m a t e r i a l .  
of four  experiments  d e s e r v i n g  c o n s i d e r a t i o n ,  t h e r e  w a s  a 2-9% i n c r e a s e  i n  % of t h e  
recovered a c i d s .  
t h e s e  b l a c k  a c i d s  r e p r e s e n t  on ly  18% of  t h e  ca rbon  i n  a TIPS f F a c t i o n  t h a t  w a s  
ox id i zed  wi th  50% n i t r i c  a c i d .  
ke tones  i n  t h e  b l a c k  a c i d s ,  b u t  even t h e n ,  t h e i r  p r o p o r t i o n s  were b a r e l y  measurable  
by our  MCPA method. 

GPC was done 

The 5.0 mL GPC component i s  t h e  major GPC component in most o f  t h e  b l a c k  a c i d s  
Except ions a r e  b l a c k  a c i d s  T74B, U60B, and U85A, which show t h a t  degra-  

One of t h e  l a t t e r  b l a c k  a c i d s ,  
Because of ou r  h i g h  

The d i a r y l  k e t o n e s  were expected t o  react w i t h  MCPA t o  conve r t  them t o  

t on s a p o n i f i c a t i o n  of t h e  e s t e r s .  However, we cou ld  measure t h e  R on ly  on t h e  

In t h r e e  out  

In one experiment ,  t h e r e  was a d e c r e a s e  i n  E from 410 to"391, but 

We propose t h a t  t h i s  o x i d a t i o n  concen t r a t ed  d i a r y l  
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These  r e s u l t s  i n d i c a t e  t h a t  t h e r e  a r e  no i m p o r t a n t  p r o p o r t i o n s  o f  b r i d g i n g  
methylene groups  i n  our  c o a l ,  b u t  our method i s  i n s e n s i t i v e .  However, t h e  n e x t  
s e c t i o n  shows t h a t  t h i s  c o n c l u s i o n  is c o n s i s t e n t  w i t h  most of  t h e  ev idence  from t h e  
l i t e r a t u r e .  

Cleavages i n  Diphenyla lkanes  
L i t e r a t u r e  d a t a  o n  breakdown of a , w d i p h e n y l a l k a n e s  a r e  summarized i n  Table  . .  

6. These hydrocarbons a r e  d e s i g n a t e d  by t h e  number of  methylene groups t h a t  t h e y  
c o n t a i n .  
d iphenylpropane  is most r e a c t i v e ,  followed by diphenylmethane and d iphenyle thane .  
A l l  t h e  hydrocarbons wi th  c t o  i m e t h y l e n e  groups  were c racked;  ehe e x t e n t s  of 
r e a c t i o n  ranged o n l y  from 32 t o  83%. 
most r e a c t i v e  bond i n  csa: because  a v e r y  small y i e l d  of dihydroxydiphenylmethane, 
ir. s-liich both  aryl-CH2-aryl bonds were broken ,  was o b t a i n e d .  
r e f e r e n c e s  in T a b l e  5 i n d i c a t e  t h a t  i n  t h e  absence  of A l C 1 3  O K  BF3 L i s  t h e  l e a s t  
r e a c t i v e  o f  t h e s e  hydrocarbons and t h a t  t h e r e  may not  b e  much of t h i s  k i n d  of bond 
present  i n  c o a l  anyway. Two r e f e r e n c e s  i n d i c a t e  t h a t  e t h e r  l i n k s  break  more e a s i l y  
t h a n  C-C bonds.  In terms o f  bond e n e r g i e s ,  t h e  phenyl-C bonds are s t r o n g e s t .  In 
terms o f  o u r  p r o j e c t  o b j e c t i v e ,  t h e  C-C bonds t h a t  a r e  b r e a k a b l e  i n  c o n v e n t i o n a l  
c o a l  l i q u e f a c t i o n  appear  t o  be m o s t l y ,  perhaps  e n t i r e l y ,  in sequences  o f  two or  more 
methylene groups .  

The f i r s t  r e f e r e n c e  shows t h a t  wi th  A1C13 and H2 a t  325'C, 1,3- 

The second r e f e r e n c e  i n d i c a t e s  t h a t i h a s  t h e  

However, a l l  t h e  o t h e r  

Summary and  Conclus ions  
We h a v e  shown t h a t  44% of t h e  carbon in our  b e n e f i c i a t e d  I l l i n o i s  No. 6 c o a l  

c a n  be d i s s o l v e d  by c l e a v a g e  of e s t e r  and e t h e r  l i n k s  by amines,  a c i d s ,  o r  i o d i d e s  
a t  100°C and a tmospher ic  p r e s s u r e .  
made s o l u b l e  i n  weak aqueous b a s e  by o x i d a t i o n  a t  60°C o r  below. One p r a c t i c a l  
problem in c o a l  l i q u e f a c t i o n  is now t o  t r y  t h e  u s e  of  cheaper  r e a g e n t s  t o  break  
e s t e r  and e t h e r  l i n k s ,  and t o  de termine  what tempera tures  and p r e s s u r e s  are 
r e q u i r e d .  Other  p r a c t i c a l  problems a r e  t o  reduce  t h e  consumption of  base  i n  
o x i d a t i o n s  w i t h  oxygen (pH 13 h a s  b e e n  r e q u i r e d )  and t o  s e e  i f  oxygen c a n  r e p l a c e  
p a r t  o f  t h e  sodium h y p o c h l o r i t e  or n i t r i c  a c i d  used f o r  o x i d a t i o n s .  Some remarks o n  
o u r  p r o g r e s s  a r e  expec ted  t o  b e  made a t  t h e  meeting. 

Up t o  80% of t h e  remaining carbon c a n  then  be 
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Table 1 

3EP'JTIONS OF ILLJNOIS NO. 6 COAL WIT3 EXCESS BnNH2 

Pyr id ine  e x t r a c t i o n  + 18.1% s o l .  + 81.9$ i n s o l .  

TIPS (toluene-insol.,pyr.-sol.), y i e l d s  corrected. 

Moles/1090g TIPS 
Rn TIPS BnNH2 % N  

No e x t r a c t i o n  1.68 1090 1.0 0 

24 h a t  23O 2.79 534 2.0 1.1 

9 d a t  looo 3.31 379 2.9 1.7 

Pyr id ine- inso luble ,  y i e l d s  c o r r e c t e d  (%N) 

4 h a t  23' 

16 d a t  23O 

11 d a t  1000 4 45.7% sol.(5.11)+ 52% i n s o l . ( S r 1 3 )  

3 1.35 s01.(4.36) + 97% inso1.(3.49)  

--c 7.3< sol . (4 .12)  

Table  2 

EXHAUSTIVE EXTRECTION OF ILL. 6 COAL 
BY BnNH2 

Carbon r e c o v e r i e s  
a f t e r  c o r r e c t i o n  

f o r  bound amine 

Soluble  i n  p y r i d i n e  42.7% 

Soluble  i n  BnNH2, 
not  i n  p y r i d i n e  1.5 

Undissolved 54.2 

Unaccounted f o r  1.6 
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Table  3 

MOLECULES FOETIED BY CLEAVASE OF ONE KOLECULE TIPS 
(most ly  i n  v y r i d i n e  s o l u t i o n )  

Reagent Molecules Re e gen t Mo 1 ec ules  

ZnC12 3.1 p-C 7H7SO3H 1.6 

L i  I * H20 3 . 1  
Ne in NH? + 1.6 

ZnBr2 3.0 Bum2 

Pyr id ine -HI  2.7 ?!e S i  I 1.5 
Me1 neat 2.0 LiClOJ, 1.4 
Eenzylemine 1.8 HBr 1.3 

BnMe3N+I’ 1.7 12 1.1 

Table 4 
OXYGEN DISTRIBUTIONS I N  COALS 

D i s t r i b u t i o n  of 0 
Coal %C daf  $0 OH C=O C02H Ether’1:ert Ref. 

A 79.4 12.5 48 1; 6 18 B 1 aurn ik 
E 83.0 8.4 50 2 26 it) HI 
C 88.0 4.0 30 5 0 40 25 1962.,5 
K-I 78.2 15.1 16 4 5 8 67 
K - I 1  81.1 11.7 11 5 76 WRChQWska 
K - I 1 1  87.0 6.0 5 2 25 651 OH chgnge 
K-N 87.9 4.5 8 61 23 1977 
A 92.6 4.2 5 28 67 
Canedian 89.4 3.9 24 8 48 20 Wachouska 

Ill. 6 82.5 6.7 36 6 10 42 6 Ruberto 
Subbit .  77.3 16.2 35 6 27 6 26 1978 

111. 76.0 14.4 36 ester16 12; 36 This peper 

1979 7 
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Table  5 c I’ .FRACTIONATIONS OF EL!.CK ACIDS BY GPC 4HD HPLC 

Black Re ten t ion  Times, mLn. b 
Acid O r i g i n  Yie lea  GPC HPLC 

T74B TIPS NaOCl 74 10.0 12.1 5.0 27.7 3.5 11.5 
I No. 

45 28 27 5k 18 14 

, 

c 

T57B E3.4 e x t r a c t  

F28D Pyr-extd.c 

F29E Pyr-extd. 

43 5.1 7.7 8.1 23.7 4.8 4.3 
37 20 16 & 3 2 

5.0 10.4. 6.1~ 4.3 25.0 5.6 - 88 1 0  2 46 28 7 

5.0 6.8 7.0 4.3 27.9 31.1 a 9  8 7 1 2 5  3 
T33B EDA-extd. 62 5.0 9.5 12.3 25.6 4.0 28.2 

R56B 02 in II20 5.0 7.1 9.9 24.9 3.8 4.1 
56 41 3 53 27 6 

90 5 3 33 22 22 
TlOE E.nNHz-extd. 68 5.0 11.0 8.2 4.3 27.6 31.0 

L23E Pyr-extd. l!% HNO3 68 4.8 7.9 9.7 27.8 3.9 29.0 

- 76 -13 8 E 19 2 

- 77 18 3 51 23 18 

35$ 64 5.0 7.7 10.0 4.3 27.9 31.0 
53 32 15 62 36 2 

Q3A 

U6OE EDA-extd. 505 HNO? 18 8.1 10.5 9.7 4.6 28.0 31.1 
61 25 7 58 38 3 

U85.4 TIPS CeL+ 54 8.2 5.2 10.7 25.7 4.3 6.0 

a vie12 of black  a c i d  from i n d i c a t e d  s u b s t r g t e ,  on  cerbon. 

58 20 17 40 34 9 

The numbers on t h e  seccnd lines f o r  e sch  r e t e n t i o n  t imes  e r e  
the  pe rcen t sges  of the  t o t e l  p roduc t s ,  2 s  ~ e a s u r e d  by a n  
u l t r e v i o l e t  d e t e c t o r .  

between pH 5.5-s.0corrs.0 t o  4.66d. 
c sd  Conbined b lack  a c i e s  from N s O C 1  o x i d a t i o n s  p r e c i c i t F t e d  
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Reagent 

T a b l e  6 
CLEAVAGES OF Ph-(CH*),-Ph 

A 1 C l . J  + H2 i n  
Cf,Hh, 90 m 

PhOH + BF? 

T e t r e l l n ,  18 h 

T e t r c l i n  + H2 
30 m 

Excess  t e t r a l l n  

Deca l in  + H * 
Ph3SnC1, f h 

'H NMR 

C O  + H?O, 1 h 

Temp., Order of  r e a c t i v i t y  
OC for n v a l u e s  

3 7 1- 2; 4 3 0 

1 

3 7 2 , 4  

2 > 1  

m o s t l y  e t h e r  s p l i t s  
2) 3 
N o  s l g n l f  l c a n t  amount 
o f  1 i n  THF-soluble 
pr  o&ct  s 

Reference 

Taylor,I1 
1980 

1930 

Cr;qnge€3 
Kuhlmann 

1981 Id 
~ i o t  t a  ,I7 

1 9 8 1  

3 7 2 7 1  Takemu 
E t h e r s  s p l i t  more e a s i l y  19815* 
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APPLICATION OF CROWN ETHERS AS PHASE TRANSFER CATALYSTS 

IN THE ELECTRON TRANSFER REACTIONS OF COAL 

Ramani Narayan and George T. Tsao 

Laboratory of Renewable Resources Engineering 
Purdue University 

West Lafayette, Indiana 47907 

INTRODUCTION 

The electron transfer reactions of coal as exemplified by the Sternberg procedure 
(1) for reduction and reductive alkylation has been the subject of intensive 
investigation by a number of research groups (2-5). 
problems of extended reaction time, side reactions, incorporation of the electron 
transfer agent and/or solvent into the coal. Further, in most cases, negligible 
quantities of soluble products were obtained on quenching the reaction immediately 
after the electron transfer step. 

The reaction suffers from the 

In view of this, the discovery by Pedersen (6,7) that certain macrocyclic 
polyethers called crown ethers have the ability to complex alkali metal cations, 
and the results of Dye (E), Kaempf (9) in the solubilization of alkali metals using 
these.crown ethers, prompted us to envision the use of crown ethers to act as 
phase transfer catalyst in the electron transfer reaction with coal. 

Thus, a stable solution of electrons can be prepared in an inert ethereal 
solvent like THF at room temperature because the equilibrium 

M M+ + e- solvated 

is shifted to the right by the complexation equilibrium 

M+ + crown ether + M+ CE - complex 
The limitations of solubility, decomposition problems, reactivity and 

incorporation of the electron transfer agent can be overcome. 

Another important facet of the crown ethers is that they have been successfully 
employed as reagents for direct solid-liquid phase transfer reactions (10). Thus, 
the problem of interphasic electron transport from solution to the aromatic 
substrate in coal would be solved, because the crown ether can function as a 
phase-transfer catalyst. 

Further, the complexation of K by crown ether results in the metal cation 
being held inside the cavity of the crown ether and the resulting ion pair is 
loose. This would promote the irreversible electron transfer with bond cleavage 
(11). 

EXPERIMENTAL 

Coal: The Illinois No. 6 coal from the Burning Star No. 2 mine (courtesy of the 
Southern Company Services, Inc.) C-68.25%, ~-S.30%, ~-1.69%, s-3.62%, Ash-17.7% was 
used in the studies. It was demineralized, (12) extracted with Ben2ene:Methanol 
(3:l) to remove the trapped organic, and dried in vacuum at 100Dc for 24 hours 
before use. 

- 
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Reagents: 
e t h e r  has a hole 2.6-3.2 A i n  diameter. 
f o r  t he  study was potassium because its ion ic  diameter is 2.66 A and should, 
t he re fo re ,  f i t  n ice ly  i n  t h e  crown e the r  hole r e su l t i ng  i n  a 1:l complex. Using a 
1:l molar r a t i o  of potassium t o  crown e t h e r  ( C E ) ,  a 0.14 molar and 0.28 molar 
so lu t ion  was prepared which w a s  deep b lue  i n  co lo r  c l e a r l y  ind ica t ing  t h e  presence 
of ' so lva ted  e l ec t rons '  i n  so lu t ion .  This was reac ted  with d i f f e r e n t  weights of 
coa l  under a blanket of nitrogen and t h e  reac t ion  quenched with water. 

The crown etheg se l ec t ed  f o r  study was the  18-crown-6, 1. This crown 
The e l ec t ron  donor a l k g l i  metal se lec ted  

RESULTS AND DISCUSSION 

Analysis:  
reagent  with coal was determined by measuring t h e  d i f fe rence  i n  the  volume of 
hydrogen evolved when the  blank reagent and the  reac t ion  mixture was quenched with 
water a f t e r  t he  same reac t ion  period. To e s t a b l i s h  the  accuracy of our ana ly t i ca l  
method and the  v a l i d i t y  of our reagent as an e l ec t ron  t r a n s f e r  agent,  it was 
reac ted  with standard compounds and the  mole of compound consumed per  g-atom of 
potassium computed by the  hydrogen evolution method. 
favorably with those reported i n  l i t e r a t u r e  (13) f o r  the  same compound using a 
d i f f e r e n t  e l ec t ron  t r a n s f e r  agent and a d i f f e r e n t  ana ly t i ca l  method (Table 1). 

The percent g-atom of potassium consumed i n  t h e  reac t ion  of t h e  K-CE -- 

The values obtained compare 

TABLE 1 

Mol of Compound Required L i t e ra tu re  
Compound per  g-atom of Metal Value 

Benzil  0.6 0.50 

2-Butanol 1.29 

Naphthalene 0.58 

1.1 

0.50 

Effec t  of Elec t ron  Concentration and Time:  The percent g-atom of potassium 
consumed i n  the  reac t ion  i s  a measure of t he  uptake of e l ec t rons  by the  coa l  
r e s u l t i n g  i n  the  formation of t h e  coa l  r a d i c a l  anion which undergoes cleavage a t  
t h e  e the r  and su l fu r  l inkages.  I n  the  r eac t ion  of a 0.14 molar so lu t ion  of K i n  
THF with d i f f e r e n t  weights of coa l ,  t he  metal consumption increased with coal 
weight u n t i l  it l eve l l ed  of f  a t  t h e  l a r g e r  coa l  weights (Fig. 1). 

One can deduce from t h i s  t h a t  fo r  a given molar so lu t ion  of metal, there  i s  a 
c e r t a i n  concentration of e l ec t rons  present  which i s  going t o  be dependent on t h e  
amount of crown e the r  used. A s  t h e  coa l  weight increases ,  t he  aromatic subs t ra tes  
ava i l ab le  f o r  e lec t ron  t r a n s f e r  i nc reases  and more e l ec t rons  a r e  t r ans fe r r ed  t o  
coa l  which i s  r e f l ec t ed  i n  the  amount of K consumed. This w i l l  continue till a t  a 
c e r t a i n  coal weight, a l l  the  ava i l ab le  e l ec t rons  ge t  t r ans fe r r ed .  
i nc rease  i n  coal weight w i l l  s t i l l  r e f l e c t  t he  t r a n s f e r  of a l l  the  ava i l ab le  
e l ec t rons  and the  K consumed w i l l  be t h e  same i n  each case.  For the  0.14M solu t ion ,  
t h e  minimum weight of coa l  requi red  t o  be ab le  t o  take  up a l l  t h e  ava i l ab le  e lec t rons  
is  100 mg. 

Any fu r the r  

Increasing t h e  K concentration t o  0.31 molar showed a dramatic increase  i n  the 
percent  K consumed (Fig. 2 )  although t h e  p l o t  of percent K consumed aga ins t  coa l  
weight followed t h e  same pa t t e rn  a s  t h a t  obtained f o r  t h e  0.14 molar so lu t ion .  It 
is  probably t h a t  a t  t h i s  increased e l ec t ron  concent ra t ion ,  a two e l ec t ron  t r a n s f e r  
is  taking p lace  with the  formation of t h e  coa l  dianion and a t  t h e  lower concentration, 
a one e lec t ron  t r a n s f e r  occurs with the  formation of the  r ad ica l  anion (Scheme 1). 
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\ Since complete electron transfer takes place at the 100 mg coal weight, it was 
selected for a time study. 
thirty minutes and then levels off (Fig. 2). This suggests that the transfer of 
electrons proceeds very rapidly and is complete in thirty minutes with the electron 
concentration obtained from a 0.14M K/THF solution. 

Solubility Studies: 
m o l  Of K in the THF with 20 m o l  crown ether (0.2 molar in K), stirred for six 
hours and quenched with water. 
was washed extensively with water to remove the K-salts and crown ether and 
extracted with THF. 
Of feed coal - wt of THF insoluble residue/wt of feed coal x 100. The elemental 
analysis and solubility of the feed coal and solubilized coal is summarized in 
Table 2 .  

The K consumption increases very rapidly in the first 

Based on the above studies, 1 g of coal was treated with 20 

After rotaevaporating to dryness, the reacted coal 

The degree of conversion was calculated as % solubility = wt 

TABLE 2 

*THF 
Sample - C - H 2 Solubility H/C 0 (By diff) 

Feed Coal 74.47 4.97 3.55 1.42 5.9% 0.8 15.59 

Reacted Coal (1 g Coal/ 74.41 7.39 2.0 1.40 52.% 1.12 14.80 
0.2M K-THF Solution) 

*Based on coal residue insoluble in THF. 
presence of moisture crown ether, etc., would only mean more THF solubility than 
obtained. 

'H and 13c NMR Studies: 
shown in Fig. 3, while fhe proton decoupled *'C NMR spectrum is shown in Fig. 4. 
The integration in the H NMR shows that the ratio of H :H is 1:4. The broad 
peak around 3.4 ppm is assignable to the hydroxyl proto%. '?fie sharp resonance 
signals in the 1-1.6 ppm region are assigned to the R-CH -R grouping. 
also arise from methyl protons (CH3-R), however, the absence of any methyl carbon 
resonances in the 11-22 ppm region rules out this possibility. 
appearance of a group of signals in the 28-34 ppm region confirms the presence of 
methylene groups (-CH - )  in a saturated ring system. This, in all probability, 
would be a saturated six-membered ring system joined to an aromatic ring system. 
The strong resonance signal at 69.7 pprn evidently comes from the C atom bearing the 
hydroxyl group (-CHOH) in the saturated ring. The aromatic ring carbons appear in 
the 125-145 ppm region. The 125-128 ppm signals are due to the protonated aromatic 
carbons and the 138-145 ppm signals due to quaternary mapthalenic type carbons. 

Thus any error in the weight due to 

The 470 MHz 'H NMR ectrum of the solubilized coal is 

These could 2 

Furthermore, the 

2 .  

Thus, by using a phase transfer catalyst 18-crown-6, rapid and effective 
electron transfer to coal has been achieved. This has resulted in the formation of 
coal radical anions or dianions depending on the concentration of the solvated 
electrons in solution (Scheme 1). 
reactions (Scheme 2) resulting in depolymerization as demonstrated by the considerable 
increase in THF solubility from 5.9% for the starting coal to 52% for the reacted 
coal. 
atoms per 100 C atoms is due in part to hydrogen pick-up from the capping of the 
cleavage coal radical or anion fragments. 
cleavage of the ether bonds in coal is supported by the pre ence of a large percent 
of hydroxyl groups in the solubilized coal as indicated by 
reduction of the aromatics to hydroaromatics would account for the uptake of the 
remaining hydrogen atoms (S heme 313and 1s supported by the appearance of the R- 
CH -R grouping in both the H and NMR. 

These ions have undergone facile cleavage 

The increase in the H/C ratio from 0.8 to 1.12 representing an uptake of 32H 

That this corresponds to reductive 

5 HNMR. A Birch type 

E 
2 
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Scheme - 1 

Radical Anion Dianion 
3 - 2 - 

R = Aromatic,Hydroaromatic 

x = -0, s 
- CH2Ar, -S A r  

CLEAVAGE (Scheme 2) 

2- PolyAr. t O X R - P o 1 y A r - O  + OX - R + 3 

mino process + 1 R ' O H  

D imer i za t i on  PolyArH t R - XH 

2 

REDUCTION (Scheme 3 )  

PolyAr - X - RH. PolyAr - X - RH 0. R'OH 

Anion 

PolyAr - X - RH2 

Dihydro Compound 
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THE EFFECT OF LIQUEFACTION CONDITIONS ON THE TRACE ELEMENT CONTENT 
OF SOLUBLE COAL-DERIVED NON-VOLATILE PRODUCT 

J. W. He l l ge th ,  R. S. Brown and L. T. Tay lor  

Department o f  Chemist ry  

Blacksburg, V i r g i n i a  24061 
V i r g i n i a  Po ly techn ic  I n s t i t u t e  and S ta te  U n i v e r s i t y  

! NTRGDUCTION 

Trace element data on coa l -de r i ved  products  a t  t he  p i l o t  p l a n t  stage 
are g e n e r a l l y  a v a i l a b l e .  Several years ago the feed coal  (Kentucky hvBb(1) 
and West V i r g i n i a  hvAb(2)) and products  from a s i n g l e  ba tch  o f  a long- term 
l i q u e f a c t i o n  run  on a 400 l b  c o a l l d a y  process development u n i t  were sampled. 
P r e f e r e n t i a l  removal of s e l e c t e d  elements from the l i q u i d  product  v i a  
c e n t r i f u g a t i o n  was observed i n  each case. I r o n - c o n t a i n i n g  m ine ra l s  were 
p r e f e r e n t i a l l y  removed if the  West V i r g i n i a  coa l  was employed; whi le ,  
aluminum s i l i c a t e s  were removed w i t h  Kentucky coa l .  Numerous elements (V, 
C r ,  bh, N i ,  B, Be, Ti,  As) d i d  n o t  show p r e f e r e n t i a l  removal upon 
c e n t r i f u g a t i o n .  
m o i e t i e s .  

Other elements were p r e d i c t e d  t o  be associated w i t h  o rgan ic  

l a t e r  mu l t i - e lemen t  a n a l y s i s  data on wet-ashed Pmax feed coal ,  t he  
ch lo ro fo rm-so lub le  so l ven t  r e f i n e d  coal  ( W i l s o n v i l  l e ,  AL demonstrat ion 
f a c i l i t y )  d e r i v e d  theref rom and severa l  s i z e  e x c l u s i o n  chromatographic 
f r a c t i o n s  were obta ined . ( 3 )  Apprec iab le meta l  concen t ra t i on  was found i n  
p r a c t i c a l l y  a l l  samples. Fo r  severa l  elements, concen t ra t i ons  were h ighe r  
i n  SRC than i n  i t s  parent  feed c o a l .  Th i s  obse rva t i on  suggested the 
presence o f  o rganometa l l i c  spec ies s ince  these m a t e r i a l s  were so lub le  i n  a 
wide v a r i e t y  o f  o rgan ic  so l ven ts  and had passed 5.0 um f i l t e r s .  

t r a c e  elements present  i n  process streams o f  SRC I and SRC I 1  (Tacoma, WA 
demonstrat ion f a c i l i t y )  p roduc ts  d e r i v e d  from a Western Kentucky coa l  . (4 )  I n  
t h e  SRC I process the  f i l t e r e d  m ine ra l  res idue  was observed t o  be the  s ink  
f o r  most t r a c e  elements w i t h  t h e  excep t ion  o f  T i ,  C1, B r  and Hg. The SRC I 
produc t  was found t o  c o n t a i n  l e s s  than  24: o f  t h e  e lementa l  concen t ra t i ons  i n  
t h e  c o a l .  The SRC I 1  d i s t i l l a t e  product  conta ined l e s s  than 1% o f  the  
e lementa l  con ten t  o f  t h e  feed coa l .  A l l  elements were depleted i n  SRC I 
r e l a t i v e  t o  the coa l  except B r .  

A more recen t  s tudy (5 )  has been concerned w i t h  SRC's which d i f f e r  ( f rom 
each o the r )  e i t h e r  i n  feed coal  source, convers ion s e v e r i t y  o r  method of 
r e s i d u e  removal. These m a t e r i a l s  o r i g i n a t e d  a t  t he  W i l s o n v i l l e  f a c i l i t y  and 
were d i r e c t l y  analyzed as f i l t e r e d  p y r i d i n e  s o l u t i o n s  v i a  atomic m i s s i o n  
spect rometry .  O f  t he  me ta l s  observed, those which showed any s i g n i f i c a n t  
c o n c e n t r a t i o n  (10-1000 pg/g o f  SRC) were A l ,  8, Cu, Fe, S i  and T i .  West 
Kentucky SRC from d i f f e r e n t  mines ( L a f a y e t t e  and F ies )  e x h i b i t e d  s i m i l a r  
me ta l  content  w i t h  few except ions.  The e f fec t  on e lementa l  c o n c e n t r a t i o n  o f  
m i n e r a l  ma t te r  removal v i a  f i l t r a t i o n  o r  c r i t i c a l  so l ven t  deashing was 
v a r i e d .  The most s i g n i f i c a n t  changes were seen w i t h  Ca, Fe, S i  and T i .  
W i t h  the  except ion of T i ,  t h e  e lementa l  c o n c e n t r a t i o n  i n  t h e  CSD product  was 
two t imes  or  g rea te r  than the  c o n c e n t r a t i o n  o f  the f i l t e r e d  product .  An 
i nc rease  i n  hydrogen pressure (2000-2100 p s i )  and temperature (418"-450"C) 
had a minimal e f f e c t  on meta l  con ten t .  Only  f o r  Ca, S i  and Ti was t h e r e  
g r e a t e r  than 50% r e d u c t i o n  i n  c o n c e n t r a t i o n  on going t o  more severe r e a c t i o n  
c o n d i t i o n s .  Those me ta l s  which are expected t o  be most s t r o n g l y  
organo-bound ( i  .e. t r a n s i t i o n  me ta l s )  d i d  no t  s i g n i f i c a n t l y  change 
c o n c e n t r a t i o n  as a f u n c t i o n  o f  process ing c o n d i t i o n s .  
elements such as A l ,  Ca, t?g and S i ,  on t h e  o the r  hand, appeared t o  f l u c t u a t e  

Neutron a c t i v a t i o n  a n a l y s i s  has been employed t o  o b t a i n  i n f o r m a t i o n  on 

M i n e r a l - r e l a t e d  
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i n  concen t ra t i on  w i t h  process ing parameters. 

AS can be seen above, a l l  t r a c e  element s tud ies  have invo lved  
coa l -de r i ved  process so lvents ,  p i l o t  p l a n t  sampling, l eng thy  and r a t h e r  
severe r e a c t i o n  c o n d i t i o n s  and m o s t l y  b i tuminous feed coa ls .  I n  severa l  o f  
these i n v e s t i g a t i o n s  a n a l y t i c a l  methods were app l i ed  t o  the ashed sample 
r a t h e r  than t o  the unmodif ied m a t e r i a l  where l ess  sample-handling and less  
o p p o r t u n i t y  f o r  i n t r o d u c t i o n  o f  i m p u r i t i e s  are poss ib le .  

number o f  " in-house" sho r t - con tac t  t ime SRC's prepared w i t h  va r ious  bas i c  
n i t rogenous and non-basic model process so l ven ts  w i t h  both b i tuminous and 
subbituminous coa ls .  Data are repo r ted  as a f u n c t i o n  o f  l i q u e f a c t i o n  t ime  
and temperature, method o f  res idue  removal and so l ven t  s o l u b i l i t y .  I n  
a d d i t i o n ,  s i z e  exc lus ion  chromatography (SEC) o f  se lected SRC's w i t h  
metal - s p e c i f i c  i n d u c t i v e 1  y coup1 ed p l  asma atomic emission spec t romet r i c  
(ICP-AES) "on - l i ne "  d e t e c t i o n  w i l l  be u t i l i z e d  t o  a id  i n  de te rm in ing  the 
fa te  o f  t r a c e  me ta l s  d u r i n g  l i q u e f a c t i o n .  

RESULTS AND DISCUSSION 

Trace meta l  ana lys i s  o f  18 elements i n  p y r i d i n e  v i a  ICP-AES has been 

We wish t o  r e p o r t  s o l u b l e  t r a c e  meta l  ana lys i s  da ta  on an ex tens i ve  

performed on numerous in-house SRC's i n  order  t o  determine the  e f f e c t  o f  
va r ious  convers ion parameters on metal con ten t .  Table I l i s t  p y r i d i n e  
s o l u b l e  SRC ( I n d i a n a  V c o a l )  metal concen t ra t i ons  as a f u n c t i o n  o f  process 
so l ven t .  I n  o rde r  t h a t  some p o i n t  o f  re fe rence  be e s t a b l i s h e d  i n  comparing 
analyses, concen t ra t i ons  are expressed i n  pg  o f  meta l  per  gram o f  e x t r a c t e d  
mo is tu re - f ree  coa l  no t  o f  SRC. The numbers i n  each case are r e p r e s e n t a t i v e  
o f  two independent l i q u e f a c t i o n  runs and r e s p e c t i v e  meta l  de te rm ina t ions .  
R e l a t i v e  standard d e v i a t i o n s  v a r i e d  between 1% and 10% depending on the 
l e v e l  o f  meta l .  S i g n i f i c a n t  metal content  i s  found f o r  12 o f  18 meta ls  
moni tored.  The h ighest  concen t ra t i ons  i n v a r i a b l y  are observed w i t h  Fe, S i  
and Ti rega rd less  o f  t he  process so l ven t  employed. 
con ten t  does n o t  appear t o  be g r e a t l y  i n f l uenced  by t h e  va r ious  process 
so l ven ts  employed. I n i t i a l l y ,  one might  have argued t h a t  the presence o f  a 
good l i g a n d  donor so l ven t  such as THQ would complex and s o l u b i l i z e  more 
meta l  than a poor l i g a n d  donor so l ven t .  Th is  i s  no t  the case w i t h  Ind iana  V 
SRC. A g rea te r  than t e n - f o l d  change i n  metal con ten t  w i t h  the  fou r  so l ven t  
systems i s  observed o n l y  w i t h  Ca (17.4-319.9) and Mn (3.73-48.4); wh i l e ,  A1 
(20.3-121.0) and S i  (27.1-208.0) a l so  r e f l e c t  a r a t h e r  l a r g e  f l u c t u a t i o n  i n  
concen t ra t i on .  Those elements r e f l e c t i n g  the g r e a t e s t  f l u c t u a t i o n  i n  
concen t ra t i on  are p robab ly  m ine ra l  r e l a t e d .  D i f f e rences  i n  bo th  m ine ra l  
p a r t i c l e  s i ze  d i s t r i b u t i o n  and v i s c o s i t y  o f  t he  SRC e x t r a c t  (which would 
a f f e c t  the separat ion achieved by c e n t r i f u g a t i o n )  cou ld  cause t h i s  
v ar i a t  i on. 

In genera l ,  metal 

Data were a lso obta ined as a f u n c t i o n  o f  r e a c t i o n  t ime (10 and 30 
minutes)  f o r  p y r i d i n e  so lub le  SRC de r i ved  from Wyodak # 3  coa l .  Increased 
r e a c t i o n  t ime  lowers the  con ten t  of most me ta l s .  Again, many o f  those 
elements decreasing i n  s o l u b l e  meta l  c o n c e n t r a t i o n  w i t h  an increase i n  
r e a c t i o n  t ime could be m ine ra l  r e l a t e d  (Ca, Mg, S i  and T i ) .  A poss ib le  
exp lana t ion  fo r  t h i s  obse rva t i on  i s  t h a t  a l onger  r e a c t i o n  t ime may more 
e x t e n s i v e l y  de-complex these elements the reby  removing them from the  
p y r i d i n e  so lub le  SRC i n t o  the  res idue .  
i n  t h a t  one might  have reasoned t h a t  a longer  r e a c t i o n  t ime would lead t o  
more ex tens i ve  meta l  s o l u b i l i z a t i o n  ( i  .e. m ine ra l  ma t te r  conve r t i ng  t o  
o r g a n o m e t a l l i c s ) .  
which show an increase i n  c o n c e n t r a t i o n  w i t h  r e a c t i o n  t ime.  

This  f i n d i n g  i s  somewhat s u r p r i s i n g  

Th is  may ve ry  we l l  be the case w i t h  Ag, A l ,  Cu and Fe 

The most dramat ic  change i n  SRC meta l  con ten t  i s  found w i t h  the 
e x t r a c t i o n  so l ven t  employed. 
ob ta ined  on t o luene  and p y r i d i n e  s o l u b l e  f r a c t i o n s  (Wyodak #3 SRC). 

Table I 1  compares the  ana lys i s  o f  9 elements 
The 
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TABLE I 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
VARIOUS PROCESS S O L V E N T S ~ , ~  

TETRALIN/PYRENE THQ TETRALIN/MN TETRALIN/THO/PYRENE 
(50:50) (100) (50:50) (25: 50:25) 

92.8XC E l  emen t 86.4%C 93.7%C 91.9%C 

A1 50.9 
B 95.4 
Ca 319.9 
cu 10.2 
Fe 240.3 
Mg 17.9 
Mn 21.5 
Ni 21.9 
S i  132.9 
T i  133.4 
V 6.17 
Zn 40.8 

107.0 20.3 
97.9 104.0 
65.7 17.4 
6.87 9.01 
165.4 277.4 
19.2 6.93 
3.73 48.4 
19.9 12.4 
201.4 27.1 

121.0 
105.1 
90.4 
5.35 
219.8 
5.35 
13.4 
30.1 
208.0 

113.7 116.2 199.9 
5.06 4.82 9.04 
19.2 15.4 27.3 

aInd iana V Coal; S:C, 2:1, 400'C; 30 minutes; 7.5 MPa H2 

b<l pg/g MF Coal measured f o r  Ag, Ba, Cd, C r ,  Mo, Sn. U n i t s  are pg/gMF 
coal. 

CPyr id ine  Conversion (MAF) 

TABLE I 1  

METAL ANALYSIS DATA OF PYRIDINE AND 
TOLUENE SOLUBLE SRC'Sa 

WYODAK #3b INDIANA Vb 

To1 uene Pyr i d  i n e  Toluene 
Conver s i onc Conversionc Conversionc 

Element 77.85% 82.59% 84.2% 

A1 21.5 436.6 6.44 
B 4.56 6.82 40.9 
Ca 18.4 135.2 3.01 
Fe 25.6 207.5 9.58 
Mg 
N i  
S i  

0.81 
1.72 
17.9 

68.8 0.63 
5.63 0.74 
775.6 16.9 

T i  15.9 130.0 7.48 
Zn 3.71 8.83 6.74 

aTHO; S:C, 2:l; 418'C; 7.5 MPa H2; 30 minutes 

b < l  pg/g MF Coal: 

CMAF b a s i s  

Ag, Ba, Cd, C r ,  Mn, Mu, Sn, V (Toluene) 
<1 pg/g  MF Coal: Cd, Mo, Sn ( P y r i d i n e )  

P y r i d i n e  
Conversionc 
93.9% 

170.1 
93.7 
90.0 
141.3 
19.7 
6.57 
314.5 
43.9 
15.1 
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d i f f e r e n c e s  i n  c o n c e n t r a t i o n  are l a r g e .  I n  many cases meta l  concen t ra t i ons  
are approx imate ly  one t o  two o r d e r s  of magnitude h ighe r  i n  p y r i d i n e  so lub le  
SRC r e l a t i v e  t o  to luene s o l u b l e  SRC. Also, t h e  number o f  elements appearing 
a t  concen t ra t i ons  l e s s  than 1 pg/g MF coal are 3 t imes  more numerous f o r  
to luene s o l u b l e  SRC r e l a t i v e  t o  p y r i d i n e  s o l u b l e  SRC (9  versus 3) g iven 
n e a r l y  the  same percent  conve rs ion .  
impor tant  i n  t h a t  i t  i n d i c a t e s  t h a t  t he  me ta l s  concen t ra te  themselves i n  the 
to luene i n s o l u b l e - p y r i d i n e  s o l u b l e  products .  
11) are observed w i t h  SRC d e r i v e d  from Ind iana  V. 
i m p l i c a t i o n  r e g s r d i n g  metal s p e c i a t i o n .  The g rea te r  concen t ra t i on  o f  me ta l s  
i n  the p y r i d i n e  s o l u b l e  f r a c t i o n  suggests t h a t  the n a t u r e  o f  many o f  these 
so lub le  coa l -de r i ved  meta ls  i s  more l i k e  a c o o r d i n a t i o n  complex r a t h e r  than 
a t rue  o rganometa l l i c  metal t o  carbon bonded species.  

Th is  obse rva t i on  i s  e s p e c i a l l y  

Again s i m i l a r  f i n d i n g s  (Table 
Th is  f i n d i n g  has an 

Trace meta l  ana lys i s  da ta  a r e  a l so  a v a i l a b l e  f o r  SRC m a t e r i a l  de r i ved  
from f o u r  d i f f e r e n t  Wyodak coa ls ,  Table 111. I d e n t i c a l  l i q u e f a c t i o n  
c o n d i t i o n s  were employed. Conversions are based on p y r i d i n e  s o l u b i l i t y  
which accounts f o r  t h e  r e l a t i v e l y  h i g h  metal con ten ts  found. A r e l a t i v e l y  
wide v a r i a t i o n  (>200X) e x i s t s  between h igh  and low s p e c i f i c  meta l  content  
f o r  the f o u r  SRC's even though t h e y  are a l l  d e r i v e d  from Wyodak coa ls .  The 
h ighest  metal content  appears t o  be almost u n i f o r m l y  associated w i t h  SRC 
f rom Wyodak #4 coal  (e.g. 13 out  o f  18 e lements) .  Our Wyodak coa ls  d i f f e r  
cons ide rab ly  from each o the r  i n  ash con ten t ,  f i x e d  carbon, %C, %O and %S. 
Table I V  l i s t s  u l t i m a t e  and prox imate analyses f o r  these f o u r  coal  samples. 
On a mo is tu re  f r e e  b a s i s  t h e  ash con ten t  o f  Wyodak #3 i s  approx imate ly  
double the ash content  o f  t he  o t h e r  Wyodak coa ls ;  y e t ,  i t s  SRC has the  
lowest meta l  con ten t  f o r  h a l f  o f  t h e  elements moni tored.  
which c o n t a i n s  the  h ighes t  c o n c e n t r a t i o n  o f  s o l u b l e  me ta l s  has a feed coal  
o f  i n te rmed ia te  ash con ten t  and percent  s u l f u r  and the  lowest percent 
oxygen. This  l ack  o f  c o r r e l a t i o n  between ash con ten t  and s o l u b l e  SRC meta l  
content  suppor ts  the  i dea  o f  organo-bound meta l s  i n  coa l -de r i ved  products .  
I n  f a c t  SRC s o l u b l e  metal con ten t  appears t o  n o t  c o r r e l a t e  w i t h  e i t h e r  ash, 
mois ture,  v o l a t i l e s  no r  f i x e d  carbon con ten t .  A genera l  t r e n d  o f  metal 
content  versus percent  convers ion i s  a l s o  no t  apparent. 

I n fo rma t ion  rega rd ing  the  number o f  groups o f  spec ies f o r  a p a r t i c u l a r  
meta l  and the  e f f e c t i v e  mo lecu la r  s i z e  o f  each group have been obta ined v i a  
SEC-ICP-AES on both p y r i d i n e  and to luene  so lub le  Wyodak #3 SRC (Table 11). 
I n  both cases t h e  SRC was generated under i d e n t i c a l  l i q u e f a c t i o n  c o n d i t i o n s .  
Seven common elements (Ca, Cu, Fe, Mq, S i ,  T i ,  B) were ch romatog raph ica l l y  
de tec tab le  i n  b o t h  SRC's employing p y r i d i n e  e l u t i o n  (e.g.  t o luene  so lub le  
m a t e r i a l  was re -d i sso l ved  i n  p y r i d i n e  and e l u t e d  from the  column w i t h  
p y r i d i n e )  and a u - s t y r a g e l  column. As might  have been expected a g rea te r  
o v e r a l l  c o n c e n t r a t i o n  o f  metal  i s  de tec ted  i n  t h e  separa t i on  o f  p y r i d i n e  
s o l u b l e  SRC than to luene  s o l u b l e  SRC. A g rea te r  c o n c e n t r a t i o n  o f  l a r g e r  
" s i zed"  m a t e r i a l  i s  a l so  observed i n  p y r i d i n e  s o l u b l e  SRC (VR-85) r e l a t i v e  
t o  to luene s o l u b l e  SRC (VR-39) as evidenced by t h e  g rea te r  m i s s i o n  
i n t e n s i t y  of t he  e a r l i e r  e l u t i n g  me ta l - con ta in ing  species i n  the r e s p e c t i v e  
metal lograms. T o t a l l y  s ize-exc luded m a t e r i a l  ( r e t e n t i o n  volume B 3.5 mL) as 
w e l l  as s e l e c t i v e l y  permeated meta l  spec ies are apparent. Th is  imp l i es  t h a t  
t h e r e  e x i s t s  a group o f  o rgano-meta l l i cs  o f  r a t h e r  l a r g e  s i z e  and another 
( u s u a l l y  broader)  d i s t r i b u t i o n  o f  o rganometa l l i cs  of cons ide rab ly  smal ler  
s i z e .  This bimodal behavior  i s  e s p e c i a l l y  pronounced i n  the p y r i d i n e  
s o l u b l e  f r a c t i o n s .  

SRC from Wyodak #4 

Me ta l l og raph ic  comparison d a t a  are a v a i l a b l e  on SRC's prepared at  
d i f f e r e n t  r e a c t i o n  t imes. 
g r e a t e r  number of ch romatog raph ica l l y  de tec tab le  me ta l s  was r e a l i z e d .  
Changes in  r e a c t i o n  t ime  do no t  appear t o  cause as ex tens i ve  a l t e r a t i o n s  i n  
meta l  s ize d i s t r i b u t i o n  as changes i n  r e a c t i o n  temperature.  The minor 
changes which are observed are n o t  c o n s i s t e n t  from one meta l  t o  another. 
More s p e c i f i c a l l y ,  B and Ca appear t o  have a g r e a t e r  c o n c e n t r a t i o n  o f  l a r g e  

P y r i d i n e  e x t r a c t i o n  was employed; the re fo re ,  a 
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TABLE 111 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
DIFFERENT WYODAK C0ALSa.C 

E 1 emen t 
A9 
A1 
B 
Ba 
Ca 
Cd 
C r  
cu 
Fe 
M9 
Mn 
Mo 
N i  
S i  
Sn 
T i  
V 
Zn 

Wyodak #1 
72.3%h 
1.57 
397.0 
31.8 
3.76 
1567 

1.17 
5.64 
125.0 
391 .O 
19.6 

13.8 
113.0 

49.0 
4.28 
11.6 

Wyodak #2 
84.7%b 

312.0 
28.5 
3.27 
1228 

2.35 
4.07 
171.0 
258.0 
21.9 

17.6 
170.0 

44.2 
4.34 
22.1 

Wyodak #3 
85.4Xb 
0.97 
194.0 
14.9 
0.97 
540.6 

1.70 
6.92 
157.9 
90.5 
7.12 

20.6 
104.5 

39.5 
5.28 
9.43 

Wyodak #4 

5.75 
483.0 
28.6 
15.9 
4069 
2.02 
4.28 
13.1 
180.0 
320.0 
17.0 
4.35 
53.0 
169.0 

66.9 
7.10 
52.7 

83.3%b 

a50% t e t r a l i n / 5 0 %  methyl naphthalene; S:C, 2:l; 400°C; 7.5 MPa H2; 

bPy r id ine  convers ion (MAF) 

CUnits are pg/g o f  MF coal 

30 minutes. 

TABLE I V  

ULTIMATE AND PROXIMATE ANALYSES 

a a a a C 
Wyodak Wyodak Wyodak Wyodak Ind V 
#1 #2 #3 #4 

%C 65.81 64.00 48.27 64.80 65.8 
%H 5.15 5.34 4.47 5.59 5.0 
%N 0.86 0.85 0.71 0.88 1.4 
%D 21.19 20.97 24.32 17.52 7.6 
%S 0.41 1.07 6.60 1.96 3.7 
Ash 5.1 5.9 20.3 0.1 10.3 
Mo i s t  ure 9.9 8.1 7.0 7.6 5.1 
Vol a t  i 1 es 36.1 37.7 35.0 39.4 37.4 

Fixed Carbon 49.3 48.3 37.7 44.9 47.2 
(54.8) (52.6) (37.0) (48.6) 

(40.1) (41.0) (41.4) (42.6) 

aSamples prepared by d r y i n g  f o r  5 days, 133 Pa, 20°C t o  remove storage water. 

bNumbers i n  pa ren thes i s  are prox imate analyses on m o i s t u r e  f r e e  bas i s  
ob ta ined  i n  our l a b o r a t o r y .  

CData obta ined from Kerr  McGee Corp., Cresent, OK. 
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s i z e  species a t  t he  longer  r e a c t i o n  t i m e  (30 minutes)  than the  sho r te r  one 
(10  minutes) .  The reve rse  s i t u a t i o n  operates w i t h  Cu, Fe, T i  and Zn. An 
i n t e r p r e t a t i o n  o f  these r e s u l t s  suggest t h a t  B and Ca may i nco rpo ra te  w i t h  
i n i t i a l  reg ress i ve  r e a c t i o n  products ;  whereas Cu, Fe, Ti and Zn are t i ed -up  
more w i t h  t h e  p rog ress i ve  r e a c t i o n  products .  A longer  r e a c t i o n  t ime  should 
be conducive t o  both pr imary-secondary product  p rog ress i ve  r e a c t i o n s  as well 
as t o  reg ress i ve  r e a c t i o n  behavior .  

1. 

2. 

3. 

4. 

5. 
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INTRODUCTION 

The cu r ren t  s ta tus  of understanding t h e  chemical b a s i s  f o r  t he  g e n e r a l l y  
increased genet ic  a c t i v i t y  o f  d i r e c t  coal  l i q u e f a c t i o n  ma te r ia l s ,  as compared t o  
pet ro leum-der ived products ,  has l e d  t o  the  i n v e s t i g a t i o n  o f  a number o f  p o t e n t i a l  
process s t r a t e g i e s  f o r  reducing the  b i o l o g i c a l  a c t i v i t i e s  o f  coal -de r i ved  
l i q u i d s .  
d i s t i l l a t i o n ,  c a t a l y t i c  hydrot reatment ,  r e c y c l i n g  o f  heavy-end and bottoms 
mate r ia l s ,  and two stage l i q u e f a c t i o n  coupled w i t h  reduced l i q u e f a c t i o n  s e v e r i t y  
and improved q u a l i t y  hydrogen donor so l  vents. 

B i o d i r e c t e d  chemical analyses o f  coa l  l i q u e f a c t i o n  m a t e r i a l s  over the  l a s t  
severa l  years have l e d  t o  the  i d e n t i f i c a t i o n  o f  a t  l e a s t  two impor tant  c lasses o f  
compounds which a re  l a r g e l y  respons ib le  f o r  t h e  b i o l o g i c a l  response observed i n  
l a b o r a t o r y  systems upon exposure t o  these m a t e r i a l s .  The c l a s s i c a l  carcinogens i n  
coal l i q u i d s  are the  p o l y c y c l i c  aromat ic  hydrocarbons (PAH), p r i m a r i l y  those 
hav ing from 4 t o  6 aromat ic  r i ngs .  Kennaway, Cook and o t h e r s  i n  t h e  e a r l y  p a r t  o f  
t h i s  century  showed t h a t  c e r t a i n  coa l -de r i ved  PAH cou ld  cause s k i n  tumors i n  mice 
and r a b b i t s  (1,2,3). It has been found, i n  general,  t h a t  gene t i c  a c t i v i t y ,  
p a r t i c u l a r l y  i n i t i a t i o n  o f  t umor igen is i s ,  res ides  i n  h igh  b o i l i n g  heavy-end 
m a t e r i a l s  and c o r r e l a t e s  wi th o v e r a l l  PAH con ten t  b e t t e r  t han  wi th any o t h e r  
chemical c lass  (4-6) .  More r e c e n t l y  n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  aromat ic  
compounds (N-PAC) , s p e c i f i c a l l y  t he  amino-PAH, have been recognized as genotox ic  
c o n s t i t u e n t s  i n  severa l  coa l -de r i ved  m a t e r i a l s .  I n  q u a n t i t a t i v e  terms, t h e  amino- 
PAH occur a t  r e l a t i v e l y  lower  concen t ra t i ons  as compared t o  the  PAH. However, due 
t o  t h e  increased s e n s i t i v i t y  o f  t h e  Salmonella typhimur ium m i c r o b i a l  m u t a g e n i c i t y  
t e s t  t o  amino-PAH, they are r e a d i l y  de tec ted  i n  t h e  complex coal  l i q u i d  m ix tu res  
by t h i s  b i o l o g i c a l  assay (7-11). The p o s s i b l e  c o n t r i b u t i o n  o f  amino-PAH t o  t h e  
e t i o l o g y  o f  any cancers induced i n  coal p roduc t  workers i s  o n l y  now beg inn ing  t o  
be understood. Amino-PAH such as 2-aminonaphthalene and 4-aminobiphenyl are 
recognized as human carcinogens (12) .  Furthermore, recen t  s t u d i e s  have 
demonstrated t h a t  t h e  amino-PAH as a chemical c l a s s  do c o n t r i b u t e  t o  the  o v e r a l l  
i n i t i a t i o n  o f  sk in  tumors i n  l a b o r a t o r y  mice (13). 

t h i s  s tudy i s  the reduc t i on  o f  b i o l o g i c a l  a c t i v i t y  v i a  reducing the  concen t ra t i on  
l e v e l s  of t he  amino-PAH and t h e  4-, 5- and 6 - r i n g  PAH. I n  t h i s  repo r t ,  coa l  
l i q u e f a c t i o n  s t r a t e g i e s  such as d i s t i l l a t i o n ,  bottoms recyc le ,  hydrogenat ion,  and 
two stage l i q u e f a c t i o n  w i l l  be d iscussed i n  terms o f  t h e i r  e f f e c t  on t h e  chemicai 
composi t ion o f  process ma te r ia l s .  

Approaches t h a t  have been i n v e s t i g a t e d  i n c l u d e  op t im ized  f r a c t i o n a l  

A common goal o f  the d i r e c t  l i q u e f a c t i o n  process s t r a t e g i e s  considered i n  

ANALYTICAL METHODS 

The e v o l u t i o n  and development of a n a l y t i c a l  methods a t  PNL ( P a c i f i c  Northwest 
Labora to r ies )  has been p r i m a r i l y  d i r e c t e d  by t h e  requi rement  o f  de te rm in ing  t h e  
b i o l o g i c a l l y  adverse chemical c lasses and compounds i n  coal l i q u e f a c t i o n  
m a t e r i a l s .  Accord ing ly ,  methods have been designed f o r  t h e  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  of no t  on l y  homogeneous chemical c lasses,  b u t  a l so  i n d i v i d u a l  
components. F igu re  1 o u t l i n e s  the o v e r a l l  a n a l y t i c a l  approach c u r r e n t l y  used. An 
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i n i t i a l  s e p a r a t i o n  o f  crude m a t e r i a l s  by adsorp t ion  column chromatography (14) 
enables t h e  d e t e r m i n a t i o n  of gross chemical composi t ion i n  terms o f  PAH and N-PAC 
conten t .  Secondary chromatographic separa t ions  are achieved by HPLC methods (15) 
f o r  t he  PAH, and a combinat ion o f  a d s o r p t i o n  and ye1 permeation chromatography 
(14,16) f o r  t h e  N-PAC. 
chromatography and mass spec t romet ry  a re  used t o  p rov ide  d e t a i l e d  q u a l i t a t i v e  and 
q u a n t i t a t i v e  chemical a n a l y s i s  o f  i n d i v i d u a l  components i n  t h e  separated 
ma te r i  a1 s . 

F i n a l l y ,  i n s t r u m e n t a l  methods such as c a p i l l a r y  column gas 

Dur ing  t h e  l a s t  severa l  years ,  t h e  SRC ( so l ven t  r e f i n e d  c o a l )  processes have 
rece ived pr ime at tent is: :  and c o n s i d e r a t i o n  as p o t e n t i a l  d i r e c t  coal  l i q u e f a c t i o n  
tech l lo log ies .  An i l l u s t r a t i o n  o f  t h e  d e t a i l e d  da ta  ob ta ined from the  p r e v i o u s l y  
descr ibed a n a l y t i c a l  procedures f o r  t h e  PAH f r a c t i o n  o f  a f u l l  b o i l i n g  range 
SRC I 1  end-product i s  p rov ided i n  F i g u r e  2 and Table 1. It should be noted a t  
t h i s  p o i n t  t h a t  a l l  process m a t e r i a l s  i n v e s t i g a t e d  du r ing  t h i s  study and discussed 
i n  t h i s  paper were from process development u n i t s  o r  p i l o t  p l a n t s  and may not 
n e c e s s a r i l y  be r e p r e s e n t a t i v e  o f  p roduc ts  which w i l l  e v e n t u a l l y  be produced on a 
commercial sca le .  

RESULTS AND DISCUSSION 

DISTILLATION 

An e f f e c t i v e  process technique t h a t  has been used i n  t h e  petroleum i n d u s t r y  
f o r  t h e  gross separa t ion  of  end-products o f  r e f i n i n g  according t o  v o l a t i l i t y  i s  
d i s t i l l a t i o n .  Opt imized f r a c t i o n a l  d i s t i l l a t i o n  has r e c e n t l y  been a p p l i e d  t o  t h e  
produc ts  o f  d i r e c t  coal  l i q u e f a c t i o n  i n  an e f f o r t  t o  e f f e c t  a mo lecu la r  weight 
separa t ion  and i s o l a t e  the  b i o l o g i c a l l y  a c t i v e  components i n  the  h i g h e r  b o i l i n g  
f r a c t i o n s  (6 ) .  Bioassays o f  crude d i s t i l l a t e s  and chemical c lass  f r a c t i o n s  f rom 
severa l  d i r e c t  l i q u e f a c t i o n  processes have shown t h a t  t he  m a j o r i t y  (>99%)of 
y e n e t i c  a c t i v i t y  i s  con ta ined i n  the  d i s t i l l a t e  f r a c t i o n s  b o i l i n g  above 
700OF (4-5).  F igures  3 and 4 a i d  i n  unders tand ing  t h e  chemical bas i s  f o r  t h i s  
observat ion.  

F i g u r e  3A and 3B present chemical c lass  we igh t  d i s t r i b u t i o n  i n f o r m a t i o n  f o r  
t h e  5OoF d i s t i l l a t e  cu ts  o f  t y p i c a l  end-products f r o m  the  SRC I 1  and EDS (Exxon 
Donor So lvent )  coa l  l i q u e f a c t i o n  processes, r e s p e c t i v e l y .  For each process, 
g r e a t e r  than approx imate ly  80% o f  t he  m a t e r i a l  i s  d i s t i l l e d  below 700'F. I n  terms 
o f  chemical c lass  composi t ion,  t h e r e  i s  a decrease i n  a l i p h a t i c  hydrocarbon 
conten t  and i n c r e a s i n g  l e v e l s  o f  N-PAC and p o l a r  h y d r o x y l a t e d  p o l y c y c l i c  a romat ic  
hydrocarbons (HO-PAH) w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  temperature.  The neu t ra l  PAH 
p o r t i o n  o f  each d i s t i l l a t e  cu t  g e n e r a l l y  remains constant.  

The e f f e c t  o f  d i s t i l l a t i o n  temperature on molecu la r  weight i s  shown i n  
F i g u r e  4 f o r  t h e  PAH f r a c t i o n  o f  t h e  SHC I1 b o i l i n g  p o i n t  cuts.  
t r e n d ,  compounds o f  i n c r e a s i n g  molecu la r  weight can be c o r r e l a t e d  w i t h  i n c r e a s i n g  
d i s t i l l a t i o n  temperature.  For example, pyrene, which i s  noncarcinogenic,  i s  a t  a 
maximum c o n c e n t r a t i o n  i n  the  700-750°F c u t ,  w h i l e  t h e  po ten t  carc inogen ic  
compounds such as benzo(a)pyrene are  d i s t i l l e d  i n  t h e  g r e a t e r  than 80OOF cu ts .  
T h i s  t r e n d  i s  a l so  observed f o r  t h e  mutagenic N-PAC and amino-PAH components o f  
t h e  d i s t i l l a t e  f r a c t i o n s .  

As a general  

I n  summary, op t im ized f r a c t i o n a l  d i s t i l l a t i o n  i n  e f f e c t  e l i m i n a t e s  the  bu lk  
of components from the  f u l l  b o i l i n g  range m a t e r i a l  ( F i g u r e  1) which have a 
molecu la r  weight g r e a t e r  than approx imate ly  200 d a l t o n s  and minimizes t h e  l e v e l s  
o f  compounds t h a t  c o n t a i n  p o l a r  n i t r o g e n  and oxygen f u n c t i o n a l  groups. 
A d d i t i o n a l l y ,  m a t e r i a l s  r e s u l t i n g  f rom t h i s  process s t r a t e g y  would have a h i g h e r  
a l i p h a t i c  hydrocarbon conten t  and would be nomina l l y  b i o l o g i c a l l y  i n a c t i v e .  

2 7 4  



\ 

BOTTOMS RECYCLE _--__ 
I n f o r m a t i o n  from t h e  d i s t i l l a t i o n  s t u d i e s  l e d  t o  the  suggest ion t h a t  t he  

g rea te r  than 700°F ma te r ia l ,  o r  bottoms, might  s imply  be recyc led  con t inuous ly  t o  
e x t i n c t i o n  Wi th in  the process t o  y i e l d  a n o n - b i o l o g i c a l l y  a c t i v e  end-product. 
Recently, experiments have been conducted w i t h  t h e  SRC I1  process by t h e  Merriam 
Coal L i q u e f a c t i o n  Laboratory  t o  determine t h e  f e a s i b i l i t y  and a p p l i c a b i l i t y  of 
t h i s  process s t ra tegy .  Crude m a t e r i a l s  sampled from t h e  SRC 11 process w h i l e  
ope ra t i ng  i n  t h e  bottoms r e c y c l e  mode, w i t h  a r e c y c l e  c u t  p o i n t  temperature of 
290°C (554OF) and assayed fo r  m i c r o b i a l  mu tagen ic i t y  ( S .  T himurium TA98) showed 

m a t e r i a l  b o i l i n g  above the r e c y c l e  c u t  p o i n t  temperature.  Th is  work a l s o  
demonstrated t h a t  an increased r e c y c l e  o f  heavier-ends reduced t h e  n e t  y i e l d  of 
heavy d i  s t i  11 ate.  

no de tec tab le  a c t i v i t y  a l though these net  products  contained +( 5 10% by we igh t )  ' 

__- CATALYTIC HYDROGENATION 

C a t a l y t i c  hydrogenation has been considered both as an o f f - l i n e  pos t -  
p roduc t i on  upgradiny step, as w e l l  as an i n t e g r a l  process i n  d i r e c t  coa l  
l i q u e f a c t i o n  technologies.  E a r l y  r e s u l t s  w i t h  c a t a l y t i c  hydrot reatment  o f  an 
SRC I1 f u e l  o i l  b lend m a t e r i a l  showed t h a t  mutagenic a c t i v i t y  was s u b s t a n t i a l l y  
reduced by hydrogenation (17). Th i s  was exp la ined  by the  reduced l e v e l s  o f  amino- 
PAH due t o  deamination o f  t h e  n i t r o g e n  f u n c t i o n a l i t y  which occurs r e a d i l y  under 
t h e  reducing c o n d i t i o n s  o f  hydrogenat ion processes. Furthermore, hydrogenat ion o f  
t h e  PAH components can lead  t o  reduced a r o m a t i c i t y  and/or carbon-carbon bond 
s c i s s i o n  o f  h ighe r  molecular  weight  PAH. Th is  again leads t o  a reduc t i on  i n  t h e  
b i o l o g i c a l  potency o f  t he  end-products. 

Several d i r e c t  l i q u e f a c t i o n  techno log ies  i n c l u d i n g  EDS and TSL (two s taye 
l i q u e f a c t i o n )  i nco rpo ra te  some form o f  c a t a l y t i c  hydrogenat ion s tep w i t h i n  t h e  
process. Table 2 l i s t s  t h e  q u a n t i t a t i v e  r e s u l t s  f o r  t h e  major components detected 
i n  the  PAH f r a c t i o n  o f  t h e  700-750'F d i s t i l l a t e  cu t  o f  end-products from t h e  
SRC I 1  (no hydroyenat ion)  and EOS (process so l ven t  hydrogenat ion)  processes. An 
obvious e f fec t  of t he  hydrogenat ion process i s  a general r e d u c t i o n  i n  t h e  EDS 
m a t e r i a l  of the concen t ra t i on  l e v e l s  of parent  PAH, f o r  example pyrene and 
benzofluorene, as compared t o  o the r  c o n s t i t u e n t s  o f  t h e  f r a c t i o n  such as t h e  
hydroaromatics and a l k y l a t e d  species. I n  genera l ,  t h e  EDS d i s t i l l a t e  c u t  i s  
composed of severa l  compounds w i t h i n  a f a i r l y  narrow concen t ra t i on  range, w h i l e  
t h e  SRC I1 m a t e r i a l  has a few major components w i t h  o t h e r  c o n s t i t u e n t s  a t  much 
lower concen t ra t i on  l e v e l s .  Table 3 g i ves  an es t ima te  o f  t h e  magnitude o f  t h e  
chemical d i f f e r e n c e s  t h a t  r e s u l t  from t h e  hydrogenat ion process. The increased 
p ropor t i ons  of a l k y l a t e d  and hydroaromat ic  PAH i n  hyd ro t rea ted  m a t e r i a l s  has t h e  
n e t  e f f e c t  of i n c r e a s i n g  the  hydrogen t o  carbon r a t i o  and enhancing t h e  q u a l i t y  o f  
bo th  process products  and r e c y c l e  so l ven ts .  

TWO STAGE LIQUEFACTION -- 
Two stage l i q u e f a c t i o n  processes such as the  second generat ion i n t e g r a t e d  two 

It appears t h a t  t he  two most impor tan t  features are reduced l i q u e f a c t i o n  
Low 

stage l i q u e f a c t i o n  ( ITSL)  i n c o r p o r a t e  severa l  process fea tu res  which l ead  t o  bo th  
process streams and p o t e n t i a l  product  m a t e r i a l s  which show reduced g e n o t o x i c i t y  
(18,19). 
s e v e r i t y  i n  t h e  f i r s t  stage and c a t a l y t i c  hydrot reatment  i n  t h e  second stage. 
s e v e r i t y  e x t r a c t i o n  depends upon the  a v a i l a b i l i t y  o f  h igh  q u a l i t y  hydrogen-r ich 
so l ven t  which r e s u l t s  from hydrot reatment .  S e v e r i t y  i n  the  i n i t i a l  l i q u e f a c t i o n  
s tep i s  reduced p r i m a r i l y  by l ower ing  the  res idence t i m e  o f  t he  coal s l u r r y  i n  t h e  
f i r s t  stage reac to r .  The improved s o l v a t i o n  and hydroyenat ion p r o p e r t i e s  o f  t h e  
h ighe r  q u a l i t y  so l ven t  a l l ows  t h e  coal  t o  be so l va ted  q u i c k l y  and e f f i c i e n t l y ,  
thus m in im iz ing  t h e  p o s s i b i l i t y  o f  re t rog rade  r e a c t i o n  which leads t o  t h e  
format ion of p o l a r  m a t e r i a l s  and may cause p o l y m e r i z a t i o n  o r  coking. 
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Reduct ion i n  n i t r o g e n  conten t  o f  t h e  d i s t i l l a t e s  i s  t h e  main reason f o r  t h e  
lower g e n o t o x i c i t y  o f  t h e  ITSL m a t e r i a l s  as compared t o  t h e  s i n g l e  stage 
processes. F i g u r e  6 compares gas chromatograms o f  t h e  n i t r o g e n - c o n t a i n i n g  PAH 
f r a c t i o n s  a f t e r  t h e  f i r s t  and second stages o f  t h e  ITSL process. Deamination t h a t  
i s  o n l y  p a r t i a l  i n  the  low s e v e r i t y  r e a c t o r  i s  r e l a t i v e l y  complete i n  the  
h y d r o t r e a t o r  product.  T h i s  reduces the  o v e r a l l  c o n c e n t r a t i o n  o f  genotox ic  amino- 
PAH i n  t h e  process m a t e r i a l  and end-products. S i m i l a r l y ,  hydrogenat ion and 
c r a c k i n g  occurs f o r  the  o the r  PAH components i n  t h e  process m a t e r i a l  r e s u l t i n g  i n  
t h e  s u p e r i o r  r e c y c l e  s o l v e n t  p r o p e r t i e s  r e q u i r e d  fo r  low s e v e r i t y  l i q u e f a c t i o n  i n  
t h e  f i r s t  stage and h igh  q u a l i t y  end-products t h a t  a re  s u i t a b l e  f o r  upgrading and 
r e f i n i n g .  

CONCLUSION 

The a b i l i t y  t o  per fo rm d e t a i l e d  chemical a n a l y s i s  p r o v i d e s  i n s i g h t s  and 
unders tand ing  i n t o  bo th  the  areas of  b i o l o g i c a l  e f f e c t s  and process s t r a t e g i e s .  
There are  a number o f  chemical d i f f e r e n c e s  which have been discussed f o r  t h e  
d i f f e r e n t  products f rom d i r e c t  l i q u e f a c t i o n  s t r a t e g i e s ,  i n c l u d i n g  hydrogenat ion,  
d e - n i t r o g e n a t i o n ,  and a l k y l a t i o n .  The h i g h e r  mo lecu la r  we igh t  genotoxic PAH and 
N-PAC which a re  minor c o n s t i t u e n t s  i n  most f u l l  range d i s t i l l a t e  coal  l i q u i d s  can 
be e f f e c t i v e l y  reduced i n  c o n c e n t r a t i o n  by o p t i m i z e d  f r a c t i o n a l  d i s t i l l a t i o n ,  
bottoms recyc le ,  o r  hydrogenat ion.  Furthermore, two stage l i q u e f a c t i o n  w i t h  
enhanced r e c y c l e  so lvents  under low s e v e r i t y  c o n d i t i o n s  coupled w i t h  hydrogenat ion 
reduces t h e  aromat ic and p o l a r  PAH conten t  w h i l e  i n c r e a s i n g  t h e  hydrogen t o  carbon 
r a t i o  of t h e  process m a t e r i a l .  
work r e s u l t  i n  h i g h e r  q u a l i t y  process m a t e r i a l s  and end-products which a re  
s u i t a b l e  e i t h e r  f o r  r e f i n i n g  o r  upgrad ing  i n t o  usab le  products.  

I n  general ,  t h e  s t r a t e g i e s  i n v e s t i g a t e d  i n  t h i s  
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-. TABLE 1. Quantitative and Qualitative Analysis o f  the PAH 
in the SRC I1 Full Range Distillate(a1 

Compound P F r a c t i o  
Peak No. Mol. !dt.(b) I d e n t i f i c a t i o n  (EM ( ~ g / g ) ~ ' )  

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 

35 

36 
37 

38 
39 
40 
41 
42 

128 
142 
142 
156 
156 
156 
156 
:52 
154 
170 
170 
168 
166 
168 
184 
180 
182 

180 
180 

180,182.198 

184 
196 
178 

194,196 
196 
192 
192 
192 
212 
204 
202 
202 
204 
218 

216 
216 

218 

216 
230 

228 
228 
242 
252 
252 

Naphthalene 
2-Methylnaphthalene 
1-Methylnaphthalene 
2-ethyl naphthalene 
2.6- andfor 2.7-Dimethylnaphthalene 
1.7- and 1,6- o r  1.3-Simethyl naphthalene 
C2-XaphLhaiene 
Acenaphthy 1 ene 
Acenaphthene 
C3-Naphthalene 
C Naphthalene 
D&enzo fu ran  
F1 uorene 
C Acenaphthene and/or Dihydrof luorene 
CiINaphthalene 
9-Methyl f l uo rene  
C Dibenzofuran and/or C2-Acenaphthene 

2-Methylfluorene 
1-Methyl f luorene 
C Fluorene andfor C Aceaaphthene andfor 

' ind f o r  Cl-Di hydrofluorene 

'i1-D? hydrof  1 uorenef-and/or 
C1-Di benzofuran 

Dibenzothiophene 
C -Acenaphthene and/or C2-Dihydrofluorene 
Pzenanthrene 
C2-Fluorene and/or C2-Oi  hydrof luorene 
C2-Di hydrof luorene 
3-Methyl phenanthrene 
2-Methyl phenanthrene 
1-Methylphenanthrene 
2-Chloroanthracene I n t e r n a l  Standard 
Dihydrof luoranthene 
Fluoranthene 
Pyrene 
D i  hydropyrene 
Cl-Dihydrofluoranthene andfor 

Benzo(a Inaphthofuran 
Benzo(a ) f luorene 
Benzo(b1fluorene and/or 

2- o r  &methyl pyrene 
D i  hydrobenzo(b)fluorene andfor 

Benzo(b)naphthofuran 
1-Methy 1 pyrene 
C1-Benzofluorene andfor 

Benz(a )anthracene 
Chrysene 
6- o r  4-Methylchrysene 
Benzo(j o r  b) f luoranthene 
Benzo(e)pyrene 

C2-pyrene f f luoranthene 

730 f 
15.040 f 680 
2.840 t 130 

11.400 ? 540 
12.500 f 1000 
8,260 f 440 

340 f 20 
7.990 f 450 

13,360 t 740 
13.960 f 1180 
39.960 f 4140 

16,650 f 3040 

11.750 f 680 
9.830 f 480 

12.290 f 750 

44,640 f 2840 

9.300 f 840 
11,.950 f 800 

3.680 t 490 

8,780 f 100 
3.820 f 30 

19.520 f 470 

2.840 f 230 

10.360 f 1110 

2,650 f 470 

660 f 60 
1.110 f 120 
2.110 f 210 

250 f 50 
200 f 60 

(a) SRC I 1  F u l l  Range D i s t i l l a t e  obtained from Gulf Research and Development Co.. 
An h a x  B e l l e  Ayr Merr ian Coal L ique fac t i on  Laboratory,  Shawnee Mission, KS. 

Mine subbituminous coal was used d u r i n g  run DOE 454RA which was made i n  the 
convention recyc le  mde. 

(b )  As determined by c a p i l l a r y  column gas chromatographic-mass spectrometry. 
( c )  Determined from response fac to rs  of standard compounds. 
(d) Based on three determinat ions;  10 mg/ml. 5 mglml. and 2.5 mglml 'd i lut ions.  



? 
TABLE 2. Concentrat ions o f  t h e  Major Components o f  t he  700-750°F D i s t i l l a t e  

F r a c t i o n s  o f  SRC I 1  and EDS End-Products. 

Compound E.D.s.( SRC I I ( ' )  

D i  hydrof luoranthene 
Fluoranthene 
Pyrene 
D i  hydropyrene 
Benzo(b) f luorene and/or 

2- o r  4-Methyl pyrene 
1 -Met hy 1 py rene 
Benz ( a  )anthracene 
Chrysene 

2,098 f 36 21,822 f 6,335 
1,089 f 16 30,210 f 1,819 

29,838 f 976 275,991 f 32,372 
6,391 f 157 27,733 t 8,413 

47,042 f 11,610 257,629 f 70,359 
26,567 f 6,371 34,335 f 4,405 

308 f 23 4,098 f 942 
1,554 f 335 2,086 f 561 

(a )  Concentrat ion o f  components i n  t h e  PAH f r a c t i o n  as determined f rom response 
f a c t o r s  o f  standards. Based on t h r e e  de te rm ina t ions  a t  10 mg/mL, 5mg/mL, 2.5 
mg/mL d i  1 u t i ons .  

(b )  EOS 50° d i s t i l l a t e  from a feed b lend o f  naptha and process so l ven t  o f  I l l i n o i s  
No. 6 coa l ;  ECLP operat ions,  Exxon Research and Engineer ing Co.. Baytown, TX. 

( c )  SRC I1  50' d i s t i l l a t e s  from a feed b lend  o f  naptha and process so l ven t  o f  
Powhatan No. 5 mine coa l ;  PDU P-99 operated by Gu l f  Science and Technology 
Co., Harmarv i l l e ,  PA. 

TABLE 3. Concentrat ion Ra t ios  o f  Selected 4-Ring PAH i n  the  
700-750°F D i s t i l l a t e  F r a c t i o n s  o f  SRC I 1  and EDS 

- __ 
Compound R a t i o  EDS SRC I 1  

pyrene 1.1 8.0 
1-methyl pyrene 

p y r e n e  4.7 10.0 
d ihydropyrene 

f l uo ran thene  0.5 
d ihyd ro f l uo ran thene  

0.7 
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REM9SC3 i i i ~ l S E  HPLC 

HIGH RESOLUTION GAS CHROMATOGRAPHY 

L 

GAS CHROMATOGRAPHY/MASS SPECTROMETRY 

fl 200 m 

FIGURE 1. Overview of the analytical methodology used for the detailed 
chemical characterization of coal liquefaction materials. 
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FIGURE 3. 

WEIGHT PERCENT 

A 

100-700 700-750 750-800 800-850 850+ 
BOILING POINT CUT (OF) 

WEIGHT PERCENT 

B 

BOILiNG POINT CUT (OF) 

Weight d i s t r i b u t i o n  o f  chemical  c lasses  i n  t h e  ( A )  SRC I 1  and (6) 
EDS d i s t i l l a t e  f r a c t i o n s  ( see  Tab le  2 f o o t n o t e s  f o r  a d e t a i l e d  
d e s c r i t p i o n  of these process m a t e r i a l s ) .  
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FIGURE 4. Capillary column gas chromatograms of the PAH fractions from 
the SRC I 1  50’F distillates fractions. 
for a detailed description of this coal-derived material.) 
Conditions as in Figure 2. 

(See Table 2 footnotes 
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ALTERNATIVE PATHWAYS FOR PYROLYSIS OF CELLULOSE 

Fred Shafizadeh 

Missoula, Montana 59812 
Department o f  Chemistry, U n i v e r s i t y  o f  Montana 

, 

INTRODUCTION 

Pyro lys is  o f  biomass invo lves  heterogeneous subs t ra tes  and complex reac t ions .  
The substrate inay conta in  var ious amounts o f  c e l l u l o s e ,  hemicel lu loses, l i g n i n ,  
ex t rac t i ves  and inorganics w i t h  d i f f e r e n t  thermal p roper t ies .  The reac t ions  i n v o l v e  
a l t e r n a t i v e  pathways and consecutive ser ies ,  which a r e  a f f e c t e d  by p y r o l y t i c  con- 
d i t i o n s  inc lud ing  t h e  t ime and temperature p r o f i l e ,  ambient atmosphere and c a t a l y s i s  
by inorganic  mater ia ls .  
the  products are h i g h l y  dependent on t h e  employed subs t ra te  and p y r o l y t i c  cond i t ion .  
This  s i t u a t i o n  accounts f o r  v a r i a t i o n  o f  t h e  r e s u l t s ,  p a r t i c u l a r l y  on k i n e t i c  
studies, which may range f rom k i n e t i c s  o f  s p e c i f i c  chemical reac t ions  t o  g loba l  
k i n e t i c s  o r  modeling o f  an e n t i r e  process. The l a t t e r  may be based on a r a t e  
determining chemical s tep o r  even a phys ica l  process such as heat  o r  m a t e r i a l  t rans-  
fe r .  Pyro lys is  of c e l l u l o s e  i l l u s t r a t e s  these p o i n t s .  The a l t e r n a t i v e  pathways 
proposed f o r  p y r o l y s i s  o f  t h i s  m a t e r i a l  i s  shown below (1,2). 

Consequently, composit ion, y i e l d  and r a t e  o f  format ion o f  

F i s s i o n  products,  C,Hys H2 (3) 

Ce l lu lose  - / Anhydrosugars, Tar  

\ Char, H20, C02, CO 

(2) 

(1) 

Pyro lys is  a t  teniperatures below 300°C i nvo lves  depolymerizat ion,  dehydration, 
rearrangement and format ion o f  carboxyl and carbonyl  groups, e v o l u t i o n  o f  CO and CO,, 
development o f  f r e e  r a d i c a l s  and condensation t o  char. 
these react ions are accompanied by the  conversion o f  t h e  g lycosy l  u n i t s  t o  levog lu -  
cosan by t ransg lycosy la t ion .  This  r e a c t i o n  i s  preceded by  t h e  a c t i v a t i o n  o f  t h e  
molecule, presumably through g lass t r a n s i t i o n ,  which g ives t h e  r e q u i r e d  conforma- 
t i o n a l  f l e x i b i l i t y .  A t  s t i l l  h igher  temperatures (above 500"C), t h e  g lycosy l  
s t ruc tu re  o f  the  levoglucosan o r  c e l l u l o s e  r a p i d l y  breaks down t o  p rov ide  a v a r i e t y  
o f  low molecular weight f i s s i o n  products, i n c l u d i n g  hydrocarbons and hydrogen as w e l l  
as C O S  CO and H20 obta ined a t  lower temperatures. 
f u r t h e r  rgac t  t o  a l t e r  t h e  composit ion o f  the  pyro lysa te .  The secondary r e a c t i o n  may 
proceed i n  t h e  gas phase as f u r t h e r  decomposit ion o f  levoglucosan, i n  the  s o l i d  phase 
as the  condensation and c r o s s l i n k i n g  o f  in te rmed ia te  chars t o  n i g h l y  condensed po ly -  
c y c l i c  aromatic s t ructures,  o r  by  i n t e r a c t i o n  o f  bo th  phases as g a s i f i c a t i o n  o f  char  
by reac t ion  wi th  HZO and C02 a t  h igh  temperatures t o  produce CO and H2. I n  view o f  
a l l  these p o s s i b i l i t i e s  the  k i n e t i c  data a re  v a l i d  o n l y  f o r  s p e c i f i c  chemical reac- 
t i o n s  o r  w e l l  defined s y s t e m .  Genera l izat ion cou ld  be mis lead ing  and cont rovers ia l ,  
because of major d i f ferences i n  t h e  r e s u l t s  obta ined under d i f f e r e n t  cor id i t ions.  
These d i f ferences are  shown i n  the  fo l low ing  examples o f  p y r o l y s i s  o f  c e l l u l o s e  under 
d i f f e r e n t  condi t ions.  

A t  temperatures above 3OOOC; 

The p y r o l y s i s  products cou ld  
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KINETICS OF CELLULOSE PYROLYSIS 

Global Kinetics 

The global k ine t ics  f o r  isothermal evolution of v o l a t i l e  pyrolysis products 
from purified cotton l i n t e r  ce l lu lose ,  w i t h i n  the temperature range of  275-310°C, 
has been studied i n  a i r  and nitrogen ( 3 ) .  The Arrhenius p lo t  of the r e su l t s  on 
f i rs t  order k ine t ics  is shown i n  Figure 1.  
37 and 17 Kcal/mole i n  a i r  and nitrogen. Figure 1 ind ica tes  a t r a n s i t i o n  a t  ca. 
300T which r e f l ec t s  the ex is tence  of two d i f fe rer . t  pathways. As seen in  Figure 2 ,  
t h e  r a t e  of pyrolysis measured by weight loss under isothermal conditions,  shows 
an i n i t i a l  period o f  acce lera t ion  and proceeds much f a s t e r  i n  a i r  than i n  i n e r t  
atmosphere. As the pyrolysis temperature i s  increased, the i n i t i a t i o n  period and 
the differences between pyrolysis under nitrogen and a i r  gradually diminish and 
disappear a t  310°C when pyrolysis by the second pathway takes  over. 

Kinetics of the  lower temperature pathway 

involve reduction i n  molecular weight o r  DP by bond sc i s s ion ,  appearance of f r ee  
rad ica ls ,  elimination of water,  formation o f  carbonyl , carboxyl and hydroperoxide 
groups ( i n  a i r ) ,  evolution o f  carbon monoxide and carbon dioxide,  and f i n a l l y  pro- 
duction of a charred residue. 
r a t e s  of pyrolysis of ce l lu los i c  mater ia l s ,  have been ind iv idua l ly  inves t iga ted .  
Reduction i n  the degree of polymerization o f  ce l lu lose  on isothermal heating in a i r  
or nitrogen a t  a temperature within the range of 150-190°C has been measured by the  
viscosity method. The re su l t i ng  data have been cor re la ted  w i t h  ra tes  of bond sc iss ion  
and used f o r  ca lcu la t ing  the k ine t ic  paramerers. 
t ion  energy of 21 Kcal/mole f o r  bond sc iss ion  i n  a i r  and 27 Kcal/mole i n  nitrogen, 
and indicate t h a t  a t  low temperatures a l a rge r  number of bonds a re  broken i n  a i r  
than i n  nitrogen. 

much f a s t e r  i n  a i r  than i n  nitrogen, and furthermore, acce le ra te  on continued heating. 
I t  i s  ins t ruc t ive  t o  compare the i n i t i a l  l i n e a r  r a t e s  f o r  the evolution of these  
gases w i t h  the r a t e s  of bond sc iss ion  obtained f o r  depolymerization a t  170OC. As can 
be seen in Table I the r a t e  of bond sc i s s ion  i n  a i r  approximately equals t he  r a t e  
of production of carbon dioxide plus carbon monoxide i n  moles per glucose u n i t .  In 
nitrogen, however, the r a t e  of bond sc i s s ion  i s  g rea t e r  than the rates o f  carbon 
monoxide and carbon dioxide evolution combined. 

These data gave ac t iva t ion  energies of 

The reactions in the f i rs t  pathway, which dominates a t  lower temperatures, 

These reac t ions ,  which cont r ibu te  t o  the  overall  

These ca lcu la t ions  g ive  an ac t iva-  

The ra tes  of production of carbon monoxide and carbon dioxide a t  17OOC a r e  

Table I .  I n i t i a l  r a t e s  of g lycos id ic  bond sc iss ion  and carbon 
monoxide and carbon dioxide formation a t  170°C. 

5 Rate X 10 in  a i r  
mole/162 gm hr 

Reaction Rate X lo5  in N 2  
mole/162 gm hr 

Bond Scission 2.7 9.0 

CO Evolution 0.6 6.4 

C02 Evolution 0.4 2.1 
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versus time. 
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On heat ing c e l l u l o s e  i n  a i r ,  hydroperoxide f u n c t i o n s  a r e  s imultaneously formed 
and decomposed, and t h e i r  concent ra t ion  climbs u n t i l  a steady s t a t e  i s  reached. A t  
17OOC the  steady s ta te  i s  reached i n  about 100 min. 
peroxide func t ion  appeared t o  f o l l o w  f i r s t - o r d e r  k i n e t i c s  w i t h  a r a t e  consta t O f  
2.5 min-1 a t  17O0C. From the  steady-state concent ra t ion  o f  3.0 . 0- mole/ 

g min. When compared w i th  the  i n i t i a l  r a t e  o f  bond s c i s s i o n  i n  a i r  a t  17OoC (Table 
I ) ,  i t  i s  apparent t h a t  hydroperoxide format ion cou ld  make a s i g n i f i c a n t  con t r ibu-  
t i o n  t o  bond scission. 

K ine t ics  o f  the  intermediate pathway 

Ths pr imary reac t ion  i n  t h i s  pathway invo lves  depolymerizat ion by t ransg lyco-  
sy la t i on  forming a t a r  con ta in ing  anhydrosugars ( levoglucosan and i t s  isomer), 
randomly l i n k e d  ol igosacchar ides and var ious dehydrat ion and f i s s i o n  products. As 
t he  reac t ion  proceeds, the  res idue contains some g l y c o s y l  u n i t s  t h a t  have been 
detected by CP/MAS 13C-NMR and FTIR, and some char (4 ) .  The char i s  formed p a r t l y  
from d i r e c t  decomposition o f  c e l l u l o s e  as discussed e a r l i e r  and p a r t l y  by decompo- 
s f t i o n  o f  the t a r .  
r a p i d l y  and overshadow the produc t ion  o f  char. A t  t h i s  t ime, i t  should be po in ted  
o u t  tha t  evaporat ion o f  levoglucosan and the  v o l a t i l e  p y r o l y s i s  products i s  h i g h l y  
endothermic. Thus, the increased oven temperature could r a i s e  the  r a t e  o f  heat 
t ransfer bu t  no t  necessar i l y  t he  temperature o f  t he  a b l a t i n g  subs t ra te  which i s  
cooled by the  heat o f  evaporation, e s p e c i a l l y  under vacuum. 
higher temperatures, the  p y r o l y s i s  process may be c o n t r o l l e d  by the  r a t e  o f  heat 
t rans fe r  ra the r  than the  k i n e t i c s  o f  the chemical reac t ion .  Ma te r ia l  t r a n s p o r t  
presents another major obs tac le  t o  the  i n v e s t i g a t i o n  o f  chemical k i n e t i c s ,  because 
i f  the  products o f  primary r e a c t i o n s  are n o t  removed, they can undergo f u r t h e r  de- 
composition reac t ions .  Table I 1  shows the d i f f e r e n c e  between the  y i e l d  o f  d i f f e r -  
en t  pyro lys is  products i n  vacuum, which removes the  pr imary  v o l a t i l e  products, and 
in nit rogen a t  atmospheric pressure which a l lows more decomposit ion o f  the  anhydro- 
sugars. I t  a lso  shows the  e f f e c t  o f  inorgan ic  c a t a l y s t s  i n  changing the  na ture  o f  
the  react ions and products. 

Analysis o f  the  p y r o l y s i s  products o f  c e l l u l o s e  a t  3OOOC 
under n i t rogen and vacuum. 

The decomposit ion o f  the  hydro- 

162 g min, the  r a t e  of hydroperoxide decomposit ion i s  t h e r e f o r e  7.5 x 10- P mole/162 

On r a i s i n g  t h e  temperature t h e  t a r  forming reac t ions  accelerate 

I n  o t h e r  words, a t  t he  

Table 11. 

1.5 Mm Hg, 
Condition Atm. pressure 1.5 Mm Hg 5% SbC1, 

Char 

Tar 

34. 2%a 17.8%a 25.8%a 

19.1 55.8 32.5 

levoglucosan 3.57 28.1 6.68 

1,6-anhydro-B-~-g1ucofuranose 0.38 5.7 0.91 

hydrolyzable mater ia ls  6.08 20.9 11 .a 
a D-glucose t r a c e  t r a c e  2.68 

aThe percentages are based on the  o r i g i n a l  amount o f  c e l l u l o s e .  

2aa 



-5- 

In View of these considerations, the chemical kinetics of cellulose pyrolysis 
have been investigated within the limited temperature range o f  260-340°C and under 
vacuum in Order to obtain chemically meaningful data (5). Under these conditions, 
the chemical kinetics o f  cellulose pyrolysis could be represented by the three 
reaction model shown below. 

F I 

ki 
cei lulose - "Active Cellulose" 

'eel 1 WA *Char + Gases 

d(Wc) = 0.35kc[W,] 
az- 

In this model it i s  assumed that the initiation reactions discussed earlier 
lead to the formation of an active cellulose, which subsequently decomposes by two 
competitive first order reactions, one yielding anhydrosugars (transglycosylation 
products) and the other char and a gaseous fraction. 

Partially pyrolyzed cellulose, in addition to the original sugar (glycosyl) 
units, contains new functionali ties formed by dehydration, rearrangement, decarbonyl- 
ation, decarboxylation and condensation. 
alities 'nclude carbonyl, carboxyl, aromatic and aliphatic carbons as analyzed by 
CP/MS lJC-NMR (5) .  After complete pyrolysis of the glycosyl units (5 min at 400OC) 
a relatively "stable" char is left that contains about 70% aromatic and 27% aliphatic 
carbons. On heating at 500°C char is converted to a highly condensed and crosslinked 
material, containing about 905 polycyclic aromatic carbons. 

In the intermediate chars these function- 

289 



-6- 

CONCLUSION 

o f  reactions which provide d i f f e r e n t  products. The k i n e t i c s  o f  these react ions 
are h igh ly  dependent on the  experimental condi t ions.  

Pyrolysis o f  ce l lu lose  proceeds by a l t e r n a t i v e  pathways i nvo lv ing  a va r ie t y  
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KINETICS OF THERMAL DEGRADATION OF WOOD AND CELLULOSE BY T.G.A. 
COMPARISON OF THE CALCULATION TECHNIQUES 

C. VOVELLE, H. MELLOTTEE, J.L. DELFAU 

C.N.R.S. - Centre de Recherches sur la Chimie de la Combustion 
et des Hautes Tempbratures 
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INTRODUCTION : 

Kinetics of thermal degradation of cellulosic materials has attracted wi- 
despread attention due to its importance in two main fields : synthetic fuel produc- 
tion from biomass and fire research. Usually, the results of kinetic studies have 
been expressed by means of an overall mass loss  rate equation : 

- * = A (m - mf)n exp (-E/RT) 1) dt 

with m = mass of material at time t, mf = final mass, T = temperature, A = preexpo- 
nential factor, n = reaction order, A =activation energy and R = perfect gas cons- 
tant. 

Several reviews ( l ) ,  (2), ( 3 )  have pointed out that there is a great scat- 
ter in the values measured for the kinetic parameters : A, n and E. In particular, 
activation energies reported for wood are very often lower than those obtained for 
cellulose. 

Recently ( 4 ) ,  we have performed thermogravimetric analysis of cellulose 
and several kinds of woods and we have shown that this discrepancy was mainly rela- 
ted to the use of an overall equation to represent thermal degradation of wood. By 
calculating the mass variations by means of a simulation model allowing severalreac- 
tions to be taken into account, we have reproduced with a good precision the experi- 
mental thermograms. For wood, in nitrogen, this agreement between experiments and 
calculations was obtained with a two-step degradation mechanism. The first step 
starts around 520 K and corresponds to the degradation of the mixture hemicellulose 
+ lignin. The second step is observed around 620 K and is due to the pyrolysis of 
cellulose. 

It is highly interesting to notice that for this second step of wood pyro- 
lysis, the values of the kinetic parameters obtained with pure cellulose could be 
used. 

The methods usually proposed for determining kinetic parameters from ther- 
mogravimetric analysis curves are based on the assumption that the mass loss rate 
can be interpreted by means of an overall equation. In view of the results that we 
obtained for wood, it was interesting to study how these methods could be applied 
to a two-step degradation mechanism and compare the precision of the results obtai- 
ned with different methods. In this paper, we have reported kinetic calculations 
performed with the most commonly used techniques : FREEMAN and CARROLL ( 5 ) ,  maximum 
point (61, ratio method (7), COATS and REDFERN (8 )  and BROIDO (9). These calculation 
techniques have been applied to thermograms measured for  pure cellulose and three 
kinds of woods : fir, poplar and oak, the experiments having been performed under 
nitrogen. 

EXPERIMENTAL : 

A SETARAM thermobalance has been used. This apparatus allows simultaneous 
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TGA and DTA measurements. It is worth specifying that due to DTA requirements, the 
thermocouple used to measure the sample temperature was surrounded by the platinum 
sample holder, so that there is a good coupling between temperature measured by the 
thermocouple and the sample temperature. 

A nitrogen flow rate equals to 120 ml/min has been used, and the heating 
were respectively : 16.20C/min (cellulose), 12.90C/min (oak), 13.0°C/min (fir) and 
23.20C/min (poplar). All the experiments have been performed with initial mass close 
to 25 mg. 

Mass and temperature versus time curves were digitized by means of a H.P. 
plotter. Transformation and smoothing of the data :o mass versus temperature curves 
and derivative calculations were perfsimed by a H.P. 1000 computer. 

RESULTS AND DISCUSSION : 

We have plotted on figure 1 the thermograms obtained with cellulose and 
the three kinds of woods. Usually, from these curves, a conversion factor is defined 
by : 

m - m  
Y =  0 2) 

mo - mf 
with : m = mass remaining at time t, m0 = initial mass and mf = final mass. 

tor : 
The overall kinetic equation is expressed in term of this conversion fac- 

3 = A (1 - y  )" exp (-E/RT) 3 )  dt 

or by using the heating rate : p = dT/dt 

To use this equation for wood, it is necessary to define a conversion fac- 
tor specific to each step of the degradation mechanism. If the step s is assumed to 
be observed between an initial value of the mass : ( m J s  and a final value (mf)s, this 
conversion factor is defined by : 

These boundary values play an important role, since the variation of 
Y over a given temperature range can be modified by changing the values used for t m 0 )  and (mf) and it can be considered that five kinetic parameters are needed to 
spec7fy the thzrmal degradation : A ,  n ,  E, (mo), and (mf)s. 

In order to get starting values f o r  these boundary values of the mass, we 
have used the results obtained in the previous study carried out with the simulation 
model ( 4 ) .  These results have been reported in table I. When performing these calcu- 
lations, the following assumptions had been made : 

cond component" 

curring between an initial value a and a finai value afof the mass ratio a= mk/ho)k 
with mk = mass of component k at ti% t and (mo)k = initial mass of component k. 

From the values reported in table I, it can be seen that the first step 
in the thermal degradation of wood, starting around 520K corresponds to the pyroly- 
sis of the so-called second component, the pyrolysis of cellulose being responsible 

- wood is composed in equal proportion of cellulose and a so called "se- 

- for each canponent, several reactions can be observed, each reaction oc- 
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for the second step observed at higher temperature. In fact, these two steps are 
not really successive and a progressive replacement of the first one by the second 
is rather observed. Owing to this overlapping, it seemed preferable to not use the 
intermediate part of the thermograms and in the following we have considered that: 

- At the beginning of the first step, only the pyrolysis of the second 
component is observed. Assuming that this component represents 50% of the initial 
mass of wood and with the values of a f  reported in table I, the boundary values for 
the first step are equal to mo and .7 mO. 

- Kinetic parameters of the second step can be calculated accurately only 
when the pyrolysis of the other component is achieved, so that the initial value 
of the mass is .7 mo, while, from the values of afit is found that the final value 
is close to .33  mo. 

In fact , these values have been allowed to vary slightly in order to 
optimize the results. 

cessively the different methods. 

FREEMAN and CARROLL method : 

In the following we have described the results obtained by applying SUC- 

By taking the logarithm of both sides of equation 4 and differentiating 
with respect to temperature, the following expression is obtained : 

d (l/T) 
log 

By plotting the left hand side versus a straight line mustbe 
obtained, with a slope equals to E/2.3 R and an intercept equals to n. 
The preexponential factor A is calculated thereafter by means of equation 4 .  

To illustrate the precision which can be expected when using this method, 
we have plotted the results obtained respectively for the first step and the second 
step of fir pyrolysis on figures 2 and 3 .  It can be seen on figure 2 that the points 
corresponding to the lowest values of d(l/T)/d log(1 -Y) tends to be outside of the 
straight line, this deviation being due to the beginning of theoccurrence of the 
second step. However, on the main temperature range of each step, the linear rela- 
tionship is fairly well verified. 

The values obtained for the second step of wood pyrolysis and for cellulo- 
se pyrolysis (table 11) are in good agreement with the values that we calculated 
previously with the simulation model (table I). For the first step, on the other 
hand, the activation energies obtained for fir and oak are slightly higher than tho- 
se calculated previously and some discrepancies are observed in the values of the 
order of reaction. 

It is mainly interesting to notice that these calculations confirm that 
the kinetic parameters of the second step of wood pyrolysis keep the value obtained 
with pure cellulose. 

A second remark can be done concerning the method of calculation. Due to 
the properties of logarithms and derivatives, the results are independent of the 
value chosen for (mo), and only (mf) is playing a &le. For the second step of wood 
pyrolysis, the value of (mf), can’be known with accuracy since it corresponds to 
the final value of the mass observed on the thermogram. Therefore, for the second 
step, the determination of the kinetic parameters by means of this method is not 
affected by errors resulting of a wrong estimation of the initial value of the mass. 

Maximum point method : 

From equation 4 ,  the following relationship is obtained between the values 
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of the parameters COrreSpOnding to the maximum conversion rate : 

where T,, y m  and (dY/dT), represent respectively the values of the temperature, 
the conversion factor and the derivative of the conversion factor at the point where 
the conversion rate is maximum. 

The order of reaction is calculated by using one of the following expres- 

8) 
(1-n) 

n = (1 - Y  ) ‘ -  if n # l  

n = 1 if (1- Y ) = lle 9 )  

sions : 

with e = basis of neperien logarithm. 

The preexponential factor is calculated from equation 4 .  

This method cannot be applied to the first step of  wood pyrolysis, since, 
due to the overlapping with the second step, there is no maximum in the conversion 
rate vs temperature curve. 

The values obtained for cellulose and the second step of wood pyrolysis 
are reported in table 111. 

It can be observed that the kinetic parameters determined for wood are 
still very close to those calculated for pure cellulose. 

However, in addition to its limitation concerning the treatment of the 
first step of wood pyrolysis, this method suffers a second disadvantage related to 
its accuracy. A small error in the estimation of the temperature corresponding to 
the maximum conversion rate entrains a large variation in the values o f y  . This 
is illustrated by the following values measured for fir : 

T K  635 636 63 7 

(dY/dT) K-l 2.77 lo-’ 2.85 lo-’ 2.82 IO-’ 

.612 .644 .672 Ym 

Moreover, this method is directly dependent on the values chosen for (mo)s 
and (mf) and it can be seen that if the values of n, A and E obtained for poplar 
are cloze to the values calculated with the other methods, the value used for 
(mo)s seems abnormally elevated. 

Ratio method : 

This method has been formulated by MICHELSON and EINHORN (7). If equation 
4 is written for two values of the temperature Ti and Tj, the following expression 
can be derived : 

(dY/dT) j (1- Yj) E T. - T. 
10) - n log - (1- V i )  + - log (dY/dT)i - 2.3 R Ti T 

j where the subscrips i and j mean that the quantities have been measured at tempera- 
tures Ti and T.. 

J 
If this calculation is repeated for couples of  temperature such that the 

ratio r = ( l - Y . ) l ( l - Y i )  remains constant, the plot of the left hand side versus 
T. - Ti/Ti Tj must be a straight line of slope equal to El2.3 R. The order of 
reaction is calculated from the value of the intercept. 

1 
J 
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\ Values obtained by applying this method (table IV) are in close agreement 
with those determined with the FREEMAN and CARROLL method for pure cellulose as well 
as for the two steps of wood pyrolysis. 

It is important to notice that the r61e played by the boundary values (mds 
and (mf) in the calculation of the conversion factor is reduced to a minimum when 
to rati2 method is used. Calculation of the order of reaction involves only (mf), 
while, for the activation energy, the values are totally independent of (mo)s and 
(mf) since these two quantities vanish when the left hand side of equation 10 is 
calcGlated. This method is therefore particularly convenient for the kinetics of 
wood pyrolysis, especially for the first step, where, due to the relatively small 
value of the difference (m,) - (mf) , the conversion factor is very sensitive to 
a small change in the value Zstimatea for (mf)s. 

COATS and REDFERN method : 

Equation 4 cannot be integrated directly. However, using an approximation 
for the integral of the exponential term several expressions can be derived. COATS 
and REDFERN ( 8 )  have obtained : 

The first term in the right hand side is sensibly constant in the tempera- 
ture range used in the calculations so that a plot of the left hand side of one of 
the two equations versus 1IT must be a straight line of slope - E12.3 R . The 
order of reaction is not calculated directly. In fact, the calculations have to be 
performed using several values of n in order to retain the value leading to the best 
linear relationship. 

Values calculated with this method are reported in table V. 
It can be observed that the values obtained for the activation energy of 

the second step of wood pyrolysis tend to be lower than the values calculated for 
pure cellulose. With poplar, it has been necessary to increase the ratio (mo)2 /mo 
up to .82 in order to obtain a straight line. This value is abnormally elevated even 
if it lead to satisfactorily results with the maximum point method. 

BROIDO method : 

Using a different assumption for performing the integration of equation 
4 ,  BROIDO derived the following expression, valid only for a first order reaction 

1 3 )  
1 

1- Y log ( log - ) = - E 2.3 RT + constant 

In view of the results obtained with the other methods for the order of 
reaction, it has not been possible to apply the BROIDO method to both steps of wood 
pyrolysis (table VI). 

This method and the COATS-REDFERN method, often called integral methods 
are very sensitive to the values chosen for (m,) and (mf)s when calculating the 
conversion factor. This is illustrated by the txree curves corresponding to diffe- 
rent values of (mo)s for the second step of fir pyrolysis (figure 4 ) .  

CONCLUSION : 

An examination of the results obtained for cellulose pyrolysis in nitrogen 
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shows that the five techniques of kinetic calculations lead to results very simi- 
lar : the mass loss rate can be interpreted in term of one reaction of first order 
of activation energy close to 250 kJ/mole. 

For wood pyrolysis, we have distinguished two steps in the thermograms. 
By calculating a specific conversion factor for each step it has been possible to 
apply the same calculation techniques. However, calculation of this specific conver- 
sion Eactor introduces an error related to the estimation of the mass range over 
which each step is observed. Owing to this fact, the accuracy of the different cal- 
culatior. techniques is directly related to the degree at which the boundary values 
(mo)s and (rnf)s are involved. From this point of view, the FREEMAN and CAKKOLL me- 
thod and the ratio method are the most suitable. It is interesting to notice that 
these two techniques have confirmed that kinetic parameters of the second step of 
wood pyrolysis, corresponding to the maximum mass loss rate,have the same values 
than those obtained for pure cellulose. 
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Fig. 1 Thermograms obtained 

in nitrogen 

(120 ml/min) 

- cellulose (16.Z°C/min) 
.--*----' fir (13.00C/min) 

- - - - poplar (23.20C/min) 
-I- oak (12.9OC/min) 

Fig. 2 : FREEMAN and CARROLL 
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Fig. 3 : FREEMAN a n d  CARROLL 

method.  

Second s t e p  o f  f i r  

t h e r m a l  d e g r a d a t i o n  

Fig. 4 : BROIDO method.  
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50% cellulose 1 . 5  1019 
50% 2nd component ' 1  1 2 . 2  lo5  poplar 

E(kJ/mole) 

2 5 0  

2 50 
8 4  

1 

1 
1 

_ _ _ _  

1 
1 

1 
1 

_ _ _ _  

Table I : kinetic parameters obtained in a previous study ( 4 )  
by means of a simulation model 

materia 1 

cellulose 
--___________________________ 

1st step 
/fir 2nd step 
I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

I_____________________________ 

Table I1 : kinetic parameters calculated with the FREEMAN and CARROLL 
method 

. 75  

i 

Table I11 : kinetic parameters calculated with the maximum 
point method 
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1 material r n 

cellulose 1.5 1.1 . . . . . . . . . . . . . . . . . . . .  _----- ------ 
1st step 1.2 .7 

tst  step 1.2 .99 

fir 2nd step 2 .91 . . . . . . . . . . . . . . . . . . . .  _-_--- ------ 
Oak 2nd step 2 1.3 

1st step 
2nd step poplar 

A (s-') E (kJ/mole) 

232 

72 
238 

Table IV : kinetic parameters calculated 
with the ratio method 

l S t  step 
2nd step I oak 

Table V : kinetic parameters calculated with 
the COATS-REDFERN method 

I poplar 2nd step 1 I 

A (s-') 

9.1 

E (kJ/mole) 

Table VI: kinetic parameters calculated with 
the BROIDO method 
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The Lffect  of Pressure on the Pyro lys i s  o f  Newsprint 

Havindra 6. Agrawal and Richard J. IIcCluskey 

Department of Chemical Engineering, Clarkson College,  Potsdam, New York 13676 

Introduct ion 

Several  pyrolysis  p l a n t s  designed t o  convert  such waste i n t o  use fu l  p o d u c t s  
have proven uneconomical. To h e l p  provide a s t r o w e r  d a t a  base f o r  improved 
pyrolysis  processes,  we have been StiidyirIg t h e  thermal chemistry o f  newsprint,  
t he  p r inc ip l e  c e l l u l o s i c  m a t e r i a l  i n  urban waste. Previously,  we have 
reported on the r a t e  o f  degradat ion a t  low pressure,  where secondary 
r e a c t i o n s  o f  py ro lys i s  products a r e  neg l ig ib l e  (1). This paper d i s c u s s e s  
the  inf luence o f  ambient pressure on newsprint pyrolysed a t  34OoC. 

a l t e r  product y i e l d s  from newsprint py ro lys i s  (2 ) ,  we have examined both 
untreated and ly0 HC1 washed n e w s p i n t .  

Pyrolysis  o f  any l i g n o c e l l u l o s i c  ma te r i a l  g i v e s  a h o s t  o f  d i f f e r e n t  
products which aTe usua l ly  c l a s s i f i e d  ds e i t h e r  c h a r s ,  tars, o r  gases  
depending upon t h e i r  v o l a t i l i t y .  Chars a r e  carbonaceous p o d u c t s ,  such as 
charcoal ,  t h a t  a s e  no t  v o l a t i l e ,  
compounds t h a t  a r e  v o l a t i l e  only a t  py ro lys i s  t enpe ra tu res ;  and gases  a r e  
those products having r e a d i l y  measureable vapor p re s su res  at  room temperature.  

ranging from c o t t o n  c e l l u l o s e  t o  wood, t h a t  py ro lys i s  i n  n i t rogen  at  
atmospheric pressure r e s u l t s  i n  lower tar y i e l d s  <and g r e a t e r  g a s  and cha r  
formation than py ro lys i s  i n  a strong vacuum ( 3  , 4 ) .  Th i s  d i f f e r e n c e  i n  
y i e l d s  has  been i n t e r p r e t e d  a s  due t o  secondary decomposition of tar 
molecules whose a b i l i t y  t o  e s c a p  From the  r e a c t i n g  s u b s t r a t e  is  reduced 
a t  higher  pressures .  
y i e l d s  is q u a l i t a t i v e l y  understood, t he re  e x i s t s  l i t t l e  q u a n t i t a t i v e  
information t h a t  a l lows mathematical modeling o f  t h i s  phenomena and, thereby,  
a c l e a r  l i n k  between low p res su re  py ro lys i s  experiments,  used t o  s tudy  
fundamental r e a c t i o n  k i n e t i c s ,  and i n d u s t r i a l  py ro lys i s  p o c e s s e s  c a r r i e d  
o u t  a t  atmospheric pressure.  

Experimental Frocedures 

a d e t a i l e d  account o f  our p o c e d u r e s  is provided i n  r e fe rence  ( I ) ,  only a 
b r i e f  ou t l i ne  w i l l  be given h e r e ,  

100 mg samples of  d r y ,  shredded newsprint a r e  weighed i n t o  a small 
aluminum f o i l  boat ,  ?he boa t  is sea l ed  i n t o  a coo l  end o f  t he  r e a c t o r  and 
a vacuum is drawn on t h e  system. 
pressure,  ni t rogen i s  bled slowly i n t o  t h e  system. 
chamber is brought t o  a temperature s l i g h t l y  above t h a t  o f  pyrolysis .  
Next, power is reduced t o  t h a t  necessary fo r  maintaining py ro lys i s  temperature 

by means of  a hand he ld  magnet. 
by a thermocouple embedded i n  t h e  newsprint.  

chamber, t he  co ld  t r a p s  are sea l ed  o f f ,  and t h e  r e a c t o r  is allowed t o  coo l ,  

There is na t iona l  concern over t he  d i s p s a l  of  s o l i d  municipal waste. 

Since a d i l u t e  ac id  wash pre-treatment has been shown t o  s i s n i f i c a n t l y  

T a r s  nre r e l a t i v e l y  high no lecu la r  weight 

Several  i n v e s t i g a t o r s  have shown, using a v a r i e t y  o f  c e l l u l o s i c  m a t e r i a l s ,  

Vhile t he  e f f e c t  o f  ambient p re s su re  on py ro lys i s  

A sketch of  our experimental  apparatus  is shown i n  Figure 1. Since 

If we a r e  examinin(: t h e  e f f e c t s  o f  ambient 
Then the  py ro lys i s  

1 and the  sample boa t  is quickly brought t o  t h e  c e n t e r  o f  t h e  py ro lys i s  zone 
1 

Sample temperature is cont inuously monitored 

After  a s e t  time per iod,  t h e  boa t  is quickly withdrawn from t h e  py ro lys i s  
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The weight of  r e s idue  i n  t h e  sample boat  i s  measured, and the  tar p r d u c t s  
a r e  r in sed  o f f  t he  cool  glass walls of t h e  r e a c t o r ' s  s i d e  a r m s  i n t o  t a r e d  
v i a l s .  In  t h i s  manner we can measure t h e  weights of r e s idue  and tar as a 
funct ion of py ro lys i s  time and pressure,  

Theory 

is n e g l i g i b l e  i n  py ro lys i s  experiments below one t o r r ,  and t h a t , A k J t ,  t h e  
d i f f e rence  between !Jt ,  
tine weight of tar formed a t  h ighe r  p e s s u r e ,  is a d i r e c t  measure o f  t he  
amount o f  secondary r e a c t i o n .  

t o  char  and gases  and repolymerizat ion with t h e  s u b s t r a t e ,  
r e a c t i o n  i s  homogeneous and first o rde r  i n  tar, the  r a t e  o f  secondary 
r e a c t i o n  i s  

Our b a s i c  assumptions a r e  t h a t  secondary decomposition o f  t a r  molecules 

t h e  weight of tar obtaice? bdc?: one t o r r ,  and v i t ' ,  

A tar molecule may undergo two types  of secondary r e a c t i o n s ,  decomposition 
If each type of  

d l l t  = (kd + $) d t "  1) 
d t  

where kd and $ a r e  the rate c o n s t a n t s  f o r  decomposition and repolymerizat ion,  
r e s p e c t i v e l y ,  and d t "  is  t h e  weight o f  tar molecules wi th in  t h e  heated 
newsprint.  

t o  p re s su re ,  Therefore,  i f  t h e  tars r a t e  o f  escapo from t h e  newsprint  is 
taken as p ropor t iona l  t o  t h e  amount of  tax i n  t h e  newsprint and i n v e r s e l y  
p o p o r t i o n a l  t o  p re s su re ,  t hen  

Diffusion c o e f f i c i e n t s  i n  low p res su re  gases a r e  i n v e r s e l y  p ropor t iona l  

where 4 is t h e  escape r a t e  per  u n i t  weight per u n i t  pressure.  

1 and 2 imp l i e s  t h a t  f o r  any t i m e  i n t e r v a l  du r ing  which t h e  amount o f  
repolymerized tar is unimportant r e l a t i v e  t o  t h e  amount o f  unreacted 

I f  kd, 1% and 4 a r e  independent o f  t ime, t hen  the  r a t i o  o f  equat ions 

news&nt 
n w t 
"I' - 

Simi la r ly ,  when r e a c t i o n  
f r a c t i o n a l  conversion t o  c h a r  

n i3 - 
A W t  

o f  repolymerized tar is  unimportant,  t he  
v i a  secondary decomposition may be e x p e s s e d  

= fcjkd + k, 4) 

For longer  py ro lys i s  t imes ,  when the  f a t e  of repolymerized tar molecules 
must be considered 

&A = fdkd + f r k r  5) 
b + k r  A '-4 t 

where 
and very low p res su re  pyrolyses ,  fd  is t h e  weight f r a c t i o n  of any tar 
molecule undergoing secondary decomposition t h a t  becomes c h a r ,  and fr is  
the  average weight of  cha r  r e s u l t i n g  from repolymerizat ion o f  one tar 
molecule. 
r i n F  s t r u c t u r e ,  t h e  repolymerized comcrund nay b? rrndisposed t o  form char  
end esses. 

A R  is  t h e  d i f f e r e n c e  i n  t h e  weight o f  r e s i d u e  ( cha r )  between higher  

If t h a  Te ro ly Ie r i za t ion  r-nct ion d i s r u p t s  t h e  t a r  mol eci i le ' s  
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hn f n t e r p s t i n e  parqmder  t o  consider  i s  t h e  r a t i o  of t h e  amount' o f  t a r  
escac ine  fron t h e  s u b s t r s t e  dur ine  =ny given time int .orv*l  =t, 'hi.zher r r e s s u r e  
t o  t h e  avaunt o f  tar formed i n  the  sane time i n t e r v a l  s t  very  l o w  yressure .  
If a l l  repolymerized m=t,er ia l  oventu-l7.v rlecomroses t o  char  snd gases ,  then 
t h i s  r e t i o  i s  

6 )  

I f  a recol.ynerized t l r  molecule can be rezeners ted ,  t.hen this r a t l o  w i l l  be 
I a r p e r  thnn t h e  va lue  r r e d i c t e d  by equat ion 6 . .  However, should t h e  Eresk- 
down t o  c h . r  of t h e  repolymerize6 meter ia l  induce o r  cs t=l .yze s u h s t r s t e  
ccnvorsion t o  char ,  then  t h e  Wtt/Wt,ratio w i l l  be l e s s  than Fredic ted  by 
equqtion 6 . 
Resul t s  

i n  F i e r e  2. 
i s  F lo t ted  versus t i l e ,  c o r p r i n p  700 t o r r  .qnd helow one t o r r  ryro!.yses 
of  100 mg of  gcid w-ched newsprint  a t  340OC. The u l t i m a t e  t a r  yie1.d a t  
700 t o r r  is 34 5 less than  a t  very  low Fressure ,  whi le  t h e  f i n a l  weight of 
r e s i r h e  (chPr) i? 32 5 g r e n t e r k t  7CO t o r r .  Not ice  t h a t  a t  both Frsssures  
t.here i s  an  i n i t i a l  r - r i d  genera t ion  o f  t a r .  

occurs  i n  two s tages :  
2 zero th  o r < e r  regc t ion :  2nd n subsequent ,  slaver deer -d- t ion  tht is f i r s t  
o rder  i n  r e m a i n h e  newsrr in t .  A . t  34OOC. t h e  r a p i d .  e a r l y  deFr-dst,ion is 
over v i ? h i n  t h r e e  n i r r ~ t , e s  of t h e  s e l r l e ' s  e n t r y  i n t o  t h e  p y r o l y s i s  zone. 
This  i n i t i . 1  r e - c t i o n  qccounts f o r  68 5 of  t h e  u l t i m a t e  t a r  product,ion. 
As seen i n  F icure  2 ,  t h e  remQinine 32 $ of t h e  t o r  i s  prcrluced l s r e e l y  
;liirinc t h o  n e r t  s i x t y  minutes of r y r o l y s i s ,  whi le  t h e  dej?r.-dstion r e s c t i o n  
follows a f i r s t  o rder  r - t e  1.w. 

f i rs t '  t h r e e  niinntes of r .wol .ysis .  
dpcomrosition and AR/AWt =re l i s t e d  f o r  6 0 t h  l c i d  w-shed qnd unt re- ted  
ne-rsprint. Far eqch s u b s t r q t e .  t h e  e x t e n t  of secondqry decomposition 
increases  uniforn1.y wi th  rmhient pressure .  The chqnge i n  t h e  sample r e s i d u e  
is nenr ly  3 cons tan t  f r - c t i o n  o f  t h e  change i n  weight of  recovered t a r .  
oR/4Wt. i s  not  2 func t ion  of .xnbient pressure .  

The r a t i o  of  t h e  .mount of secondsry renc+.io.? t o  t h e  amount of  
recovered t a r  i s  r l o t t e d  versus  pressure  i n  F igure  3, f a r  t h e  i n i t i . 1  
depmd- t ion  of both ac id  wrshed -.nd untreDted newsprint .  A s  yredic ted  by 
equat ion 3 , t h e  d i t 3  *re well f i t  by  a s t r a i s h t  l i n e  psss ing  through t h e  
or ig in .  Line-lr l e a s t  square fi ts  t o  t h e  d a t a  t h z t  are cons t ra ined  t o  pass 
through t h e  o r i g i n  a r e  included i n  F igure  3 . 
n r e  repor ted  i n  Table 1 d o n g  wi th  t h e i r  95% confidence l i r n i t s .  
(3). t h e s e  slopes r e r r e s e n t  t h e  r a t i o  o f  t h e  r a t e  of secon.'=ry t -r  re.-ct.ion 
t o  t h e  r s te  of  t a r  escape per u n i t  p ressure .  The l a r g e r  v3 lue  obtained 
f o r  t h e  - c i s  w-sherl n r w s r r i n t  suggests  t h a t  t h e  tprs  rroduced fuum a c i d  
washed n e ~ s r r i n t  a r e  - o m  r e - c t i v e  t h - n  t h e  t - r s  n r i s i n p  fror ,  un t rea ted  
n e w p i n t .  

two f .c tors ,  fa .  t h e  f r - c t i o n = l  c h s r  y i e l d  h r i n p  secondary decomrosition. 
end kd/krr t h e  r a t i o  of  t h e  r a t e  of  decnmposition t o  t h e  r z t e  of r e p o l y n e r i z ~ t i o r , .  

The inf luence  of ar?bient pressure  on r y r o l y s i s  y i e l d s  i s  i l l u s t r - t e d  
The weiFht of t a r  Froducts  2nd t h e  i re ight  of samrle r e s i d u e  

I n  our previous p a r e r  we noted t h a t  t.he t h e r n s l  degrad- t ion  of  newsFrint 
a f-st. i n i t i a l  deerad- t ion .  t h s t  can be nodeled 2s 

Tnhle 2 z ives  d q t s  d n c r i b i n e  t h e  second2ry d e c o r r o s i t i o n  ?ur ine  t h e  
The fr?ct ionn!  e x t e n t  of second-ry t a r  

The s loFes  of t h e s e  l i n e s  
From equat ion 

I s  seen from equat ion 0. , t h e  maenit.ude c f  t h e  6R/4Wt r q t i o  depends on 
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If we r r h i t r a r i l y  rdor,t a v n l i i e  f o r  f8 o f  0.2. t h e  ul t imrte  char  y i e l d  i n  
low pressure  ryrolvses,  then  t h e  k /k, r a t i o s  i m r l i e d  by t h e  
Ire 7.0 and 0.6 f o r  t h e  qcid w=sheg 9nd unt rea ted  news:rint, r e s r e c t i v e l y .  
The r o i n t  i s  th . t .  i r r n s r e c t i v e  of t h e  f d  v $ l u e ,  t h e  repolymerizat ion 
rP-ct . ions .re rel:t.iveIy .more i i p o r t * n t  in t h e  untretnted t h a n  i n  t h e  a c i d  
washed newsyrint. 

rr.vrolysis t i n e s  cgn he  a - thered  f rov  t h e  d a t i  i n  T-bye 2 .  n.t l onger  times 
t h e  amount of r e r c l , y e r i z n r l  T- ter iql  h-il-1 no longer  he  smsl l  i n  reg- rd  t r  t h e  
?mount of r e m i n i n g  s u b s t r = t e .  The ultinQteAR/AW r a t i c o  al-e given i n  
Tib le  2 f o r  bo th  gcid washed =nd unt rea ted  subs t rg tes ;  -These r a t i o s  show 
no r r e s s u r e  derendeico.liut they a r e  s l i g h t l y  h iqher  t h - n  t h e  cor res rondinp  
r a t i o s  3t t h e  end of o n l y  t h r e e  rninutes - y r o l y s i s  tine. 
ahhr forming r e l c t i o n s  a r e  pore p r e v a l e n t  a t  longer  pyro lys i s  times. 

Table  2 rlso lists t h e  r a t i o  o f  t h e  mount  of t a r  recovered i n  h igher  
r r e s s u r e  e q e r i m e n t s  t o  t h e  amount of t a r  f o r i e d  i n  low p r e s s u r e  pyrolyses  
f o r  p y r o l y s i s  tines g r e a t e r  t h a n  t h r e e  minutes. Also included i n  T*ble 2 
is t h e  v d u e  predic ted  f o r  t h i s  r a t i o  By-equat ion  
th .a t  a 1 1  reyol.ynerized w t e r i a l  e v e n t u r l l y  forms e i t h e r  char  o r  gqses. 
Wreenent  
f o r  the  lowes t  pressures .  where t h e  me9sured v l l u e s  f d l  below t h o s e  given 
by e m p t i o n  6 . 
t o  ca tn lyze  ch=r  formst ion i n  t h e  s u h s t r n t e .  althorigh t h e  effect i s  s u b t l e  
Dnd r m d i l y  msknd at. higher  l oad inas  o f  renolynerized t a r .  

S i i ~ ~ i  ry 
We h i v e  developer! I s i n r l e  icdel,h*sei! uron hopopereous f i rs t  order  

r e ~ c t i o n s .  f o r  de-crihinrr t,he inf luence  of  ambient r r e s s u r e  on newsprint 
r.yrn3,vsis. 
e s c = r e  rer u n i t  c ressureh=ve  heen o b t ’ l h e d  f o r  s c i d  v ~ s h e d  5nd u n t r e = t e d  
nevscr int , .  Tqrs  f r o m  t h -  r c i d  wpshed i ~ t e r i n l  I r n  lore 3r-t t.o decomrose 
v h i l e  t D r s  from u n t r e - t e d  n e v s r r i n t  hlvo = Freqter  l i k e l i h o o d  of re- 
colynerizine:  m d  then c- t -1yzir .e  char  forngt ion .  
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Table 1 - Early Secondary Decornrosition Repctions 

Acid Washed Newsprint Unt reRt nd Newsprint 
Pressure d t  O R  d t ,  A R  

(torr) W t  -+,in AT, p i n  ~ t .  3 min A% 3 min 

100 
175 
4On 

.072 .33 

.I? * 30 

.27 .2R 
700 .75 .29 

kd+kr (torr‘’) 8.15 2 .33 x x 

Pressure 
(torr) 

100 
4cc 
700 

175 
400 
700 

.026’ .80 

.036 .64 

.I1 .73 

. l P  .73 

3.07 2 .07 x lo” 

Table 2 - Loneer Time Secondary Reaction D n t i  

A R  Wtlm - ut*? k IP 
A T ,  o. W t t p  - Wt3 - X + kd + k, 

P 
.37 -75 .93 Acid Washed 
.36 .77 .75 News print 
.40 .69 .64 

.76 

.81 

.84 

.90 . PP. 

.P2 

.95 Untre?.ted 

.e9 Newsprint‘ 

.F2 

Fig. 1. Experimental apparatus: (A,A’) thermocouple wires; (B) sample hoat; (C) Pyrex cylinder; 
(D) insulated, quartz pyrolysis zone: (E. F. G )  cold traps: (H) sample port; ( I )  McLeod gauge; (.I) 
manometer; ( K )  connection to  vacuum pump: (1-5) PTFE valves. 
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Time in pyrolysis zone (mid 

F i g  2. 
y i e l d s  a t  340 C. 
s o l i d s  rep resen t  res idue.  
and 700 t o r r  (A). 

I n f l u e n c e  o f  amblent pressure on p y r o l y s i s  
Open f l g u r o s  represent  t a r s  and 

Pressures are 1 t o r r  ( 0 )  

I 

- 
100 400 TOO 

P (torr) 
F i g  3. R a t i o  o f  amount o f  secondary r e a c t i o n  to  tho  
amount o f  recovered t a r s  versus pressure.  
rep resen t  unwashed newspr in t  and s o l i d s  represent  11 
HCl washed n e n s p r i n t .  

Open f i g u r e s  
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Introduction 

The study of lignin pyrolysis has a vital importance since all lignin 
conversion processes, namely; combustion, liquefaction and gasification, are 
initiated by this step. 
of aromatic chelricals through the pyrolysis process. 
l i g n i n  conversion processes have been published by Goldstein (L), Drew (L), Goheen 
(2) and Coughlin and Avni, et.al., (4). 
Gavalas, et-al., (5) studied the pyrolysis of Kraft lignin using the captive sample 
technique. At 40O-65O0C for 10-120 sec, he claimed that a fundamental kinetic 
description of lignin pyrolysis was not possible at the time. 
lignin pyrolysis based on its model components and compared his simulations to 
previously published data (1). In a recent study by Avni, et.al., (8-9). the 
pyrolysis behavior of Iotech lignin was studied at different ambient pressures and 
heating rates. 

coal pyrolysis (10-12) applied to a heated grid as well as an entrained flow 
reactor, to the pyrolysis of lignin. Flash pyrolysis as well as slow heating rate 
pyrolysis was carried out in a heated grid (z), in which on-line, in-situ gas and 
tar analysis is performed by Fourier Transform Infrared (FT-IR) Spectroscopy. The 
model has proved to be successful in simulating the results of vacuum flash 
pyrolysis and slow heating rate pyrolysis for a variety of lignins. 

Lignin, a major component of biomass is a potential source 
Important recent reviews of 

Very few kinetic studies of lignin pyrolysis have been carried out recently. 

Klein (a) modeled 

This paper considers the appllcation of a recently developed pyrolysis model of 

Experimental 

Lignin Samples 

Seven lignins were used in the study; Table 1 compares the different lignins 
and their sources. Four of them were received from manufacturers while the last 
three were extracted in our laboratory. 
methoxy content of the lignins. 
under vacuum before the experiments. 

Flash Pyrolysis Experiments 

Table 2 shows the elemental composition and 
All lignin samples were dried for 48 hours at 108'C 

The flash pyrolysis apparatus is illustrated i n  Fig. 1. It consists of a 
heated grid pyrolyzer located in the center of a large gas cell with K B r  windows to 
allow FT-IR (Nicolet) analysis (13). The lignin is evenly distributed between two 
layers of stainless-steel cr tungsten screen which is electrically heated. Lignin 
temperatures of 1800°C and heatink rates in excess of 10,00OoC/sec for the highest 
temperatures can be achieved using a tungsten screen. 
performed in vacuum, the tar molecules quickly escape the grid and land on the cold 
glass. 

Evolution kinetics for gaseous species are determined with the FT-IR whlch 
pcrmltn low rt~troliirloli  npcv-1 rti ( R  w:iventimlwru) to he tnknn n t  RO miicc Intervals. 
The low retlolutlon aiiltlyels can daLrciulna CO, C02,  112(j, c1l4, SO , cs2, c211 , c2114, 
C3i16, bcnrenc, uiid licnvy porufcintl find olcflnti. Thc tlinc-tcm,,?.rritrlre cvolutlon for 

When flash pyrolysis is 

307 



each species can be determined from such scans as indicated in Fig. 2 which shows 
the CO yield as a function of time at several temperatures. 

The distribution of major products is determined hy weighing the lignin, the 
char (which remains on the screen) and the tar (which accumulates on a glass tube 
surrounding the grid) and by quantitative analysis of 0.5 wavenumber, FT-IR spectra 
of the evolved gas taken at the completion of a run. The high resolution spectra 
can quantitatively determine all of the above species plus C2H6, C H C H , NH3 
and potentially many other species which have not yet been observea.8’Cahfration 
of the FT-IR vas made using pure gases or prepared gas mixtures. Analysis of the 
solids was performed with the FT-IR and by elemental analysis. 

Constant Heating Rate Experiment 

Slow constant heating rate experiments with evolved gas analysis by Mass 
Spectrometry (MS) or Cas Chromatography (CC) has been used by several investigators 
to study coal (E-x). 
offers advantages over CC in speed and over HS in the ability to identify heavy tar 
materials. 

shown in Fig. 1. The sample is heated at a constant rste (3O0C/min) while gas 
evolution is monitored by FT-IR. The pyrolysis gas is swept from the cell with a 
constant flow of nitrogen (700 ml/min) at a pressure of 1 atm. 

Cas analysis by FT-IR, as used in the experiments here, 

Constant heating rate experiments were performed for lignin uaing the apparatus 

Pyrolysis Model 

The pyrolysis model assumes a lignin structure constisting of substituted 
phenyl-propane subunits linked by C-0 and C-C bonds. During thermal decomposition 
the relatively weak bonds break, releasing the tar which is comprised of monomers, 
dimers and trimers of phenyl-propane subunits. 
show a remarkable similarity to the parent lignin. 
comparison. 
polymers. 

competitive cracking of substituted groups and ring clusters to form the light 
molecular specie8 of the gas. 
functional group distribution in the original lignin. At low temperatures there is 
very little rearrangement of the lignin polymer but there is decomposition of the 
substituted groups and aliphatic structures resulting in CO release from the 
carbonyl, H20 from hydroxyl, hydrocarbon gases from aliphatgc and methoxy groups, 
and CO from weakly bound oxygen groups such as aldehyde groups. At high 
temperatures there is breaking and rearrangement of the aromatic rings. 
pyrolysis, the rearrangment of the lignin subunits permits H 
aromatic hydrogen. Additional CO form tightly bound oxygen functionalities. As 
this process continues the char becomes lnore graphitic. At high temperatures the 
FT-IR spectra of lignin char and coal char are remarkably similar, (see Figure 3d) 
both are highly aromatic. 
observed for a variety of coals nnd lignins in the heated grid experiments is that 
the temperature dependent evolution rate of C02 and CO are similar for all lignins 
and coals whlle the evolution rates of H20, CII,,. paraffins and tar from lignin vary 
slightly from coal, due to the different bridges between the ring clusters. 
rate of evoluticn of a specie will depend on the nature of the functional group 
which is its source but appears relatively insensitive to lignin source or 
extraction processes. The insenitivity of kinetic rates to coal rank has been 
reported in other investigations (14,18-21). 

XeTyrolysis used here has been presented 
previously (g-2). 
parallel independent evolution of the light species in competition with the tar 
evolution. 

similar in composition to the parent coal, the dry, ash-free (OAF) coal or lignin is 

The FT-IR spectra of the lignin tar 
Figure 3a-c shows such a 

Such similarity has also been observed for pyrolysis of coals and model 

A pyrolysis model should simulate the evolution of tar fragments and 

The yield of each gas species should depends on the 

Late in the 
to be evolved from the 2 

A striking feature of thermal decomposition which was 

The 

The mathematical description 
The model considers the removal of functional groups by a 

To model tllrac two competing potlw w l t h  on(: pnLh y l c l c l l n g  I I  product which IR 
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represented  as a rec tangular  area.  
according t o  the chemical composition of the  c o a l  c r  l ign in .  Yoi r e p r e s e n t s  t h e  
i n i c i a l  f r a c t i o n  of a p a r t i c u l a r  component (carboxyl, aromatic  hydrogen, e t c )  and 
t h e  sum of the Yo 's equals  1. 
( c a r b o n w l  i n t o  Cb,, aromatic hydrogen inco It2, e t c )  is represented by the  f i r s t  
order  diminishing of the  Yi dimension, y i d o i  exp(-kit). 
i n t o  a p o t e n t i a l  t a r  forming f r a c t i o n  Xo and a non-tar forming f r a c t i o n  1-X". 
eVOhtiOn Of the t a r  is represented by the  f i r s t  o rder  diminishing of t h e  X 
dimension X=Xo exp(-k t).  

Values f o r  Yo a r e  obtained 
from elemental  and FT-IR a n a l y s i s  and from t h e  heated g r i d  pyro lys i s  experiments 
( ~ , ~ , ~ ) .  The value of Xo is a t  present  a parameter of t h e  model. 
c o n t r o l l e d  by the oxygen and a l i p h a t i c  or hydroaromatic hydrogen content  of t h e  
l i g n i n  and can be inf luenced by pressure ,  p a r t i c l e  s i z e ,  bed geometry and the 
t ranspor t  p roper t ies  of t h e  pyro lys i s  medium. 

Figure 4-b shows t h e  i n i t i a l  s t a g e  of thermal decomposition during which the  
v o l a t i l e  components, H 2 0 ,  CO-loose and co2, evolve from t h e  hydroxyl, e ther- loose 
and carboxyl groups, respec t ive ly .  a long with a l i p h a t i c s  and t a r .  A t  a l a t e r  s t a g e  
(Fig. 4-C) CO-tight and H a r e  evolved from the e ther -c ight  and aromatic  hydrogen. 
Figure 4-d shows t h e  f i n a f  s t a t e  of t h e  char ,  t a r  and gas. 

composition of Io tech  Aspen l i g n i n .  
spec ies  evolut ion k i n e t i c s .  
e t . a l .  (24) f o r  descr ib ing  c o a l  weight loss .  
Anthony'rmodel t o  descr ibe  i n d i v i d u a l  spec ies  evolut ion.  
the  present  study. 

AS shown i n  Pig. 4a. t h e  Y dimension is div ided  

The evolu t ion  of each component i n t o  t h e  gas 

The X dimension i s  d iv ided  
The 

Figure 4-a showstthe i n i t i a l  s t a t e  of the  coal. 

It is 

Table 3 presents  t h e  k i n e t i c  r a t e s  used i n  t h e  model and t h e  f u n c t i o n a l  group 
A d l s t r i b u t e d  a c t i v a t i o n  energy is used f o r  

Such models were used by P i t t  (3) and by Anthony, 
Weimer and Nagan (16) employed 

This model was used i n  

Resul t s  and Discussion 

Figure 5 shows the  evolu t ion  r a t e s  of t h e  major gas spec ies  and t a r  from Io tech  
l i g n i n  a t  a constant  hea t ing  r a t e  pyro lys i s  of 30°C/min. 
evolu t ion  r a t e s ,  using t h e  parameters i n  Table 3 agree  v e l 1  with t h e  experimental  
r e s u l t s .  
f o r  coa l  and l ign in .  The experimental  CG evolu t ion  r a t e s  (Pig. 6 )  of s e v e r a l  l i g n i n s  
i n d i c a t e  a high temperature tight-CO and show the  i n s e n s i t i v i t y  of the evolu t ion  
r a t e  t o  the  l i g n i n  source or t h e  e x t r a c t i o n  processes  used. 

The methane evolu t ion  r a t e  sugges ts  a t i g h t l y  and loose ly  bound precursor .  
loose methane is probably from t h e  methoxy group of t h e  phenylpropane subuni t .  The 
methoxy content of Io tech  l i g n i n  is 17.01 v e i g h t  percent .  much higher  then any c o a l  
methoxy content. Figure 8 compares t h e  experimental  evolu t ion  rate of methane from 
Io tech  l i g n i n  and Pi t t sburgh  Seam c o a l ,  t h e  only d i f f e r e n c e  between t h e  two is t h e  
loose methane i n  t h e  l ign in .  The s i m i l a r i t y  between t h e  two can be explained i n  
l i g h t  of t h e  similar FT-IR s p e c t r a  ( see  Fig. 3-d) of l i g n i n  char and c o a l  char a t  
500°C and higher  temperatures. 
t o  the  s t a r t i f g  mater ia l s .  
near  2900 c m  
char  a t  500°C compared t o  t h e  r a t i o  i n  t h e  l i g n i n .  
r e s i d u a l  oxygen appears  t o  be predominantly e t h e r  type oxygen. 
the  methane evolut ion r a t e  of s e v e r a l  l i g n i n s ,  aga in  t h e  r a t e  is i n s e n s i t i v e  t o  the  
l i g n i n  source and e x t r a c t i o n  process. The r a t i o  of the  loose  methane t o  t i g h t  
methane peaks is changing from one l i g n i n  t o  another .  The r a t i o  seems t o  increase  
with an increase  i n  t h e  methoxy content  of t h e  l i g n i n  ( s e e  Table 2 f o r  methoxy 
content ) .  

The predicted t a r  evolu t ion  r a t e  is i n  e x c e l l e n t  agreement with the experimental  
data .  The a c t i v a t i o n  energy used f o r  t h e  s imula t ions  of t a r  evolu t ion  (48 kcal/mole 

1500 cal /mole)  is i n  a very good agreement with t h e  est imated a c t i v a t i o n  energy of 
t h e  e t h e r  l inkage (48 kcal/mole) connect ing the  phenylypropane subuni ts .  The 
a c t i v a t i o n  energies  have been ca lcu la ted  using t h e  group a d d i t i v i t y  theory of S. W. 
Benson (25.26). 
t a r  r a t e  curve on the  temperature sca le .  The d i f f e r e n c e s  i n  the t a r  r a t e s  between 

The s imulat ions of t h e  ' 

A s  was mentioned previously,  the  k i n e t i c  r a t e s  of CO and COP a r e  s i m i l a r  

The 

I n  both cases  t h e  char  is highly  aromatic  r e l a t i v e  
The r e l a t i v e  r a t i o  of t h e  a r e a  under the  a l i p h a t i c  peaks 

t o  the  aromatic  peaks near  800-l decreased d r a s t i c a l l y  i n  the  l i g n i n  
I n  both c o a l  and l i g n i n  the  

Figure 7 compared 

The DTGA of Io tech  l i g n i n  confirms t h e  l o c a t i o n  and shape of t h e  
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coal and lignin are due to the weak ether linkages that exist in the lignin between 
the polymer subunits; such weak linkages do not exist in coal. 

Figure 9 shows the gas yield versus pyrolysis time in a flash pyrolysis. 
major gas species evolved were CO, CO , H20 and paraffins, at a final static 
temperature of 5OO0C for 80 seconds. 'The simulations of the gas species obtained 
vith the parameters in Table 3 are in good agreemet with the data presented within 
the experimental errors. 
shows a higher fraction of tight-methane than is observed in the flash pyrolysis. 
There is no such indication with the rest of the gas species. 

temperatures of flash pyrolysis are shown in Fig. 2 where it is evident that the 
agreeement between theory and experiment is good. 

The 

The methane evolution in the slow heating rate experiments 

Yield of CO versus pyrolysis time in a flash pyrolysis at different 

Conclusions 

The experiments have shown that lignin pyrolysis kinetics are insensitive to lignin 
source or extracting process. 
fast heating rates, using the given model parameters. The lignin parameters of the 
model are related to the functional group composition of the lignin. 

Theory and experiment agree well for both slow and 
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TABLE 1 

LIGNIN SOURCE 

Lignin Wood Manufacturer Pretreatment 

Iotech Aspen Iotech Corp. steam explosion 
Stake Aspen Stake Tech. Ltd. autohydrolysis 
BEC Aspen Biological Energy --- 
Indulin Pine Westvaco 
Ethanol Aspen b a steam explosion 
HC 1 Aspen C a st’eam explosion 

Aspen d a steam explosion H2S04 

Cor:,. --- 

a) 
laboratory. 

b) 
The reaction is carried out in autoclave at 185OC for 1 hour. 

c) 25 g of wood was stirred for 4 hours with 500 g conc. 
temperature. After 20 hours water is added and the mixture is filtered and washed 
with soda solution. 

d) 25 g of wood is treated with 250 ml Of 72% H SO and stirred at room 
temperature for 2 hours, 2 volumes of water is a3de% and the mixture is 
filtered. The lignin is reflex for 1 hour in 125 ml 3% H2S04. 

The Aspen wood was steam-exploded by Iotech Corp. and extracted in our 

25 g of wood is mixed with 250 g of 43 WtZ ethanol in water mixture at pH 6. 

HCl st room 

TABLE 2 

ELEMENTAL COMPOSITION AND METHOXY CONTENT OF LIGNINS 

Lignin Iotech Indulin BEC Stake Ethanol HC1 H2s04 

C 63.44 64.35 66.84 60.61 65.57 52.33 61.54 

H 5.87 5.71 6.09 5.31 5.76 5.75 5.14 

0 29.94 27.69 27.04 33.39 28.37 40.08 31.83 

S 1.3 0.5 - - - - - 
Mineral 0.75 0.95 0.03 0.69 0.30 0.56 0.99 

Methoxyl 17.01 13.95 19.32 12.58 17.41 6.93 10.99 

311 



DETECTOR , 

0 . 3 2 8 .  

H .  

HEATED CRIn 

400% 
' . ' . . . . . 

I 
? 

1 

Figure 1 .  Pyro lys i s  Apparatus. 

P .  

0.00 TIHE. SEC . 32 

700°C 2.1 

N 

5 
E 
0 w > 

> w 

0 u 

r: 

.../ - . .. I 
0.50 TIME. SEC 5.00 

Figure 2 .  CO Yield frm Iotech Lignin a t  Different Temperatures of Flash 
Pyro lys i s ,  (points)  experiment and ( s o l i d  l i n e )  simulation. 

312 



w 0 

313 



P 
0. 

i 

I. . 
i 
+ I  

f 
Y " 

2 
h s 
d 
I 

s $ 2  n n  

e 
i - 2 9 2 2  

9- e" i e' e" e- e* i %* 2 e- e e p. h I % E 
314 



a 
co 1 ,.W 

TWERATURE (OC) 

5'0 ' 350- ' 550 ' 7SO ' 950 

d TEMPERATURE (OC) 
..m 

..".. 

2 . W  

.W 

150 350 550 750 . 950 
TEMPERATURE (''2) 

..W e 
DARAFFINL 

I.W 

. ... ---- 
150 350 550 750 

TEMPERATURE (OC) 

TEMPERATURE (OC) 

150 

Figure 5. Evolution Rate of Major V o l a t i l e  Species from Iotech Lignin i n  a 
Heating Rate of 3 0 3 C / m i n ,  Experiment (points )  and Simulations 
( s o l i d  l i n e ) .  

315 

V 



'.'"la BEC LIGNIN 

... 
L' .. .sm ...... 

- ..+' .aa 

IS0 350 550 750 950 
TEMPERATURE OC 

t.rm 
HCL LIGNIN 

,.-..-.. . 2. 

... 

.W -. 
150 350 550 750 950 

TEMPERATURE OC 

IUDULIU U C N I N  
e 

t.tm 

I .--.f' . . . . . .  I 
150 350 550 750 950 

TEMPERATURE OC 

..... .-.-- . H2S01 LIGNIN . 

..d+ 
.w - 7 . .  , . . , . 

150 350 550 750 950 
TEMPERATURE OC 

I .m 

w -  IUTEQl L I m N  

3: "Om 

o u  
>.4 W P .*m. 

0 1 0  v v  

150 350 550 750 950 
TEWPERATURE O c  

Figure 6 .  Evolution Rate of CO from Different  Lignins st a Heating Rate 
of 3 0 ° C / m i n .  experiment (points) and simulation ( s o l i d  l i n e ) .  

316 



IOTBCH LIGNIN 
.Q b 
.na . 

150 350 550 750 950 

E 2 z . m v .  q 
O x  E 2 I.W. 

&;1.Q. 

.rm . 

z a I.-. 

o u  

b4 

.- 4 

1.w 

H2S04 L I G N I N  

:”../-.. 

”\ 
, .-. 

150 350 550 750 950 
TEMPERATURE OC. 

HCL L I G N I .  
.----A* 

*-- .-.. 
,mv . . ...-- 

150 350 550 750 950 
TEMPERATURE OC. 

Figure 7 .  Evolution Rate of Methane from Different  Lignins at a Heating Rate 
of 3 O 0 c / m i n .  

317 

I 

1 



A 

I 

- 

- 

- 

- 

- -250 
Y 

c 

f 
e .eoo 
Y 

n 
0 

W 

- 
.a50 

6 

2 .lo0 

- 
l- 

-1 
a 

I U 

. 50 

. 000 

.. : * -. 
:- . . .. 
* e .  

Iorech .* PLcf.burgh seem coal ......... ... .. 
. -  a. 

-* . 
*. . .  

* .  . .  . .  . .  . .  .... . .  
*. . -* . *  . .  ..* e-. f ' .... ...... 

1- ..a ... 
I 1 1 I I I I 7 

Figure 8. Evolution Rate of Methane from Pittsburgh Seam Coal 
and Lignin a t  a Heating Rate of 30°C/min. 

........ ......... 
E 

0.00 80 
11m. SEC 

PARAFFINS '.Kl r ............. 

L 

0 .  
0.00 80  

TIME. SEC 

TIHT. SEC 

. . . . . . . . . . .  .............. 
s 
3 :i P 80 

0.00 
TIME, SEC 

Figure 9 .  Major Gas Spec ie s  Versus Time i n  a Flash Pyro lys i s  a t  500°C, 
experiment (po in t s )  and s imulation ( s o l i d  l i n e ) .  

318 



MODELING TAR COMPOSITION IN LIGNIN PYROLYSIS* 

llsiang-lhi King and Peter R. Solomon 

Advanced Fuel Research, 87 Church Street, East Hartford, CT 06108 

Eitan Avni and Robert W. Coughlin 

University of Connecticut, Storrs, CT 06268 

Lignin is an integral constituent in all vascular plants and an important 
alternative source of fuel and chemical feedstock. 
the properties of the substrate and is the initial step in any thermal process. 
better understanding of lignin pyrolysis, just as in the case of coal, is essential 
for developing lignin conversion processes. 

Lignin can be viewed as a coploymer consisting of phenylpropane units linked 
together by carbon-carbon and carbon-oxygen bonds (1). 
been developed recently to predict tar yield and composition for the pyrolysis of 
model homopolymers which simulate individual structural features of coal (2). In 
this paper, the depolymerization model is expanded to predict the pyrolysis behavior 
of a copolymer comprising up to seven different and randomly distributed monomers 
and applied to simulate the pyrolysis of an Aspen lignin. The effects of pyrolysis 
temperature and pressure on tar yield are examined. More importantly, this model 
predicts the molecular weight distributions for pyrolysis tars in detail and the 
predictions agree reasonably with the experimental results. 

Pyrolysis depends strongly on 
A 

A depolymerization model has 

EXPERIMENTAL 

An alkaline soluble lignin extracted from a steam-exploded Aspen wood was obtained 
from Iotech Corporation, Canada. The elemental composition is 63.4% C, 5.9% H, 
30.0% 0 (by difference), and 0.7% ash. 
constant heating rate and flash pyrolysis, were performed in an apparatus which 
employs an electrically heated grid within an infrared cell to provide on-line. 
in-situ analysis of evolved products by Fourier Transform Infrared (FT-IR) 
Spectrometry as presented in Fig. 1. In the constant heating rate experiments the 
cell was swept by a constant flow (700 ml/sec) of nitrogen gas to keep the cell 
pressure at 1 atm. In the flash pyrolysis experiments the cell vas closed. The 
FT-IR spectra were recorded on a Nicolet model 7199 FT-IR spectrometer. 
and char yields were obtained gravimetrically. The fjeld ionization mass 
spectrometry (FIMS) and elemental analysis were perEormed at SRI International and 
Calbraith Laboratories, respectively. 

The pyrolysis experiments, including 

Both tar 

THEORY FOR POLYMER PYROLYSIS 

Thermal depolymerization of macromolecules to produce volatile products requires: 1) 
cleavage of weak bonds, 2 )  stabilization of the free radicals by donatable hydrogen 
atoms, and 3) transport of the products away from the reaction zone. To understand 
the effect of these three factors. consider first the case in which the donatable 
hydrogen is unlimited. In pyrolysis, the depolymerization proceeds wiLh the random 
breaking of weak bonds until the fragments are small enough to vaporize. 
unlimited hydrogen, the poiymer will decompose completely into volatile products if 
at least the monomer can be vaporized under the reaction conditions. The actual 
distribution of monomer, dimer, trimer and higher molecular weight oligomers in the 

With 

*Work supported by the National Science Foundation under Contract #CPE-8107453 

I 

Y 

319 



i 

products w i l l  depend i n  d e t a i l  on the  r a t e  of bond breaking r e l a t i v e  t o  the  r a t e  of 
t r a n s p o r t  of t h e  fragments formed. Conditions which enhance t r a n s p o r t  r e l a t i v e  to  
bond breaking w i l l  increase  t h e  average molecular weight of the  v o l a t i l e  products. 
I n  cases  where donatabla  hydrogen is l imi ted ,  t h e  v o l a t i l e  y i e l d  w i l l  depend on the 
demand f o r  hydrogen; i.e.,  the  amount of hydrogen employed f o r  s t a b i l i z a t i o n  of 
products which a r e  c a r r i e d  away. For a given polymer, t h e  h igher  t h e  average 
molecular weight of the  v o l a t i l e  products  the  fewer t h e  broken bonds requi r ing  
s t a b i l i z a t i o n ,  and the  lower t h e  hydrogen demand per  weight of v o l a t i l e  product. 

The theory combines random cleavage of weak bonds with t ranspor t  of depolymerization 
fragments by vapor iza t ion  and d i f f u s i o n  t o  predic: product y i e l d  and composition. 
The assumptions i n  this ::wary include:  1) the  bonds between the  monomer u n i t s  in 
t h e  polymer molecule a r e  t h e  only weak bonds and equal ly  l i k e l y  t o  be cleaved; 2 )  
during an i n f i n i t e s i m a l  per iod of t i m e  t h e  p r o b a b i l i t y  of c leaving  simultaneously 
two weak bonds i n  one molecule is so small t h a t  i t  can be ignored, 3) the  melt i s  
homogeneous, i.e.,  t h e r e  is no concent ra t ion  and temperature grad ien t  in t h e  
p a r t i c l e ;  and 4 )  t h e  p a r t i c l e  is s p h e r i c a l  and i t s  r a d i u s  shr inks  propor t iona l ly  t o  
t h e  cubic r o o t  of its mass a s  t h e  r e a c t i o n  proceeds. The theory has been developed 
f o r  the  geometry i n d i c a t e d  in Fig. 2, where s p h e r i c a l  p a r t i c l e s  ( loca ted  wi th in  t h e  
heated grid), a r e  a t  the pyro lys i s  temperature while  t h e  temperature of t h e  c e l l  
wal l ,  where t a r  is condensed and c o l l e c t e d ,  is only s l i g h t l y  above room temperature. 
The p a r t i c l e  sPze and c e l l  diameter  a r e  not  shown t o  s c a l e  in Fig. 2, t h e  c e l l  
diameter is 5 c m  and t h e  mean p a r t i c l e  s i z e  is 0.3 mm. 

The theory cons iders  t h e  molecular weight d i s t r i b u t i o n  Qi i n  the  reac t ing  polymer 
and t h e  molecular weight d i s t r i b u t i o n  N 
q u a n t i t i e s  of the  polymeric component with DP 
t a r .  DP (degree of polymerizat ion)  is defined a s  t h e  number of monomer u n i t s  in a 
polymer molecule. The r a t e  of change of Q is 

of t h e  t a r ,  where Qi and N a r e  the  molar 
i i n  the r e a c t i n g  polymer and i n  the  

i 

where dF / d t  is the  r a t e  of formation f o r  t h e  component with DP = i from t h e  
decomposftion of components with DP > i i n  the r e a c t i n g  polymer, dB / d t  is t h e  r a t e  
of disappearance by decomposition f o r  t h e  component with DP = i i n  the  r e a c t i n g  
polymer, and dNi/dt is t h e  r a t e  of t r a n s p o r t  of fragments with DP = i from t h e  
p a r t i c l e  as  tar or gas. 

I n  t h e  following paragraphs w e  develop t h e  equat ions f o r  t h e  terms on the r i g h t  hand 
s i d e  of eq. 1. 

The terms dF / d t  and dBidt a r e  t h e  r a t e  of c r e a t i n g  and d i s t r u c t i o n  of oligomers 
with DP = i through the  cleavage of weak bonds. 
is assumed t o  be a f i r s t  o rder  process  wi th  a r a t e  cons tan t  t, i.e., t h e  rate a t  
which bonds break is k times t h e  number of breakable  bonds. 
weak bonds in t h e  polymeric component with DP - i and t h e  breaking of any one of 
them w i l l  remove t h a t  component from t h e  d i s t r i b u t i o n  parameter Q,. The r a t e  of 
d i s t r i b u t i o n  f o r  t h e  component i may be v r i t t e n ,  

The cleavage of these  weaks bonds 

Since t h e r e  a r e  (i - 1) 

The c r e a t i o n  of component i can occur  by t h e  d i s t r i b u t i o n  of a l l  components j with j 
For each component with DP =. j > i in t h e  r e a c t i n g  polymer, there  a r e  two 

ways of breaking weak bonds t o  form component with DP = i. thus ,  the r a t e  a t  which 
component i is c r e a t e d  from component j ie 

>i. 

(dYi/dt) j  - 2 k Qj 
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and 

where the DP of the starting homopolyer is a. 

As illustrated in Fig. 2, there are five weak h n d s  in the hewmer which decomposes 
to pentamer plus monomer by cleaving two different bonds, to tetramer plus dimer by 
cleaving another two different bonds, or to a pair of trimers by cleaving the middle 
bond. 
where i range from 1 to 5 .  

For component i to leave a particle as tar it must be volatile and be available 
within the particle (Q 
component with DP = i is 

Comparing equations 2 and 4, it is obvious that (dFi/dc)6 - (2/5)(dBb/dt) 
greater than 0). The maximum possible transport rate for 

= [number of particles][transport rate for component i from each particle] 

where w, r 
density of'the original polymer, respectively. 
DP = i from a particle of radius rp at any given time is 
following equation (2) 

and d are the starting weight of polymer, the particle radius and the 
The transport rate for oligomer with 

approximately given by the 

dvifdt 47[rpDi(Pi/RT) (Qi/$Qm) m= 6) 

where D 
with DPi- i ,  R is the gas constant. and T is temperature in K. Di and Pi can be 
estimated by the following equations (2,3,7) 

and Pi are the diffusion coefficient and the vapor pressure for oligomer 

5 Pi = (1.23~10 atm) e ~ p ( - 2 3 6 M ; ~ * ~ ~ ~ / T )  

where H is the molecular weight of component i 

The tar fraction Y, is defined as 
i 

i= I 
9) 

where M is the molecular weight of the polymer. 

This theory has been expanded to predict the pyrolysis behavior of a copolymer 
comprising up to seven different and randomly distributed monomers. 
theory is not included because of page limit. 
energy (E) and a frequency factor (A) were given to calculate the rate constant, k, 
using the following equation 

The expanded 
In each simulation, an activation 

t 
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k - A exp(-E/RT) 10) 

Other initial inputs include a, H, W, r , d, molecular weights of monomers, reaction 
pressure and the temperature of the particle as a function of time. At time zero, 

Qi - 0 i f i + a  

Ni = 0 

The simulation is carried out by keeping track of Q,, N , Y. k, and r 
step using equations 1 to 9. 
computations were performed on a PDP 11/23 computer. 

and 

at each time 
The time increment is kepi very smell. 'All 

INPUT INFORMATION 

Aspen is a hardwood and its milled wood lignin was reported to contain 57% of 
guaiacylpropane units and 43% syringylpropane units (4). 
results for lignin tars presented in Pigs. 3a and ha, in addition to the formation 
of coniferyl alcohol (MW 0 180), 3-guaiacyl-1-propanol (MW - 182), sinapaldehyde (MW - 208) and sinapyl alcohol (MW 210). other products derived from these compounds 
with concurrent formation of CO, CO , H20, CH4, C2H6, etc. were also detected in 
lignin tars. 
presented in Table 1. The compound with MW 418 ie probably dehydrobis-sinapyl 
alcohol vith biphenyl type linkage. Although it is a dilignol, It is treated as a 
monomer in this simulation because the linkage between the two C units is very 
stable under the pyrolysis conditions. Therefore, compounds witx MW 4 210 and the 
compound with MM = 418 are viewed as monomers in this simulation. 

Equation 8 was originally used to estimate vapor pressures for hydrocarbons. 
lignin and its tar contain fairly large amounts of oxygen, adjustment in the 
estimation of vapor pressure is necessary. Boiling points and molecular weights for 
selected relevant compounds are presented in Table 2. 
compounds, one hydrocarbon and one oxygen-containing compound, vith the same boiling 
point and assuming that compounde with the same boiling point show the same 
temperature dependence for vapor pressure, adjustments in molecular weights for 
selected groups are estimated and presented in Table 3. Accordingly, the adjusted 
molecular weights for the compounds in Table 1 are estimated and used in eq. 8 to 
estimate the vapor pressure. In this simulation, monomers with very similar 
molecular weights are treated as one entity and the molecular weights for the seven 
monomers are included i n  Table 4. The mole fractions for these compounds are 
assumed 80 that theoretical prediction can fit the PIMS result for lignin tar 
produced at 5OO0C (Pig. 3a). The monomers with W, ., 154, 196 and 210 contain one 
syringyl group and the monomer with MW = 418 contains two ayringyl groups. Thus, 
guaiacyl t o  syringyl ratio among these monomers is 40 to 60. This ratio is lower 
than that reported (4) for the milled wood lignin of Aspen (57% to 43%) and suggests 
that the bonds connected to ayringyl units are more reactive than those to guaiacyl 
units. The thermally most labile bond in lignin is the U-0-4 bond as shown below 

As indicated by PIMS 

One of the most probabe structures for each molecular weight is 

Since 

By comparing a pair of 

The rate constant for h 
been reported as 5 x loPk exp(-25,400/T) (5). An alkyl substituent at the benzylic 
position reduces the activation energy by about 3 Kcal according to some reported 
activation enerftes (5). Consequently, the rate constant for lignin pyrolysis is 
estimated as 10 exp(-24,000/T). 

olysis of the carbon-oxygen bond in benzyl phenyl ether has 
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A correlation between coal density and elemental composition on a dry mineral matter 
free (dmf) basis has been developed (6). 

I 

From this expression, the density for the Aspen lignin used in this study is 
estimated to be 1.43 g/cm3. 
simulation. 
weight of the original polymer 

The particle radius of G.03 mm is used in this 
DP of the original polymer, a, is assumed to be 50 and the molecular 

M = 50 (0.4 x 180 + 0.6 x 210) 9900 g/mole 

RESULTS &XI DISCUSSION 

Fraction of Potentially Depolymerized Bonds (Fpdb) 

The fraction of potentially depolymerized bonds (F 
weak bonds whose resulting free radicals can be stH)ffklized by donatable hydrogen 
atoms. In the pyrolysis of lignin, some weak bonds convert to much stronger bonds, 
e-g., conversion of carbon-carbon single bond to double bond as a result of hydrogen 
donation, thus, F is usaully less than one. F depends on the structure of 
lignin and on the'gkaction conditions and is one If the most important factors in 
determining the char yield. F db should be regarded as an adjustable parameter in 
the simulation. 
When x becomes equal to F db then there will be no additional bond cleavagg, 1.e.. 
dFi/dtCand dBi/dt in equatlon 1 are zeros. 

Effect of Reaction Temperature 

The molecular weight distribution of tar is determined by the competition between 
transport and deconposition for all possible com2onents. For a certain component, 
if transport is much faster than decomposition, it transports away to tar fraction 

' before it decomposes, otherwise. a fraction or all of this component remains on the 
heated grid and decomposes to smaller components. An increase in temperature 
accelerates bosh transport and decomposition, however, the increase in decomposition 
rate is more significant. Consequently, a higher reaction temperature favors the 
formation of tar components with higher volatilities or lower molecular weights. 

The effect of reaction temperature has been examined experimentally. Pyrolysis 
experiments of Aspen lignin were performed at 500°C and 65OoC. FIMS results for the 
tar samples are presented in Figs. 3a and 4a. The major products are monolignols 
and dilignols along with small amounts of trilignols. 
weight (E ) decreases from 388 to 333 as reaction temperature increases from 5OOOC 
to 650°C.n The yields of dilignols and triliqnols at 650'C are less than those at 
50OOC. Theoretical predictions (assuming F = 0.5) presented in Figs. 3b and 4b 
show the same patterns of molecular weight Rfstributions although the predicted 
number average molecular weights are smaller than the experimental ones. 

Effect of External Pressure 

The transport rate decreases as the external pressure increases at a constant 
temperature while the decomposition rate is independent of the pressure of inert 
gas. Consequently, a higher external pressure suppresses the formations of tar 
components with higher oiolecular weights. 
of inert gas pressure is presented in Fig. 5b. Under 4 atm of nitrogen, only 
compounds MW 
tar sample produced under these conditions is presented in Fig. 5a. The predicted 
reduction in molecular weight is observed but is not as drastic as predicted. The 
data show a smaller ratio of dimer to monomer and ver little trimer compared to a 
tar obtained at slightly lower temperature at 2 tdrr, Fig. 3n. Ilut the theory 

) is defined as the fraction of 

db' In each computgr simulation, a certain value is used for F 

The number average molecular 

Theoretical prediction at 550°C and 4 atm 

210 are produced in significant amounts. The FIMS spectrum for the 
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predicts no dimers or trimers, suggesting some modifications of the pressure and 
molecular weight dependence of the diffusion coefficient and vapor pressure, 
equations 7 and 8, may be required. 

A higher external pressure results in a smaller average molecular weight for 
volatile products and therefore an increased usage of donatable hydrogen per weight 
of volatile products. 
pyrolysis, the increased hydrogen usage results in a higher char yield. 
has been verified experimentally. 
44% as the pressure af Gitrogen increases from 2 torr to 4 atm. 
predictions of the char yields are 44% at 2 torr (assuming Fpdb = 0.5) and 55% at 4 
atm (assuming F db = 0.75, a smaller value of 
yield) and agreg reasonably with the experimenta! results. 

Constant Heating Rate Experiment 

The heating rate for lignin pyrolysis is 3O0C/min acd the pressure of nitrogen is 1 
atm. 
baseline scattering in the R-IR spectra, is presented in Fig. 6. The solid line in 
Fig. 6 is the theoretical fit and its width is about 1/5 of that for the 
experimental data. This difference is due to the fact that there are different 
types of bonds between the C units in lignin and indicates the need to expand this 
theory to include a distribueion of activation energies. 
in its present form can not predict the evolutions of gaseous products. The theory 
described in the following paper has these capabilities. Thus, incorporation of 
these two theories will provide the much needed tool to predict the behavior of 
lignin in pyrolysis reactions. 

SUMMARY 

A depolymerization theory has been devsloped to predict the molecular weight 
distributions for lignin tars produced in various pyrolysis reactions. 
predict the char yield semiquantitatively. Incorporation of this theory with the 
theory described in the following paper will provide the much needed predicting 
capability for lignin pyrolysis. 
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MODELING OF PHYSICAL AND CHEMICAL PROCESSES WRING PYROLYSIS 
OF A LARGE BIOMASS PELLET WITH EXPERIMENTAL VERIFICATION 

R .  Chan and B.B. Kr ieger  
Dept. o f  Chemical Engineering,Univ.  o f  Washington 

Benson Ha l l  BF-10 S e a t t l e ,  WA 98195 

INTRODUCTION 
A d e s i r e  fo r  op t imal  energy  recovery  from biomass has  l e d  t o  furnace  

s imula t ion  ( 1 )  and i n t e r e s t  i n  chemicals product ion  has led  to biomass g a s i f i e r  
modeling (2) .  However, g loba l  c o n s i d e r a t i o n s  employed i n  t hese  models g ive  
l i t t l e  i n s i g h t  i n t o  fundamental  phys ica l  and chemical p rocesses  occur ing  i n  
ind iv idua l  biomass p a r t i c l e s  du r ing  d e v o l a t i l i z a t i o n .  I n  prev ious  s t u d i e s  
address ing  t h e s e  processes ,  t h e  emphasis has  been on burning times ( 3 ) ,  h e a t  
t r a n s f e r  r a t e s  (41, and weight loss rates (5) r a t h e r  than  de ta i l ed  p r e d i c t i o n  of 
v o l a t i l e s  composition dur ing  py ro lys i s .  Deta i led  i n t r i n s i c  k i n e t i c s  s t u d i e s  of 
small biomass p a r t i c l e s  to de termine  py ro lys i s  product d i s t r i b u t i o n  as a 
func t ion  o f  temperature and time have been conducted (6 ,7) .  However, t h e  
r e s u l t s  em cor re l a t ed  with A r r h m i u s  type  equa t ions  using b e s t - f i t  parameters 
r a t h e r  than parameters r e l a t e d  to chemical s t r u c t u r e .  The l a t t e r  I s  a d i f f i c u l t  
t a s k  given t h e  d ive r se  p h y s i c a l  na tu re  of biomass ( 8 )  and t h e  complex molecular 
s t r u c t u r e  of t h e  n a t u r a l  polymers of which it is composed (9). Indeed, t h e  
e f f e c t s  of p a r t i c l e  s i z e  and phys ica l  mic ros t ruc tu re  ( an i so t ropy)  on 
d e v o l a t i l i z a t i o n  have n o t  been s y s t e m a t i c a l l y  inves t iga t ed  i n  exper iments ,  nor 
modeled using fundamental  p r i n c i p l e s .  To what e x t e n t  t h e  i n t e r n a l  geometry o f  
t h e  mod in f luences  t h e  rates o f  h e a t  and mass t r a n s f e r ,  and thus  t h e  r e a c t i o n  
products ’  composition, is l a r g e l y  unkmwn. O f  p a r t i c u l a r  importance is t h e  
a b i l i t y  to p r e d i c t  t h e  r e l a t i v e  propor t ions  o f  cha r ,  tar, and gas (and 
components t h e r e i n )  t h a t  r e s u l t  from a given biomass thermal convers ion  process  
and given feeds tock .  

The gca l  of t h i s  uork is t o  use fundamental cons ide ra t ions  to p r e d i c t  
changes i n  biomass p y r o l y s i s  p roduc t  composition. The approach taken ki to 
model a s ing le ,  wel l -charac te r ized  biomass p e l l e t  under vary ing  cond i t ions  
du r ing  pyro lys i s .  Th i s  model can then be used to r e f l n e  t h e  g a s i f i e r  and 
combustor models when a s u i t a b l e  d i s t r i b u t i o n  func t ion  f o r  t h e  feeds tock  
c h a r a c t e r i s t i c s  is determined. Independent v a r i a b l e s  are f eeds tock  
charac terist ics ( p a r t i c l e  s i z e ,  d e n s i t y ,  mois ture ,  composition) and thermal  
conversion process c h a r a c t e r i s t i c s  ( h e a t i n g  ra te ,  d i l u e n t  g a s  composition).  
Dependent v a r i a b l e s  pred ic ted  are i n s t an taneous  p a r t i c l e  temperature and d e n s i t y  
p r o f i l e s ,  gas and tar r e l e a s e  rates, and char  y i e l d s  a s  well as u l t i m a t e  y i e l d s .  

For v e r i f i c a t i o n  of t h e  model, exper iments  e r e  conducted accord ing  to a 
Box-Behnken des ign ( l0 ) .  A 1-D model is presented here  for comparison wi th  t h e  
exper iments ,  and a 2-D model is be ing  developed. Understanding gained from t h i s  
model w i l l  a i d  i n  process  des ign  f o r  biomass g a s i f i c a t i o n ,  wood combustor 
des ign ,  a s  vel1 as  a i d  i n  fire s a f e t y .  

BRIEF EXPERIMENTAL DESCRIPTION 
The experimental  a p p a r a t u s  i s  descr ibed  i n  d e t a i l  elsewhere (11-13). 

B r i e f l y ,  it is a s i n g l e  p a r t i c l e ,  .l-D r e a c t o r .  One f ace  of a wel l -charac te r ized  
c y l i n d e r  o f  wood, compressed sawdust,  c e l l u l o s e ,  ar p g n i n  is heated by a 
combustion- l e v e l  r a d i a n t  hea t  source  (4-12 cal/cm -SI. A s  t h e  temperature 
f r o n t  a t  which r e a c t i o n  occurs  moves inward, v o l a t i l e  s p e c i e s  f low toward t h e  
heated f ace  under a slight pressure  g r a d i e n t .  The escaping  v o l a t i l e s  reduce t h e  
i n c i d e n t  r a d i a t i o n  and t h e  time- dependent magnitude of t h i s  e f f e c t  is 
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PAGE 2 

quan t i f i ed  (11) .  The progress  of t h e  temperature f r o n t  is monitored by 3 

measured wi th  an  i n f r a  red pyrometer.  Density p r o f l l e s  a long  t h e  l e n g t h  of t h e  
p e l l e t  ( i n t eg ra t ed  over  t h e  d iameter )  are taken v i a  an X-ray technique. 

Outflowing v o l a t i l e s  a r e  r a p i d l y  quenched by helium and swept to a co ld  
t r a p  where water and t a r s  are co l l ec t ed  and amlyzed  i n  d e t a i l  (11 )  as  a 
t ime-integrated sample . Uncondensed g a s e s  a r e  sampled every  3-15 sec by a n  

, thermocouples a t  2,  4 ,  and 6 mn from t h e  su r f ace  and the  su r face  tempera ture  i s  

Heat Trans fe r  Model 
A one d imens ioml  energy ba lance  on t h e  d e v o l a t i l i z i n g  p a r t i c l e  i s  

schemat ica l ly  shown i n  F ig .  1. A t ime-varying r a d i a n t  h e a t  f lux  ( Q l ) ,  uniform 
i n  t h e  r a d i a l  d i r e c t i o n ,  h e a t s  t h e  f ace  of t h e  p a r t i c l e .  Conduction ( Q U I  is  
o f f s e t  by v o l a t i l e s  ou t f low (Q6). The v o l a t i l e s  are assumed to be i n  thermal  
equi l ibr ium wi th  the  s o l i d  behind t h e  r e a g t i o n  f r o n t  a s  they  f low and 
are assumed to flow i n  one d i r e c t i o n  only  . 

The hea t s  o f  r e a c t i o n  fo r  mod  are no t  well-known and they  have been 
observed t o  be func t ions  of p a r t i c l e  s ize  (15) .  I n  t h i s  model, t h e  l a t e n t  h e a t  
o f  water is t r ea t ed  a s  a h e a t  o f  r eac t ion (Q 1, and t h e  hea t  o f  t h e  
d e v o l a t i l i z a t i o n  r e a c t i o n  (lumped wi th  Q is ' treated as a parameter u s ing  
published va lues  a s  bounds (16).  

I n  t h e  r a d i a l  d i r e c t i o n ,  t h e  c y l i n d e r  i s  considered in su la t ed  and 
impermeable. The heated f ace  boundary cond i t ion  inc ludes  r a d i a t i o n  hea t  l o s s  
(Q and convection hea t  loss (Q2) which is described us ing  t h e  c a r r i e r  gas  
f l Jwra te .  The outflowing C 0 2  ,and H20 abso rb  t h e  inc iden t  r ad ia t ion .  Th i s  
phenomena is t r ea t ed  using an  es t imated  absorp t ion  c o e f f i c i e n t  fo r  water i n  t h e  
model, t h e  inc iden t  r a q i a t i o n  is reduced by an amount cor responding  to t h e  
in s t an taneous  water outflow. The unheated face is considered impermeable to 
v o l a t i l e s  owing to t h e  imposed p res su re .  Rad ia t ive  (Q8) and convec t ive  h e a t  
l o s s  (Q a t  t h i s  su r f ace  are t r e a t e d ,  however. The f i l m  h e a t  t r a n s e r  
c c e f f i c i z n t  a t  each f ace  was ca l cu la t ed  us ing  Nusse l t  number c o r r e l a t i o n s  and 
t h e  p r o p e r t i e s  and f lowra te  o f  helium a t  c o n d i t i o n s  of t h e  experiments.  

1 21t h a s  been ve r i f i ed  by Lee, e t  a l ,  (17) .  
Experimental ve r i f i ca t ion  of t h e  n e t  r a d i a t i o n  a r r i v i n g  a t  t h e  

s u r f a c e  du r ing  a t y p i c a l  run  was accomplished us ing  a Medtherm hea t  
f l u x  gauge. These r e s u l t s  were matched to t h e  model u s ing  a va lue  f o r  
t h e  abso rp t ion  c o e f f i c i e n t  which was a b e s t - f i t  parameter. 

--__ 

outward, 

5 

and 

_______---_-_________ 
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For most previous  modeling s t u d i e s ,  t h e  thermal  conduc t iv i ty  and hea t  
capac i ty  of rood w e r e  modeled as  l i n e a r  func t ions  o f  t h e  in i t ia l  and f inal  
(char) values (18)  us ing  e i t h e r  t h e  p o r o s i t y  or dens i ty  change (18-21). It 
should be observed, however, t h a t  t hese  nwdels r equ i r e  a f i n a l  cha r  dens i ty ,  
hea t  capac i ty ,  and c o n d u c t i v i t y  f o r  every case cons idered ,  r e s t r i c t i n g  t h e i r  
u t i l i t y  and prede termining  t h e  ca l cu la t ed  &ar y ie ld .  A d d i t i o r a l l y ,  i n  t h i s  
study experimental  measumments of temperature p r o f i l e s  a s  a func t ion  of time 
indica ted  t h a t  t h e  thermal  conduc t iv i ty  was a n  o r d e r  of magnitude h igher  t h a n  
would be  p red ic t ed  i f  it were a func t ion  of d e n s i t y  a lone .  Unfo r tu ra t e ly ,  few 
measurements of m o d  the rma l  p rope r t i e s  have been a d e  a t  h igh  temperature 
because o f  t h e  a t t e n d a n t  chemica l  r eac t ion .  Thermal conduc t iv i ty  was measured 
for our samples a t  low t empera tures  and a model amlogous  to Birkebak and Ozi l  
(22) was d e v e l o p d  to d e s c r i b e  a r a d i a t i o n  c o n t r i b u t i o n  to t h e  temperature 
v a r i z t i o n  (11.13). The hea t  capac i ty  and p o r o s i t y  of wood were described by 
l i n e a r  func t ions  of t h e  d e n s i t y ( l l , l 3 ) .  

Chemical Reaction Model 
A schemat ic  of t h e  chemical r e a c t i o n s  considered and the  lumping scheme fo r  

g a s ,  t a r ,  and secondary  gases  i s  given i n  Table  1. Rate c c e f f i c i e n t s  f o r  
r e a c t i o n s  1,2 and 4 were taken  from Ref. ( 6 ) .  Tar c rack ing  r e a c t i o n  ra tes  ( k  ) 
were taken from Refs. (23) and (24) and a lpha  and be ta  are a d j u s t a b l e .  d e  
c h a r  production rate ( k  ) i s  es t imated  from t h e  work of Shaf lzadeh ,  who has  
measured t h e  arithmetic3sum of cha r  production and gas product ion  ( 2 5 ) .  I n  t h i s  
work ,k must be viewed as a parameter ,  and as discussed below, t h e  model is 
e x t r e m h y  s e n s i t i v e  to its va lue .  Water product ion  by evapora t ion  and 
dehydra t ion  r e a c t i o n s  are lumped (kq )  and t r ea t ed  as a n  a c t i v a t e d  process.  The 
genera t ion  term i n  t h e  energy equa t ion  con ta ins  t h e  hea t  of vapor i za t ion  of 
water, s ince  it is l a r g e r  t h a n  t h e  h e a t s  of r e a c t i o n  measured for hood (15,16). 

Mass Trans fe r  Model 
I n  prev ious  models, w i th  a s i n g l e  r e a c t i o n  s t e p  (weight  loss k i n e t i c s ) ,  t h e  

product  d i s t r i b u t i o n  is una l t e red  b y  t h e  presence  or absence of  a f i n i t e  mass 
t r a n s f e r  rate (26) s i n c e  on ly  a lumped gas s p e c i e s  is descr ibed .  The only  
p o s s i b l e  impl ica t ion  of a slow mass t r a n s f e r  s t e p  is a delayed appearance of t h e  
v o l a t i l e s .  The experimental  s t u d i e s  (11)  ind ica t ed  t h a t  a mass t r a n s f e r  
r e s i s t a n c e  was not  s i g n i f i c a n t  for hea t ing  p a r a l l e l  t o  t h e  g r a i n  d i r e c t i o n .  
S ince  t h e  model is one d imens iona l ,  an i so t ropy  is n o t  treated and inc lus ion  of a 
mass t r a n s f e r  r e s i s t a n c e  a t  t h i s  stage is not warranted. The previous  a r a l y s i s  
of c h a r a c t e r i s t i c  times fo r  mass t r a n s f e r  is c o n s i s t e n t  wi th  t h i s  observa t ion  
and the  r a t h e r  open parous  s t r u c t u r e  of wood. For comparison to experiment,  t h e  
v o l a t i l e s  mass f l u x  i s  computed as the  in s t an taneous  i n t e g r a l  ove r  t h e  pellet 
l e n g t h  o f  t h e  local t o t a l  change i n  d e n s i t y  (11,131, 

Numerical Method and Equat ions  
Limited space i n  t h e  p r e p r i n t  p reven t s  t h e  p re sen ta t ion  of the  de t a i l ed  

equat ions .  However, earl ier ve r s ions  of t h e  m d e l  equa t ions  appear  i n  Ref. 
( 1 1 )  and t h e  cu r ren t  model w i l l  b e  d e t a i l e d  i n  a forthcoming p u b l i c a t i o n  (13) .  
The coupled p a r t i a l  d i f f e r e n t i a l  equa t ions  f o r  t h e  p e l l e t  t empera ture ,  and 
s p e c i e s  concen t r a t ions  are solved i n  d imens ionless  form us ing  a GEARB package 
(F in layson ,  1980). For ease of comparison wi th  exper imenta l  r e s u l t s ,  i n  t h i s  
paper  model p r e d i c t i o n s  are given in dimens iora l  f o r m .  The cases of t h i c k  
p e l l e t s  heated by high h e a t  f l u x  r e s u l t  i n  ve ry  s h a r p  temperature and r e a c t i o n  
f r o n t s  which lead  to "stiff" systems of equa t ions .  Computation times and 
comnents appear  i n  Refs. 11 and 13. 

~~- 
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RESULTS AND DISCUSSION 

Comparison of t h e  measurements to model p r e d i c t i o n s  of t h e  unsteady 
temperature profile a s  a funct ion of t ime a t  3 l o c a t i o n s  a r e  shown In Fig.  2 
f o r  t h e  case of an intermediate  hea t  f l ux  and t h e  t h i n n e s t  p a r t i c l e ,  0.5 Cm. 
The model ove rp red ic t s  t h e  temperature a t  s h o r t  r e a c t i o n  t imes,  b u t  
s a t i s f a c t o r i l y  p r e d i c t s  t h e  pseudo-steady temperatures  a t  s e v e r a l  dep ths  a f t e r  
200-30  secs .  For o t h e r  cases ,  s i m i l a r  ove rp red ic t ion  occurs  e a r l y  i n  t h e  
py ro lys i s ,  tut t h e  s teady s t a t e  temperatures  an? i n  agreement with experiment 
even fo r  t h e  highest  h e a t  f lux and t h i c k e s t  p a r t i c l e .  Previous s t u d i e s  (5,18) 
reported on ly  p r e d i c t i o n s  of s teady s t a t e  temperatures .  It is f e l t  t h a t  
ref inement  of t he  absorpt ion model f o r  t h e  n e t  r a d i a n t  h e a t i n g  of t h e  wood 
s u r f a c e  w i l l  enhance agreement of temperature p r o f i l e s  i n  t h e  e a r l y  r e a c t i o n  
per iod (11 ) .  

Fig. 3 presen t s  t h e  comparison of  predicted gas r e l e a s e  r a t e  to 
experimental  measurements f o r  t h e  same case  a s  Fig.  2. Only uncondensed g a s  
f l u x  (not  t a r  and water)  is presented in t h e  f i g u r e .  A s  can be seen both t h e  
magnitude and shape of t he  v o l a t i l e s  r e l e a s e  curve a g r e e  r a t h e r  w e l l  w i t h  
experiment.  Correct ion of t h e  temperature ove rp red ic t ion  discussed e a r l i e r  W i l l  
d e l ay  the  predicted g a s  r e l e a s e ,  i n  b e t t e r  agreement wi th  experiment.  

Extensive comparisons between model and experiment cannot be presented;  
however, s i m i l a r  agreement t o  t h a t  shorn In F igs .  2 and 3 e x i s t s  f o r  most c a s e s  
st u d i e d  by experiment. Numerical d i f f i c u l t i e s  a r e  encountered fo r  t h e  c a s e s  
with t h e  sha rpes t  f r o n t s ,  i . e . ,  s t e e p e s t  temperature g r a d i e n t s  r e s u l t i n g  from 
high h e a t  f l ux  and t h i ck  samples. O s c i l l a t i o n s  i n  t h e  temperature and d e n s i t y  
p r o f i l e s  occur and a refinement of t h e  numerical  methods is ind ica t ed  (27) .  
However, t h e s e  o s c i l l a t i o n s  have l i t t l e  e f f e c t  on t h e  p r e d i c t i o n  of  Ult imate  
product d i s t r i b u t i o n .  As shorn i n  Table  2 ,  t h e r e  is s a t i s f a c t o r y  agreement 
between predicted and measured gas, t a r ,  and cha r  y i e l d  fo r  most cases .  
Agreement between these  va lues  was s u b s t a n t i a l l y  improved when t h e  experimental  
mass balance on water  was very c a r e f u l l y  analyzed and when t h e  moisture r e l e a s e  
r a t e  i n  t h e  chemical r e a c t i o n  model and t h e  energy balance was included.  

A s i g n i f i c a n t  advance r e s u l t i n g  from t h i s  modeling approach is t h a t  i t  is 
unnecessary to assume or measure a f i n a l  value for cha r  y i e l d  and thermal 
p r o p e r t i e s .  Since char depos i t i on  is e x p l i c i t l y  t r ea t ed  in t h e  chemical 
r e a c t i o n  model, it is o f  i n t e r e s t  to examine F ig .  4 i n  which t h e  l o c a l  d e n s i t y  
o f  char is presented a s  a func t ion  of r e a c t i o n  time f o r  a case s i m i l a r  t o  those  
p rev ious ly  discussed.  There is a s l i g h t l y  g r e a t e r  f r a c t i o n  of char produced 
when t h e  r e a c t i o n  f r o n t  is deeper  in t h e  sample, owing to t h e  reduced h e a t i n g  
r a t e  experienced t h e r e .  This  is c o n s i s t e n t  with gene ra l  obse rva t ions  i n  c o a l  
and mod pyro lys i s  t h a t  i n d i c a t e  char y i e l d  i n c r e a s e s  with slower heat ing.  
S ince  m char g a s i f i c a t i o n  r e a c t i o n s  are c u r r e n t l y  incorporated i n t o  t h e  
r e a c t i o n  model, t h e  char  deposited near  t h e  s u r f a c e  of t h e  sample r e t a i n s  i t s  
i n i t i a l  d e n s i t y  throughout t h e  r e a c t i o n  per iod.  While it was foreseen t h a t  
p r e d i c t i o n s  of  t h i s  nature  could be confirmed with t h e  X-ray d e n s i t y  p r o f i l e s ,  
t h e  r e s o l u t i o n  of t h i s  method is no t  s u f f i c i e n t  t o  confirm t h i s  p red ic t ion .  

The r a t e  c o e f f i c i e n t  used f o r  t h e  char  depos i t i on  r e a c t i o n  is estimated 
from the  w r k  of Shafizadeh (25).  Behind t h e  r e a c t i o n  f r o n t  t h e  deposited char 
i n s u l a t e s  t h e  unreacted wood and char  thermal  conduc t iv i ty  determines t h e  
subsequent  temperature p r o f i l e  and rate of py ro lys i s .  Thus, t h e  model is q u i t e  
s e n s i t i v e  to both the  value of  t h e  r a t e  c c e f f i c i e n t  far cha r  depos i t i on  a s  vel1 
as  t h e  model f o r  t h e  v a r i a t i o n  of wood and char thermal  conduc t iv i ty  with 
d e n s i t y  and temperature.  If too l i t t l e  cha r  is pred ic t ed ,  t h e  char  dens i ty  is 
t o 0  low r e s u l t i n g  i n  t o o  slow a p y r o l y s i s .  If t h e  char  thermal  p r o p e r t i e s  a r e  
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i n c o r r e c t  a s  a func t ion  of t empera tu re ,  t h e  r e a c t i o n  can t e rmina te  prematurely 
or runaway can occur.  A d e f l n i t e  need e x i s t s  fo r  information on cha r  depos i t i on  
r a t e s  from ca rbon iz ing  v a r i o u s  f u e l  s p e c i e s  (28) ,  as  well a s  on char thermal 
p r o p e r t i e s  ove r  a wide r ange  of  temperatures  and p o r o s i t i e s .  

S I M M A R Y  
A mathematical  model of  wood pyrolysis  has been presented t h a t  is  i n  

s a t i s f a c t o r y  agreement with experimental  r e a c t i o n  product d i s t r i b u t i o n s  ove r  a 
range of cond i t ions  of p r a c t i c a l  importance f o r  g a s i f i c a t i o n  and COmbustiOn. 
Both chemical and phys ica l  p rocesses  a r e  described using fundamental p r i n c i p l e s .  
Inc lus ion  of w a t e r  r e l e a s e  and char depos i t i on  k e m i c a l  r e a c t i o n s  r e s u l t s  i n  
p r e d i c t i o n s  of  u l t i m a t e  p roduc t  d i s t r i b u t i o n s  (gas ,  t a r ,  and char y i e l d s )  t h a t  
a r e  in  good agreement w i t n  experiment and can a i d  i n  op t imiza t ion  of  processes  
t o  mximnze or ndnimize t a r  product ion.  P r e d i c t i o n s  of  products  i n s t an taneous ly  
r e l eased  from a s i n g l e  wood p e l l e t  are i n  f a i r  agreement with experiment.  
Computational d i f f i c u l t i e s  a r e  encountered fo r  t h e  cases  with t h e  s t e e p e s t  
temperature g r a d i e n t s .  

Previous s t u d i e s  (29 )  using a complex k i n e t i c  mechanism and h e a t  t r a n s f e r  
i n  a wood s l a b  made no comparison t o  experimental  r e s u l t s .  Thus, t h i s  s tudy  
provides  both a d a t a  base  (11 ) and a fundamental modeling approach t h a t  w i l l  
enhance t h e  understanding of t h e  e f f e c t s  of  phys i ca l  p r o p e r t i e s  and p rocesses  on  
t h e  chemistry of d e v o l a t i l i z i n g  biomass. P resen ta t ion  of s e n s i t i v i t y  a n a l y s e s  
and f u r t h e r  v e r i f i c a t i o n  comparisons of t h e  model a r e  presented i n  a forthcoming 
a r t i c l e  (13 ) .  Cur ren t ly ,  p y r o l y s i s  product d i s t r i b u t i o n  a s  a func t ion  of  
p a r t i c l e  s i z e  can be p red ic t ed  on ly  f o r  t h e  1-D case.  Extension of t h e  model 
and experiments to r e a l i s t i c  c a s e s  using 2-D samples is planned. 
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Fig. 1 - Schematic diagram of t h e  
h e a t  t r a n s f e r  model. 

TABLE 1 

CHD(1UL R U C T I O N  UODEL 

k . C f l 0 "  Frcguency Factor. s-' EA, kcallaal 

s l c l  1.3 1 108 3 3 . 5  

a 2.0 I 108 31.19 

I l c  1.08 x 10' 29. 

" :u 1.11 x 106 21. 

TI 2 .zG2 + BT2 1.111 x 10' 27.29 

Lumped Speclcr Symbol 1dentlflCaliDn 

s 
C 

solld wood 

char.  high aolecul*r weight  I., 
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Fig. 2 - 

TABLE 2 
ULTIMATE PRODUCT DISTRIBUTION COMPARISON 

EXPERIMENTAL RESULTS AND MODEL PREDICTIONS 

2 )  Tor L - 1.0 C I .  nr.t PI"' - 2 c.I /c2- . .c .  

C.. - T., - a3.r - 
node1 28.65 58.41 11.88 
Lxpc. 15.12 62.11 12.51 

TEMP. COMPARISON 0ETWEEN THE EXPT. RESULTS AND THE 
MODEL P e E D l C T l O N  ( 0 . 5  CU. HEAT FLUX-4 CAL/CHZ-SEC> 

1000 

900 1 
7 

100 '0° r 
I I I I I I 

0 100 200 300 4 0 0  500 600 

T l M E  (SECONOS) 

Temperature p r o f i l e  comparison - experiment (dashed l i n e s )  
and model p r e d i c t i o n  (symbols) - 0.5 cm; p = -37 g /cc ;  
i n i t i a l  t he rma l  conduc t iv i ty  = 3.8 x cal/cm-s-OK 
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COMPARISON OF THE GAS F L U X  BETWEEN T H E  EXPT. A N 0  
T H E  HOOEL (0.5 CH. HEAT F L U X - 4  C A L K H Z - S E C )  

.E2 

N i 

0 1 0 0  200 300 4 0 0  500 600 7 

T I M E  (SECONOS) 

0 

Fig. 3 - Total gas flux comparison - same conditions as Fig. 2 
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P R E O I C T I O N  OF CHAR D E N S I T Y  FROM THE MOOEL 
( P A R A L L E L  GRAIN. HEAT F L U X - 4  CAL /CHZ-SEC> 

0 . 1 5 ~  
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0. 125. 

8 0 . 1  , 
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A PHASE-CHANGE APPROACH TO MACRO-PARTICLE PYROLYSIS OF CELLULOSIC MATERIALS. 

R. E. DEROSIERS and R. J. L I N  

C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  T e x a s  T e c h  U n i v e r s i t y ,  L u b b o c k ,  TX 79409 

INTRODUCTION 

Biomass i s  a s o l i d  f u e l  w i t h  a h igh  content (approx. 80%) o f  v o l a t i l e  matter 

(VM) as def ined by standard prox imate analyses. As a resu l t ,  t he  d e v o l a t i l i z a t i o n  

of t he  mater ia l  introduced i n t o  any thermal conversion device i s  t h e  most 

s i g n i f i c a n t  process occu r r i ng  on a mass basis.  From the  viewpoint  o f  reactor  

design, i t  would be convenient t o  have c losed form expressions f o r  t h e  r a t e  o f  

py ro l ys i s  o f  l a rge  p a r t i c l e s  o f  c e l l u l o s i c  ma te r ia l s  su i tab le  f o r  t h e  convec- 

t ive-heat- t ransfer  environment o f  t h e  packed o r  f l u i d i z e d  bed reactor .  

The s ta te  o f  knowledge o f  t h e  fundamental aspects o f  the  p y r o l y s i s  "reac- 

t i o n "  i s  advancing r a p i d l y  through k i n e t i c  s tud ies on small, f i n e l y - d i v i d e d  

samples i n  which phys ica l  t r a n s p o r t  cons iderat ions are minimized. The Arrhenius 

r a t e  expressions r e s u l t i n g  f rom these s tud ies are r e f l e c t i v e ,  i t  i s  hoped, o f  the 

i n t r i n s i c  chemical reac t i on  r a t e s  of p y r o l y s i s  processes. The h igh  cos t  o f  

comminution o f  feedstock t o  smal l  mesh s izes however, d i c ta tes  against  t h e  l a rge  

scale conversion o f  biomass i n  t h i s  form. Thermal conversion o f  c e l l u l o s i c  mate- 

r i a l s  i n  packed or f l u i d i z e d  beds w i l l  most l i k e l y  be accomplished w i th  p a r t i c l e  

s izes i n  t h e  range o f  one t o  e i g h t  cm. With dimensions o f  t ha t  magnitude, the  

r e l a t i v e  ra tes  of chemical and t r a n s p o r t  processes must be considered. 

An ind i ca t i on  of t h e  d i s p a r i t y  i n  chemical versus heat t r a n s f e r  r a t e s  i s  

afforded by the observat ion of "advancing f r o n t "  behavior i n  t h e  p y r o l y s i s  o f  

c y l i n d r i c a l  samples of biomass m a t e r i a l s  (Blackshear, Murty, 1966). The low 

thermal conduc t i v i t y  and h i g h  r e a c t i v i t y  o f  biomass r e s u l t  i n  a narrow, advan- 

c ing,  react ing zone of py ro l ys i s .  The sharp ly  peaked reac t i on  r a t e  p r o f i l e  

r e s u l t s  from the  deplet ion of VM i n  t h e  char and a low temperature l e v e l  i n  t h e  

v i r g i n  so l id .  The v a l i d i t y  o f  t h i s  reac t i on  r a t e  p r o f i l e  i s  supported by 

experimental densi ty  and temperature p r o f i l e s .  I f  the  reac t i on  r a t e  was slower, 
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the density profile would be less sharply stepped. The acceleration of the heat 

transfer rate in the virgin solid would likewise result in a more gradual 

transition. 

I 
I 

Several pyrolysis models have been proposed (Bamford (19461, Roberts (19631, 

Blackshear (1966). Maa (1973), Lee (1982)) in order to faithfully reproduce the 

detailed pyrolysis behavior of large samples of cellulosic materials. These 

usually involve the solution of coupled partial differential equations (PDE'S) 

representing mass. energy, and momentum balances. These models may be classified 

into two general categories. Volumetric models (Fan, 1978) are the most sophisti- 

cated and complex. The rate of decomposition is calculated at the local tempera- 

ture throughout the solid. Shrinking core models (Maa, 1973) take the advancing 

front behavior to the limit of an infinitesimally thin reaction zone. In the 

former case, the reaction is a source term in the conservation equations while in 

the latter case, the reaction rate appears as a boundary condition. The 

continuing effort to describe ever more accurately the complicated phenomena of 

pyrolysis will doubtless give rise to more complex models. 

The complexity of the single-particle model used to describe the pyrolysis 

process will be augmented however, when this model is integrated into the simu- 

lation of a gasification reactor. Thus it is our goal to move in the direction of 

simpler, albeit less precise, models of macro-particle pyrolysis. Consider the 

computational burden involved in the simulation of a packed-bed reactor. The 

conservation equations for the bed require an iterative solution because of split 

boundary conditions. (For example, solid temperature at one terminus, and gas 

temperature at the other.) For each iteration of the equations for the bed, many 

evaluations of the reaction rate for the particle must be made. If the evaluation 

of this rate at each point requires a finite-difference 'solution of a set of 

coupled PDE's for the particle, then the calculation time becomes excessive. 
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The model Considered below may be c a l l e d  k i n e t i c s - f r e e  i n  t h a t  no e x p l i c i t  

cons iderat ion i s  given t o  the  r a t e  o f  p y r o l y s i s .  The c o n t r o l l i n g  i n f l uence  on the 

r a t e  o f  decomposition i s  t he  heat t r a n s f e r  ra te .  The progress o f  t he  p y r o l y s i s  i s  

fo l lowed by t h e  r a t e  o f  advance o f  a sharp boundary def ined as t h e  locus o f  

po in ts  a t  a f i x e d  p y r o l y s i s  temperature, Tp. The r e s u l t i n g  model i s  s i m i l a r  i n  

many respects t o  a phase change problem. I n  f a c t ,  the process may be considered 

as a change i n  phase from CCS s o l i d  form (wood) t o  another (char). 

We have been i n v e s t i g a t i n g  t h e  s u i t a b i l i t y  o f  such a model i n  dec r ib ing  t h e  

p y r o l y s i s  o f  0.5 t o  2.5 cm c y l i n d r i c a l  samples o f  na tu ra l  and dens i f i ed  wood. The 

ob jec t i ves  o f  t h e  work are: 

1. 

2.  

3. 

4. 

5 .  

Develop the  proper forms o f  t h e  r e l e v a n t  equations o f  change; se lec t  an 

appropriate set  o f  dimensionless var iab les.  

Develop e f f i c i e n t  numerical schemes t o  i n teg ra te  t h e  coupled p a r t i a l - d i f -  

f e r e n t i a l  equations and t o  generate temperature p r o f i l e s  and r a t e  vs t ime 

curves. 

Determine i f  t h e  model can even c rude ly  reproduce experimental temperature 

p r o f i l e s  and p y r o l y s i s  t imes w i t h o u t  extens ive curve f i t t i n g .  That i s ,  by 

se lect ing r e a l i s t i c  values o f  phys i ca l  parameters, can an a p r i o r i  ca l cu la -  

t i o n  produce f e a s i b l e  r e s u l t s .  

Perform a s e n s i t i v i t y  analys is  t o  determine which parameters have the  great -  

e s t  in f luence on t h e  r a t e  o f  advance o f  t he  py ro l ys i s  f ront .  

Determine t o  what extent  t he  model i s  capable o f  f a i t h f u l l y  reproducing t h e  

d e t a i l s  o f  p y r o l y s i s  phenomena even i f  some parameters must be cu rve - f i t t ed .  
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THE PHENOMENA OF PYROLYSIS 
I 

Before considering the  development o f  t h e  phase-change model o f  py ro l ys i s ,  

it i s  worthwhile t o  l i s t  some of t he  more important processes occurr ing i n  py ro l -  

y s i s  i n  order t o  assess t h e i r  relevance t o  any simulat ion. 

Reaction: The primary events of p y r o l y s i s  are being i n t e n s i v e l y  s tud ied and it i s  

c l e a r  t h a t  considering py ro l ys i s  as a s i n g l e  reac t i on  w i t h  a f i x e d  product s l a t e  

i s  a gross overs impl i f icat ion.  The c l a s s i f i c a t i o n  o f  species as primary and 

secondary products i s  far  from complete. The exper t ise t o  p r e d i c t  i n  d e t a i l  even 

t h e  o v e r a l l  ( “ f i n a l ” )  products o f  t h e  process i s  not  avai lab le.  It i s  not even 

poss ib le  t o  p red ic t  i n  advance f o r  any feed the  prec ise char y i e l d  under 

d i f f e r e n t  heating rates.  It i s  the re fo re  e n t i r e l y  reasonable t o  represent 

p y r o l y s i s  crudely as 

wood = c char + b v o l a t i l e s  

Heat o f  Reaction: Thermodynamic arguments i n d i c a t e  q u i t e  c l e a r l y  t h a t  the o v e r a l l  

py ro l ys i s  process i s  exothermic. TGA s tud ies support t h i s  contention. There i s  

some doubt however concerning the  amount o f  char produced by primary and sec- 

ondary events. The exothermic i ty  i s  d i r e c t l y  p ropor t i ona l  t o  char production. It 

could be poss ib le  f o r  example t o  have an endothermic primary reac t i on  producing 

some char and most ly  reduced gases such as CO, fo l lowed by an exothermic 

conversion t o  C02 and more carbon a t  a d i f f e r e n t  l oca t i on .  Since the heat o f  

p y r o l y s i s  depends on the  spectrum o f  products, and t h e  spectrum of products 

depends s t rong ly  on t h e  condi t ions imposed t o  cause pyro lys is ,  it i s  no t  

unreasonable t o  assume t h a t  the pr imary decomposition i s  endothermic. Indeed, 

1 when ca r r i ed  out under i n e r t  atmospheres, some d i f f e r e n t i a l  scanning ca lo r ime t ry  

s tud ies have ind i ca ted  t h a t  t h i s  i s  t he  case (Muhlenkamp (1975)). 
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F i g u r e  1 : P y r o l y s i s  Scheme  of a S i n g l e  P a r t i c l e  Under the 
Boundary  C o n d i t i o n  of F i r s t  Kind 
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Reaction Rate: The p o s s i b i l i t y  of represent ing t h e  r a t e  o f  decomposition Of a 

mix ture o f  l i n e a r  polysaccharides and a cross-1 inked phenylpropane polymer with a 

s i n g l e  Arrhenius r a t e  expression appears remote. A t  best  i t  seems l i k e l y  t h a t  a 

d i s t r i b u t i o n  o f  a c t i v a t i o n  energies would be requi red.  It i s  assumed below t h a t  

the r a t e  o f  decomposition i s  f a s t  r e l a t i v e  t o  the  r a t e  o f  heat t rans fe r  necessary 

t o  sus ta in  the  pyro lys is .  

Geometry: Some shrinkage does occur du r ing  p y r o l y s i s  as evidenced by checking and 

p i t t i n g  o f  char layers. But t h i s  e f f e c t  w i l l  be ignored and constant diameter 

assumed. O f  more importance i s  t h e  p o r o s i t y  o f  chars and t h e  r e s u l t i n g  ef fects  on 

dens i t y  and res is tance t o  gas f low.  I n  t h i s  work, t h e  po ros i t y  i s  assumed 

s u f f i c i e n t l y  great t h a t  t he  hydrodynamics o f  gas f l o w  can be ignored. A c y l i n -  

d r i c a l  p a r t i c l e  geometry has been used i n  t h i s  study. 

Gas Flow: A un id i rec t i ona l ,  outward f l o w  o f  non-condensible gases must occur 

dur ing pyro lys is .  But condensible species such as water may be forced inward and 

r e s u l t  i n  a net f l o w  towards the  cooler ,  i nne r  reg ion  o f  t he  cy l i nde r .  Water 

cpndensing i n  the layers immediately adjacent t o  t h e  p y r o l y s i s  zone has been 

proposed by some inves t i ga to rs  t o  exp la in  t h e  delay i n  the development of t he  

i nne r  temperature p r o f i l e  o f  samples o f  pressed ce l l u lose .  This  inward f l o w  o f  

condensibles has not  as y e t  been considered i n  t h e  development o f  t h e  

phase-change model but  could crudely  be accomodated by using a higher e f f e c t i v e  

heat capaci ty  fo r  t he  unpyrolyzed s o l i d .  A b e t t e r  approximation could be made by 

consider ing two "phase" changes: i n  e f f e c t ,  a d r y i n g  wave and a p y r o l y s i s  wave 

passing through t h e  sample. 
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THE PHASE CHANGE MODEL OF PYROLYSIS 

The s imu la t i on  o f  p y r o l y s i s  proposed here seeks t o  avoid t h e  mathematical 

complexity o f  t h e  vo lumetr ic  model as we l l  as the p re -se lec t i on  o f  t he  py ro l ys i s  

r a t e  inherent i n  t h e  steady-state, moving-boundary approach. Maa (1973). f o r  

example, uses a k i n e t i c  expression f o r  t he  r a t e  o f  pyro lys is ,  bu t  f i x e s  the 

temperature a t  which i t  i s  evaluated, r e s u l t i n g  i n  a steady s tate.  The pseudo 

steady-state i s  probably a reasonable assumption f o r  a l a r g e  piece o f  wood ( a  log 

o r  beam) bu t  i s  probably not  v a l i d  f o r  a one-cm p a r t i c l e .  

To proceed, we make t h e  f o l l o w i n g  assumptions: 

1. The py ro l ys i s  r e a c t i o n  may be considered simply as: 

Feed = b Gas + c Char 

Here "Gas" r e f e r s  t o  a l l  v o l a t i l e  products, and "char" t o  the  completely 

d e v o l a t i l i z e d  so l i d .  The r e a c t i o n  occurs instantaneously  when the  s o l i d  i s  

ra ised t o  a f i x e d  temperature, T 
P' 

2. Heat i s  conducted through t h e  char layer  t o  a sur face separating char and 

P '  
unpyrolyzed s o l i d .  Th i s  sur face i s  defined as the  locus o f  po in ts  a t  T = T 

A t  t h i s  surface, t he  temperature i s  continuous, b u t  a jump occurs i n  the temp- 

erature gradient ,  t h e  magnitude o f  which i s  determined by t h e  heat o f  p y r o l -  

y s i s  and t h e  thermal p roper t i es  of t he  two sol ids. 

3. The temperature o f  escaping v o l a t i l e s  i s  always equal t o  the  l o c a l  char temp- 

erature, Tc. 
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Although not necessary, the following assumptions have been made for convenience 

i n  this initial development: 

4. Thermal properties (heat capacity, conductivity) and density are assumed con- 

stant at an effective or average value. 

5. Cylindrical geometry. 

6. Specified surface temperature (B.C. of 1st kind). 

The mathematical formulation of the model is derived from the equation of 

change for energy. In the char layer 

The third term is the convective flux of gas. A mass balance at any radial loca- 

tion yields an expression for the gas flux. 

r dr 

r dt 
Ug = - bPw lA 

where r is the location of the advancing front. Ordinary conduction occurs in 

the fresh solid region. (Hereafter referred to as wood.) The system of equations 

to be solved in each region in cylindrical geometry are 

P 

r dt > r  

r < r ( r o  t > O  P 
With no gas flux in the core: 

O e r L r  t * O  
P 
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I C :  Tw = Ti 

BC: (1 )  Tc = T, 

(2)  T, = T = 
w TP 

Oc r c  ro 

0 
r = r  

P 
r = r  

P 
r = r  

r = O  

t = O  

t > O  

t > O  

t b o  

t, 0 

The system o f  equations i s  non- l inear  because o f  t he  convect ive term as we l l  

as the  t h i r d  boundary c o n d i t i o n  (Carslaw, Jaeger, 1959). It i s  o f  the same form 

as a simple phase change problem, w i th  the  exception o f  t he  convective term. 

Exact so lut ions on i n f i n i t e  domains are ava i l ab le  (Stefan, 1891; Ockendon and 

Hodgkins, 1975). Comparable problems on f i n i t e  geometries are usua l l y  solved 

numerical ly. Extensive b i b l i o g r a p h i e s  are avai lab le (Selim, Roberts, 1981; 

Wilson, e t .  al., 1978). The numerical procedure developed by Roberts (1981) i s  

used here. This  procedure i s  f a c i l i t a t e d  by the i n t roduc t i on  o f  t h e  fo l l ow ing  

dimensionless parameters: 

R = 1 - r/ro T = gC t/roZ 

k T - T  =(i$s T - T  
v = u  

Tp - Ti 

P 
kc T, - T 

kw T - Ti 
P 

T * =  - 
S 

T .  - T 
Ti*=-= - 1 

Tp - Ti 
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The dimensionless form o f  t h e  system o f  equations i s  

O < R d R  T>O 
P 

R ~ R r l  f > O  
P 

I C  v = -1 O L R 4 1  r=O 

BC U = Ts* R = 0 7 ~ 0  

R = R  q-ro 
P 

u = v = o  

R = R  r>O 
P 

R = l  (7?0 

( 3 )  

( 4 )  

(5) 

(7) 

F i n i t e  Di f ference Formulat ion 

The f i n i t e  d i f f e rence  form o f  t h e  numerical a lgor i thm requ i res  a f i n i t e ,  

P'  
non-zero value of R 

then the  Stefan a n a l y t i c a l  s o l u t i o n  i s  used t o  obta in  a s t a r t i n g  p o s i t i o n  o f  the  

py ro l ys i s  f ron t .  A standard e x p l i c i t  f i n i t e  d i f f e rence  scheme i s  used t o  advance 

through t h e  f i r s t  t ime  step and a Dufor t  Frankel scheme (which requi res 

If a f i xed  surface temperature i s  imposed w i t h  T, z T 
P' 
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temperatures a t  a previous t ime)  i s  used f o r  a l l  subsequent t ime steps. I f a t i m e  

dependent surface temperature, beginn ing w i th  TS 6 T i s  imposed, then the 

numerical i n t e g r a t i o n  o f  t h e  s t ra igh t - fo rward  conduction problem w i t h  no 

py ro l ys i s  f r o n t  i s  implemented u n t i l  t he  temperature a t  a f i n i t e  value o f  R 

reaches T a t  which t ime t h e  D u f o r t  Frankel scheme w i t h  a moving boundary i s  

begun. Temperatures a t  p o i n t s  ad jacent  t o  e i t h e r  terminus R = 0 o r  R = 1, o r  the 

moving boundary are ca l cu la ted  w i t h  t h e  usual approximations. The d e t a i l s  are 

presented below. 

In order t o  approximate t h e  s o l u t i o n  o f  the parabol ic  p a r t i a l  d i f f e r e n t i a l  

equations, (1)  and (21, a network of g r i d  po in ts  w i t h  equal s i z e  i n  the 

R-d i rect ion and equal s i z e  i n  t h e  t ime  step i s  estab l ished throughout the  reg ion 

0 R < 1, O C T .  

P 

P'  

A DuFort-Frankel scheme (Carnahan, 1969) was chosen t o  obta in  a f i n i t e  d i f -  

ference so lu t i on  t o  t h e  pa rabo l i c  p a r t i a l  d i f f e r e n t i a l  equations. Adequate ac- 

curacy was obtained w i t h  21 g r i d  p o i n t s  and At/(AR) 4 0.5, 2 

The DuFort-Frankel Scheme r e q u i r e s  data from two previous t ime leve ls .  The 

standard e x p l i c i t  scheme i s  used as a s t a r t i n g  method t o  provide t h e  requ i red  

data. Eqs. (1) and (2 )  expressed i n  the  stimdard e x p l i c i t  scheme (see F igu re  2) 

are given by 

'i,j+l - 'i,j = ' i -1 , j  - '"i.j + 'i+l,j , 
(AR 1 

A T  

1 
i = 1,2, ..., M-1 B ( " i + l , j  - 'Ji-1,j 

(iAR - 1) 2 d R  
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\ 

i -1  

S t a n d a r d  

i i + l  

E x p l i c i t  Scheme 

j + l  

j 

j-1 

i- 1 i i + l  

D u F o r t - P r a n k e l  Scheme 

F i g u r e  2 :  Graphic D e s c r i p t i o n  of F i n i t e - D i f f e r e n c e  
S c h e m e .  
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"i,j+l - "i,j = " i -1 , j  - 2vi,j " i + l , j  + 

AT 

i = Mt2,M+3, ..., N-1 (9) 1 ( " i + l , j  - " i -1 , j )  

( i &  - 1)  2& 

and M i nd i ca tes  the  nearest g r i d  p o i n t  t s  the l e f t  o f  t he  pyro lyz ing f r o n t  (see 

Figure 3 ) .  These two equations a re  rearranged and solved f o r  the unknown terms 

Ui,jtl and Vi t o  give: 
,j+l 

f 

( 1  + 
1 2 ( i  - -) 

R 

21 

d* U* 
vi,j+l = ( 1  - -)vi,j t x 

( 1  + 
1 

AR 
2 ( i  - -1 

where A = A ~ ~ F z ) ~ .  

i = 1,2 

(1  - ' '"i-1, j + 
2 ( i  - -1 

A R  

i = M+2, 

,M-1 

,... ! 

Expressed i n  t h e  DuFort-Frankel Scheme, Equations ( 1  1, (2)  become 

'i,j+l - 'i,j-l - " i -1 , j  - 'i,j+l - 'i,j-l + 'i+l,j 

(bRI2 
2 A T  

B (U i t1 , j  - U i -1 , j )  

(iqR - 1)  2AR 
i = 1,2, ..., M-1 
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? 
3 

0 unknown 

0 known F r o n t  
P y r o l y z i n g  

M-2 

F i g u r e  3 :  

Char  
I 
I 
I 

I' 
I 
I 
I 
I 
I 
I 
I 

I 
- 6 -  

I 

I _ _  
I 

wood 

---t 

M - 1  M M + l  M+2 M+3 

R > 
S p a c e  

3 - P o i n t  L a g r a n g i a n  I n t e r p o l a t i o n  f o r  t h e  
unknow t e m p e r a t u r e  U , VM+l A d j a c e n t  
t o  the p y r o l y s i s  f r o # t .  
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7 

"i,jtl - Vi , j -1  I 1 " i - 1 , j  - 'i,j+l - 'i,j-l " i t 1 . j  

b R I 2  2 Ar o(* 

i = M+l,M+2. ..., N (13) 1 ( " i t 1 , j  - ' i -1 , j )  

(iaR - 1) 2aR 

Equations (12) and (13) are rearranged and solved f o r  the unknown terms Ui,j+l, 

Vi,jtl t o  g i ve  

B 

2 ( i  - -1 
A R  

' 'J i-1, j  t 
1 - 2x 

'Ji . j -1 + - 'i, jtl = 1+2h 1 + 2). 

1 

2 ( i  - -1 
( 1  t 1 ) " i+ l ,  j 

AR 

i = 1,2, ..., M-1 (14) 

1 
'"i-1,j + 

1 t9 2 ( i  - -1 
d* D(* AR 

(15) i = Mtl,M+2, ..., N 1 
( 1  + 1 ) V i + l ,  j 

2 ( i  - Dl  

The s i n g u l a r i t y  o f  Equation (2 )  a t  R = 1 i s  prevented by using L ' H o p i t a l ' s  

r u l e  t o  y i e l d  

This equation w r i t t e n  i n  t h e  standard e x p l i c i t  form i s  given by 

V i , j + l  'i.j = 1 ( ' i -1, j  - 2v.  i,j + ' i + l , j )  

oc* LR12 
AT (17) 
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and i n  the  Dufort-Frankel Scheme by 

Equation (7 )  can be w r i t t e n  i n  f i n i t e - d i f f e r e n c e  form using a cen t ra l  d i f -  

ference approximation t o  g i v e  

"N+l,j 'N-1.j E o. 
2aR 

Combined w i t h  Equation (18) t h i s  y i e l d s  an expression f o r  the cen te r - l i ne  dimen- 

s ion less temperature 

'N, j+l 

i n  the  standard e x p l i c i t  form and 

4). 8A 
1 - 7  a r;c" 

'N, j+l = - 4x "N,j-1 - 4 A  'N-1.j 
1 + p  1 +7 U 

i n  t he  DuFort-Frankel Scheme. 

Gr id  Points M, M + l  

R = l  

R = l  

(19) 

(20) 

The temperatures a t  g r i d  po in ts  imnediate ly  adjacent t o  the  py ro l yz ing  f r o n t  

( g r i d  po in ts  M and M+1 i n  F igure 3 )  cannot be ca l cu la ted  by Equations (10)-(11) 

and (14)-(15). Instead, a th ree -po in t  Lagrangian i n t e r p o l a t i o n  i s  used t o  deter-  

mine these unknown temperatures. 

-d- 26 
' M P j  = (2& +J) 'M-2,j + 'M- l , j  
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Where 

d=R - R M = R  - M A R  
P P 

Gr id  Points M = 1,2 

When the  py ro l yz ing  f r o n t  i s  l o c  ed w i  h i n  t h e  f i r s t  g r i d  space, Equa 

(21) i s  no t  requi red,  since t h e  boundary value Uo i s  a l ready known. 
,j 

i o n  

If the py ro l yz ing  f r o n t  i s  located w i t h i n  t h e  second g r i d  space, Equation 

(21) cannot be used because t h e  requ i red  three p o i n t s  are not  avai lab le.  By as- 

suming t h a t  t h e  temperature p r o f i l e  w i t h i n  t h e  char l a y e r  i s  quadratic i n  R, the 

de r i va t i ves  U/ t, U/ R, 2U/ R i n  equation (1)  can be approximated t o  y i e l d .  2 

which can be solved f o r  U2,t+l 

Advancing the  P y r o l y s i s  Front  

Euler 's  method (Carnahan, 1969) i s  used t o  solve t h e  energy balance across 

the  py ro l yz ing  surface, Eq. 9. The march o f  the p y r o l y s i s  f r o n t  i s  computed from 

the fo l l ow ing  f i n i t e  dif ference form o f  Eq. 9. 
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The temperature grad ien ts  a re  approximated by d i f f e ren t i a t ion  of t he  three-point 

Lagrangian in te rpola t ion  formulas, Equations (21 and (221,  t o  give 

When the pyrolyzing f ron t  i s  w i t h i n  t he  f i r s t  g r id  space, two point i n t e r -  

polation formulas a re  used t o  approximate the  temperature gradient i n  the char 

1 ayer . 
\ 

When the pyrolyzing f ron t  i s  located within the second g r id  space, a quadratic 

polynomial i s  used t o  approximate the temperature gradient i n  t he  char layer .  The 

gradient a t  the pyrolyzing f ron t  i s  
/ I  

AR +6 - 
"2,j AR(AR +J ) " ' j AR(d) 

-- a! - -6 
a R=R P 

(27) 
I 

Since the  temperature of t he  unreacted core i s  so c lose  t o  the  pyro lys i s  

temperature when t he  pyrolyzing f ron t  moves in to  the l a s t  two gr id  spaces, a two 

p o i n t  in te rpola t ion  formula i s  used t o  approximate the temperature gradient i n  

the wood layer .  T h e  temperature of the  unreacted core i s  taken equal t o  the  

pyrolysis temperature and t h e  temperature gradient i n  t h e  wood layer a t  R = R 
P 

becomes equal t o  zero  the rea f t e r .  

I 
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Since the  advance o f  t he  f r o n t  dur ing the  l a s t  t ime step may p lace i t  beyond 

R = 1, a three p o i n t  Lagrangian i n t e r p o l a t i o n  formula i s  used t o  f i n d  the t ime 

requi red f o r  complete t h e  py ro l ys i s .  

pl, Rp2. Rp3 = t h e  l a s t  t h ree  computed R values. Where R 
P 

T,,T2, e3 = t h e  th ree  t imes corresponding t o  the above values. 

SENSITIVITY STUDY 

Using the numerical procedures described above, temperature p r o f i l e s  a t  

var ious times were generated. Sample p r o f i l e s  are i l l u s t r a t e d  i n  f i g u r e  4. The 

t ime requi red f o r  t h e  p y r o l y s i s  f r o n t  t o  reach the  c e n t e r l i n e  o f  t h e  c y l i n d e r  was 

def ined as t 
PYr' 

The e f f e c t  o f  each model parameter on t h e  t ime requ i red  f o r  complete py ro l -  

y s i s  was studied i n  order  t o  determine i t s  r e l a t i v e  importance. A base case was 

constructed by s e l e c t i n g  average values f o r  t h e  parameters (as l i s t e d  i n  Table 1 )  

and ca l cu la t i ng  t h e  p y r o l y s i s  t ime. Values o f  t were then determined f o r  

several cases i n  which each parameter was va r ied  i n d i v i d u a l l y .  S e n s i t i v i t y  was 

def ined as A t  / ~ p ,  where &p i s  t he  change i n  the  value o f  t h e  parameter s tud ied 

from i t s  base value. A negat ive s e n s i t i v i t y  i nd i ca tes  increas ing p w i l l  decrease 

PYr 

PYr 

tPYr- 
The r e s u l t s  of t h e  s e n s i t i v i t y  s tudy are sumnarized i n  Table 2 and i l l u s -  

t r a t e d  i n  F igure 5. 

356 



Temperature Profile 
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Table 1 

Typical Values of Model Parameters Used in Sensitivity Study 

1, = 1230.0 

J c  =)'w(l-b) 

Cpw = 1318.0 

Cpc = 991.6 

k, = 0.2000 

kc = 0.20 

ro = 0.01 

T, = 700.0 

T = 350.0 P 

Ti = 25.0 

b = 0.7 

AH = 368200 

Kg/M3 

Joule/Kg 

Jou 1 e/Kg 

Joule/M-Sec-K 

Joul e/M-Sec-K 

m 

C 

C 

C 

Joule/kg o f  wood 
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Table 2 
I 

Relative Importance of Model Parameters f o r  a Pa r t i c l e  2 cm i n  Diameter 

Parameter 

0 
r 

TS 

kC 

PW 

P 

A H  

T 

cPW 

k W 

cPg 

I 
b 

f 

Sens i t i v i t y '  
Range 

1.5 -- 3.0 

-38.1 -- -0.73 

-1.73 -- -0.46 

1.0 

-0.66 -- -1.54 

0.5 -- 0.47 

0.28 -- 0.30 

-0.14 -- -0.07 

0.14 -- 0.13 

0.07 -- 0.06 

-0.012 -- - 0.027 

-0.0144 -- -0.015 

359 

Parameter 
Range 
Studied 

0.5 - 2.0 cm 

360 - 1050 C 

0.1 - 0.4 
Jou 1 e/M-Sec-K 

615 - 2460 

( Kg/M3 1 

175 - 525 C 

184100 - 763640 
Joul e/Kg 

659 - 2636 
Jou 1 e/Kg-K 

0.1 - 0.4 
Joul e/M-Sec-K 

600 - 2400 
Joule/Kg-K 

495.8 - 1983.2 
Joul e/Kg-K 

0.3 - 0.9 

0 - 300 C 

Re 1 a t  i ve 
Importance 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
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Figure 5 : S e n s i t i v i t y  of Model Parameters for  a P a r t i c l e  
of 2cm in D i a m e t e r  
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AS expected, the pyrolysis time varied approximately quadratically with r 

(cylindrical geometry) and linearly with pw indicating that for the size range 
studied, t 1 is proportional to the mass of the sample. PY r 

i Characteristic Temperatures (TS, Tp, Ti) 

For a particle 2 cm diameter, the imposed surface temperature has the 

greatest effect of all parameters in the determining pyrolysis time. When T, is 

525, 700, 875OC. the corresponding pyrolysis times are 8.8, 5.6, and 4.3 minutes. 

The pyrolysis temperature has a moderate influence on t when varied over a 

physically meaningful range. When T increases 

from 4.5 to 5.6 minutes. The initial temperature, Ti, has a negligible effect. 

The sensitivities of these parameters are illustrated in Figure 5. Plots of front 

position vs. time for a wide range of the parameters T,, T and Ti appear in 

Figures 6, 7, and 8. 

PYr 
is varied from 263 to 350°C, t P PY r 

P' 

Thermal Conductivities (kc, kw) 

Due to the nature of the model, the thermal conductivity of the char is the 

most sensitive of all the physical properties considered. The thermal conduc- 

tivity of the virgin solid however, has a negligible influence on the time re- 

quired for complete pyrolysis. The comparison is best illustrated by the front 

position vs. time plots when the above parameters are varied (Figures 9, 10). 

When kc is varied from .1 to .4 J/msK t varies from 10 to 3 minutes. Over PY r 
the same range of values for kw, t varies from 6 to 5.2 minutes. PY r 
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0 2 4 6 0 1 0  

T i r n e ( M i n )  

Figure 6 :  Pyrolyzing Front v s .  T i m e  curves at Three 
Surface Temperatures for a P a r t i c l e  of 2 c m  
Diameter 
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R P  

0 2 4 6 a 1 0  

T i m e ( M i n )  

F i g u r e  7 : P y r o l y z i n g  F r o n t  v s .  Time c u r v e s  a t  T h r e e  
P y r o l y s i s  T e m p e r a t u r e s  for  a P a r t i c l e  of 2 c m  
D i a m e t e r  
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R P  

c u r v e  T ~ ( ’ c )  

1 12.5 
2 25 
3 50 

0.2- 

,. ” . . ” . . , ” ’ ~ . . . . . . . . . ( . . . . ~  . . . . ( , . . . . , . . . ,  0.0- 

0 2 4 6 8 10 

T i m e  ( M  i n )  

F i g u r e  8 :  Pyrolyzing F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of I n i t i a l  T e m p e r a t u r e s  for a P a r t i c l e  
of 1 c m  R a d i u s  
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R P  
1 .  

0 .  

0 .  

0 .  

0 .  

0 .  

0.1 
0 . 2  
0.4 

0 2 4 6 8 1 0  

T i m e ( M i n )  

Figure 9 : Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Char Thermal Conductivity for a 
P a r t i c l e  of 1 crn Radius 
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R P  L o ; ,  

0 . 4  o-61 
'\ Y\\ 

1 0.1 
2 0 . 2  
3 0 .4  

F i g u r e  10: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of T h e r m a l  c o n d u c t i v i t y  of Wood for a 
P a r t i c l e  of 1 c m  R a d i u s  
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Heat Capacities (Cpc, Cpw) 

The heat capaci ty  o f  t h e  unpyrolyzed so l i d ,  Cpw, has a greater influence on 

cPC the  r a t e  o f  py ro l ys i s  than t h e  corresponding proper ty  f o r  t he  r e s u l t a n t  char, 

L . The comparison i s  most d i r e c t l y  i l l u s t r a t e d  i n  F igures 11 and 12. 

i 

Stoichiometr ic C o e f f i c i e n t  (b) 

When the  s to i ch iomet r i c  c o e f f i c i e n t  o f  t h e  gaseous product i n  t h e  reac t i on  

wood = b gas + c char 

i s  var ied over a wide range, the re  i s  v i r t u a l l y  no change i n  t h e  t ime requi red 

f o r  py ro l ys i s  (see F igu re  13). It appears t h a t  t h e  changing densi ty  o f  t h e  char 

Yc = y w ( l - b )  counteracts t h e  e f f e c t  o f  t h e  convect ive term i n  the  energy balance. 

Heat o f  Pyro lys is  ( HI 

As i l l u s t r a t e d  i n  F igure 14, when t h e  endothermic heat o f  pr imary p y r o l y s i s  

va r ied  from 184.1 t o  736.4 J/g, t h e  p y r o l y s i s  t ime increased f rom 4.2 t o  8.4 

minutes. 

Sumnary 

The r e s u l t s  of any s imulat ion us ing t h e  phase-change model o f  p y r o l y s i s  are 

most s i g n i f i c a n t l y  a f f e c t e d  by t h e  values of p y r o l y s i s  temperature, char thermal 

conduct iv i ty ,  and heat o f  py ro l ys i s .  
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0 .  6- 

0.4- 

0 * 2- 

0 2 4 6 8 1 0  

T i m e ( M i n )  

Figure 11:  Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Heat Capacity of Wood for a P a r t i c l e  
of 1 c m  Radius 
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Joule 
curve “pc (-1 

1 4 9 5 . 8  
2 9 9 1 . 6  
3 1 9 8 3 . 2  

0 2 4 6 a 1 0  

T i m e  ( M i  n )  

F i g u r e  12: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  at Three 
V a l u e s  of H e a t  C a p a c i t y  of Char for a P a r t i c l e  
of 1 c m  R a d i u s  
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R 
1 .  

0 .,!3 

0.6- 

0 . 4 -  

0.2- 

1 0 . 3  
2 0 . 7  
3 0.9 

0.0 

0 2 4 6 8 1 0  

T i m e  ( M  i n )  

Figure 13: Pyrolyzing Front v s .  Time Curves a t  Three 
Values o f  S t o i c h i o m e t r i c  C o e f f i c i e n t  of 
P y r o l y s i s  Gas f o r  a P a r t i c l e  o f  1 c m  Radius 
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F i g u r e  14:  P y r o l y z i n g  F r o n t  vs .  Time C u r v e s  a t  Three 
V a l u e s  of Heat of P y r o l y s i s  for  a P a r t i c l e  of 
1 c m  R a d i u s  
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SINGLE PARTICLE SIMULATIONS 

Up t o  the present t ime we have inves t i ga ted  on ly  the  case o f  a boundary 

c o n d i t i o n  o f  the f i r s t  k ind,  i n  which t h e  surface temperature i s  spec i f ied.  The 

more use fu l  case o f  a convect ive boundary cond i t i on  (B.C. o f  3 r d  k ind )  I s  

c u r r e n t l y  under study. The choice t o  study t h e  former problem was made on the 

bas i s  o f  ava i l ab le  experimental data. I nves t i ga to rs  performing py ro l ys i s  

experiments on s i n g l e  p a r t i c l e s  u s u a l l y  measure and repo r t  surface temperature. 

I n  one experiment (Kanury, 1966) a c y l i n d r i c a l  specimen 1.75 cm i n  rad ius  o f  

pressed o(-cel l u l o s e  was placed i n  an ex te rna l  ly-heated. r o t a t i n g  copper tube. 

Temperature p r o f i l e s  were recorded by thermocouples embedded a t  var ious r a d i i .  

Measured surface and c e n t e r l i n e  temperatures are p l o t t e d  i n  F igure 15. Using the 

parameters l i s t e d  i n  Table 3 and t h e  measured surface temperature as a boundary 

condi t ion,  the c e n t e r l i n e  temperature was ca l cu la ted  using the phase-change 

model. The ca l cu la ted  p r o f i l e  i s  a l s o  p l o t t e d  i n  Figure 15. 

The experimental p r o f i l e  d i sp lays  p la teaus a t  12OoC and 38OoC corresponding 

t o  d ry ing  and p y r o l y s i s  temperatures. The ca l cu la ted  p r o f i l e  cannot reproduce the 

d r y i n g  plateau because no phase change corresponding t o  dry ing was incorporated 

i n  t h e  model. The p la teau corresponding t o  p y r o l y s i s  however, was c l e a r l y  

observed. The measured surface temperature a f te r  complete py ro l ys i s  was e r r a t i c  

because the thermocouple a t  the surface was no t  t i g h t l y  bonded t o  the  char. 

I n  a second experiment (Roberts and Clough, 19631 t h e  weight l oss  h i s t o r y  o f  

a 1 cm ( rad ius)  beech c y l i n d e r  was recorded dur ing p y r o l y s i s  i n  a n i t rogen  

atmosphere. Using t h e  parameters i n  Table 4 and the  measured surface temperature, 

the weight vs. t i m e  curve was ca l cu la ted .  The r e s u l t s  are shown i n  F igure 16. The 

heat ing r a t e  of t h e  oven used i n  t h e  experiment was 20°C/min. Since t h e  model 

p r e d i c t s  no weight loss u n t i l  t h e  surface temperature reaches the  assumed 
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Table 3 

Parameters and Properties Used to Simulate Kannry's Experiment 

Pw = 605 

j C  = (1-b) 

kw = 0.14 

kc = 0.06 

Cpc = 991.6 

Cpw = 1318.0 

cpg = 1200 

b = 0.80 

H = 100000 

T = 382 P 

Ti = 35 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

( Jou 1 e/M-Sec-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Jou 1 e/Kg-K) 

(Joule/Kg) 

C 

C 
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Table 4 
Representative Values of Parameters and Properties Used in 

Model Calculation for Beech Cylinder 

Pw = 6oo.o 

f = (l-b) 

kw = 0.14 

kc = 0.04 

Cpw = 1318.0 

Cpc = 991.6 

cpg = 1200.0 

b = 0.61 

A H = 100000 

T = 290 P 

Ti = 25 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

(Joule/M-Sec-K) 

(Joul e/M-See-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Joule/Kg ) 

' C  

C 
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Figure 16 : Comparison between Calculated and Experimental 
Weight/Time Curves for a Pyrolyzing Beech 
Cy1 inder . 
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p y r o l y s i s  temperature, i t  cannot reproduce t h a t  p o r t i o n  o f  t h e  measured curve 

corresponding t o  low temperature py ro l ys i s .  

PYROLYSIS ZONE OF A PACKED-BED GASIFIER 

I n  order t o  simulate the  py ro l ys i s  zone o f  a packed-bed g a s i f i e r ,  t he  

reac to r  was t r e a t e d  conceptual ly as two idea l  reactors :  one, a char combustor/ 

g a s i f i e r  and t h e  second, a feed pyro lyzer .  The gas temperature and f l owra te  

e x i t i n g  the g a s i f i c a t i o n  zone were used as input  parameters f o r  t he  py ro l ys i s  

simulat ion. The other  boundary condi t ions were the of fgas and feed temperatures. 

The p y r o l y s i s  reac t i on  i s  

Feed -+ Char + O i l  + H20 t Gas 

The reac t i on  i s  d r i ven  by t h e  sensible heat i n  the  char-derived gases from the  

combustion zone. The char-derived gas i s  considered i n e r t  and the  of fgas 

composition i s  obtained by simply mix ing the char-der ived gas f l o w  w i t h  the  

v o l a t i l e  products o f  t he  p y r o l y s i s  react ion.  The temperature o f  t he  gas, which i s  

assumed t o  be t h e  same as the  surface temperature o f  t h e  s o l i d  p e l l e t s ,  i s  used 

as the boundary c o n d i t i o n  o f  t h e  k ine t i cs - f ree  model. We a l so  assume t h a t  t he  

py ro l ys i s  p o r t i o n  o f  t h e  reac to r  i s  character ized by p l u g  f low,  w i t h  no important 

r a d i a l  gradients o f  mass o r  temperature. 

Mater ia l  balances were taken over the  gas and s o l i d  phases. 

9 
dG /dZ = R 

9 

The energy balance was taken as 

dGS/dZ = R, 
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The generation terms are t h e  f l u x  (Q,a) i n t o  the p e l l e t s  and R, AH* ,  t he  

exothermic heat of r e a c t i o n  o f  t he  v o l a t i l e s ,  both based on u n i t  volume o f  

reactor .  bH2 i s  t he  d i f f e r e n c e  between the exothermic heat o f  the o v e r a l l  

p ryo l ys i s  reac t i on  and t h e  endothermic heat o f  t he  primary p y r o l y s i s  step used i n  

the phase change model. 

A Runge Kut ta  method was used t o  i n teg ra te  the  system o f  equations. An a x i a l  

temperature prs f i :e  f o r  t h e  bed was assumed. Th is  p r o f i l e  was used i n  the  phase 

change model t o  c a l c u l a t e  t h e  reac t i on  r a t e  and heat f l u x  as a func t i on  o f  t ime. 

The v e l o c i t y  o f  t h e  s o l i d  phase was constant (no p a r t i c l e  shrinkage) so t ime was 

propor t ional  t o  d is tance along t h e  bed. The bed temperature was ca l cu la ted  and 

t h e  process repeated u n t i l  t h e  boundary cond i t i ons  were s a t i s f i e d .  

For the  cond i t i ons  l i s t e d  i n  Table 5, the ca l cu la ted  p r o f i l e  i l l u s t r a t e d  i n  

F igure 17 was obtained. 

FUTURE WORK 

A convective boundary c o n d i t i o n  (B.C. o f  3 rd  k ind )  us ing e f f e c t i v e  heat 

t r a n s f e r  c o e f f i c i e n t s  w i l l  be i nves t i ga ted .  The heat t r a n s f e r  c o r r e l a t i o n s  f o r  

p a r t i c l e s  i n  packed beds w i l l  be mod i f i ed  fo account f o r  t he  escape o f  v o l a t i l e s  

from the  surface o f  t h e  char. S ing le  p a r t i c l e  experiments are being planned i n  

which the convective environment (gas temperature and v e l o c i t y )  o f  t he  sample 

w i l l  be contro l led.  Gas temperatures can be measured more e a s i l y  than s o l i d  sur- 

face temperatures. I n  add i t i on ,  packed-bed experiments w i t h  thermocouple-studded 

samples are planned. 
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Table 5 

Operating Conditions for the Test Run on the Biomass Gasifier 

Wood Pellett 
Feed Rate 
(Kg/Hour) 

Air 
Feed Rate 
(Kg/Hour 1 

Steam 
Feed Rate 
(Kg/Hour 1 

15.8 

9.678 

1.941 

Parameters o f  Char and Wood Pellets Used to Simulate 
the Test Run o f  the Biomass Gasifier 

fw = 1230.0 

pc =tw ( 1 -b 1 

Cpw = 1318.0 

Cpc = 991.6 

kw = 0.03 

k, = 0.005 

r = 0.003175 

T = 300.0 

Ti = 25.0 

b = 0.8 

b H = 62760 

4H2 = -368200 

0 

P 

Kg/M3 

Kg/M3 

Joul e/Kg 

Joule/Kg 

Joule/M-Sec-K 

Joule/M-Sec-K 

m 

C 

C 

Joule/Kg o f  wood 

Joule/Kg o f  wood 
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Figure 1 7 :  Comparison Between Calculated and Experimental 
Temperature Profiles in a Packed-Bed Gasifier. 
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Nomenclature 

d 

b 

8 

P 
C 

k 

M 

N 

r 

rO 

R 

T 

u,v 

9 
U 

Thermal d i f f u s i v i t y  

Sto ich iometr ic  c o e f f i c i e n t  o f  char i n  the  p y r o l y s i s  reac t i on  

Dimensionless parameter a r i s i n g  from the  convective term i n  t h e  char 

1 ayer 

Heat capaci ty  

Distance o f  py ro l yz ing  f r o n t  from nearest g r i d  p o i n t  i n  the char l aye r  

Thermal conduc t i v i t y  

Index o f  g r i d  p o i n t  i n  t h e  char layer  nearest t h e  pyro lyz ing f r o n t  

Number o f  g r i d  po in ts  

Density 

Radial p o s i t i o n  ( r  = 0 a t  cen te r )  

Cyl inder  rad ius a t  sur face 

Dimensionless r a d i a l  d is tance (R = 0 a t  surface, R = 1 a t  center)  

Temperature 

Dimensionless t ime 

Dimensionless temperature 

Ve loc i t y  o f  e x i t i n g  v o l a t i l e s  

Subscripts: 

W Wood layer ,  v i r g i n  s o l i d  

C Char layer  

P Py ro l ys i s  

S Surface 

9 Gas 
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EXPERIMENTAL MEASUREMENT OF ABLATION RATE OF WOOD PIECES, UNDERGOING FAST PYROLYSIS 
BY CONTACT WITH A HEATED WALL. 

J. LEDE, J. PANAGOPOULOS and J. VILLERMAUX 

Laboratoire des Sciences du GBnie Chimique, CNFS-ENSIC, 1 rue  Grandville 54042 
W C Y  (France) 

I 1. INTRODUCTION 

The conventional pyro lys i s  of biomass y ie lds  about equal amounts of gases,  
char and t a r .  When pyro lys is  i s  car r ied  o u t  i n  severe heating conditions,  the  reac- 
t ion  ptoducts can be almost en t i r e ly  gaseous and contain s ign i f i can t  amounts Of 
l i g h t  unsaturated hydrocarbons.. Authors involved i n  such research, generally recom- 
mend several types of conditions : small wood p a r t i c l e s ,  high temperatures, high 
heating r a t e s ,  high hea t  f luxes,  e t c .  Few of them p.3.5.61 have associated t h e  idea 
of ablation regime, t o  the  observation of the f a s t  pyro lys i s  reac t ion .  Actually,  the 
apparent r a t e  of reac t ion  is  a function of two competitive processes within the  wood 
pa r t i c l e  : the r a t e  of hea t  t r ans fe r  and the  r a t e  of chemical decomposition of wood 
i t s e l f .  I f  chemical processes a r e  very f a s t ,  t he  hea t  t r ans fe r  i s  r a t e  cont ro l l ing :  
t h i s  is the  so ca l led  ab la t ion  regime characterized by a t h i n  supe r f i c i a l  l aye r  of 
reacting wood). Such a regime can be represented by the  r a t e  a t  which the  reac t ing  
layer moves towards the  cold unreacted core of the  p iece  of wood (ablation r a t e  V )  

and the thickness of t h i s  reac t ing  layer  ( e ) .  

2 .  EXPERIMENTAL SET U P  (Fig. 1) 

The experimental system cons i s t s  i n  a s t a i n l e s s  steel d i sks  (diameter: 7.5 x 
10-2 m) spinning a t  a constant ve loc i ty  (of the order of 1 m.s-l) and heated by four  
gas burners located under the  disk.  The mean temperature is  measured with a thermo- 
couple pressed on the  upper face.  Rods of beech wood (2,3,4,6 and 10 x rn dia- 
meter) a r e  ve r t i ca l ly  applied on the  hot surface under known and var iab le  pressures.  
A j e t  of argon is d i rec ted  towards t h e  contact surface i n  order  t o  prevent spontane- 
ous inflammation i n  a i r .  
reaction is  observed when the  spinning disk is not heated. This eliminates the  pos- 
s i b i l i t y  of f r i c t i o n a l  heating e f f ec t s .  
ou t  i n  conditions of independence of reac t ion  r a t e  upon disk ve loc i ty .  
noticed t h a t  no change i n  the  apparent r a t e  w a s  observed when a notched d isk  was 

The reaction produces gases and l i qu ids  undergoing fu r the r  gas i f i ca t ion  on the used. 

disk surface. The presence of i n t e r s t i c i a l  f l u i d  between wood and s t e e l  a c t s  a s  a 
kind of lubr icant  making the  f r i c t i o n a l  contacts smoother. 

The apparent r a t e  of reac t ion  v is obtained by d i r e c t  measurement of t he  time 
required f o r  a known length of rod t o  be consumed. The thickness of the ab la t ion  
layer e is estimated by microscopic measurement of the  ex ten t  of t he  uniformly dar- 
kened zone near t h e  surface.  

3 .  EXPERIMENTAL RESULTS 

No s ign i f i can t  r i s e  of wood temperature and no subsequent 

The experiments reported here a r e  ca r r i ed  
I t  is  to  be 

The var ia t ions  of v and e were studied a s  a function of d i sk  temperature (Tw), 
rod diameter (d ) ,  and pressure (PI under which the  rods were pressed onto the  disk.  
The pressure was controlled by placing known weights on the  upper p a r t  of the rod 
(Fig. 1) . 

3.1. Variations of e with v 

Fig. 2 shows some typica l  values of e as  a function of v f o r  Tw = 873 K and 
d = 3 x The la rge  dispersion of poin ts  i s  explained by the  d i f f i c u l t y  of 
measurement of e:: wood is  a very heterogeneous mater ia l  and the  boundary between 
fresh and p a r t i a l l y  reacted wood cannot be  defined with accuracy. 
a l so  blurred by cap i l l a ry  migration of strongly coloured l i qu id  between the gra ins  

m. 

This boundary i s  
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of the  wood ( t h i s  l i qu id  is  mainly water couloured by t races  of t a r ) .  
lack of accuracy, Fig.  2 shows t h a t  the abla t ion  thickness roughly decreases as a- 
b l a t ion  r a t e  increases.  
sured (extreme abla t ion  condi t ions)  . 

Despi te . th i s  

For high values o f v ,  e is two Small t o  be accurately mea- 

3.2. Variations of v with P 

A logarithmic p l o t  of v aga ins t  P shows t h a t v  can be represented by a simple 
r e l a t ionsh ip  

v = a p B  l i  

The accuracy of experiments i s  nst s u f f i c i e n t  t o  de t ec t  any influence of d.  
This shows t h a t  fast pyrolys is  canbe  ca r r i ed  o u t  w i t h  l a rge  pieces of wood and not 
oiily with small p a r t i c l e s ,  as o f t en  s t a t ed  i n  the  l i t e r a t u r e .  From f igu re  3 a 
s t r a i g h t  l i n e  f i t t i n g  y i e lds  the  following 6 values: 
6 = 0.97 (Tw = 973 K), 6 = 1.02 (Tw = 1073 K), 6 = 1-01 (Tw = 1173 K). 
w e  may adopt a l i nea r  dependence v = aP. 

becomes very high and may exceed 3 x 
t i o n s  [1] . 
ches 0 . 2 4  kg hr-l (d = 2 x lom3 m) and 6 kg hr-' (d = 

6 = 0.99 CTw = 873 K), 
Therefore, 

Fig. 3 a l so  shows t h a t  under high temperature and pressure,  t he  ab la t ion  r a t e  
m s-l i n  agreement with o ther  determina- 

In these conditions,  the apparent massic r a t e  of wood consumption rea- 
m ) .  

4 .  INTERPRETATION AND DISCUSSION OF RESULTS 
4.1. S igni f ica t ion  of a 

In  the  same manner as t h e  ab la t ion  reac t ion  is controlled by hea t  t r ans fe r  in- 
s i d e  the wood, it w i l l  be supposed t h a t  t h e  reaction is a l s o  l imited by hea t  t rans-  
fer from the  disk t o  the sur face  of wood. The var ia t ions  o f v  w i l l  be a t t r i bu ted  t o  
the  va r i a t ions  of the heat  f l u x  with Tw and P. 
temperature Td of t he  sur face  of pyrolyzing wood is constant whatever the  experimen- 
t a l  conditions.  In  these conditions : 

I t  w i l l  be a l s o  assumed t h a t  t he  

I t  is d i f f i c u l t  t o  s e l e c t  an accura te  value for the reac t ion  enthalpy AX. D i r e c t  
measurements [7] by r a  i d  pyro lys i s  of wood have given values close t o  zero around 
773 K. Reed e t  a l .  [2f proposed a model assuming t h a t  t he  reac t ion  occurs i n  seve- 
r a l  s teps :  t h e  wood is  f i r s t  sensibly heated without any transformation up t o  the  
reac t ion  temperature where it i s  depolymerized t o  y i e ld  a so l id  which subsequently 
m e l t s  before vaporizing. 
corresponds to sens ib le  hea t  and hea t  of fusion. The l a t t e r  has been estimated t o  
about 4 x lo4 J kg-1 a t  773 K, which represents  only 3.6% of the hea t  required to 
hea t  t h e  wood from 373 t o  773 K. Thence: 

If the  t a r s  a r e  mechanically wiped away t h e  hea t  input  

Thanks to 1) with 6 = 1 and 3) i t  can be deduced t h a t  h is proportional t o  P: 

h = K P  4)  

3) and 4) 
and K : 

show t h a t  5 is a l i n e a r  function of Tw, allowing t h e  ca lcu la t ion  of Td 

A s  expected, Fig. 4 shows t h a t  t h e  v a r i a t i o n  is l inea r .  With To = 373 K, p = 700 kg 
and Cp = 2800 J kg-' K-' the following values a r e  deduced: 

K = 0.02 W m-2 K- l  Pa-' and Td = 753 3 0  K 
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The var ia t ions  o f  h deduced from re l a t ion  3) and from experimental measure- 
ments a r e  reported in  Fig.  5. 
only a function of P. Of course, a bes t  f i t t e d  s t r a i g h t  l i n e  leads  t o  the  same va- 
lues  of K (0.02 W m-2 K-I Pa-1) and 8 (0,998) as previously optimized: 

I t  appears t h a t  h is independant of d and Tw and is  

The three  s ign i f i can t  modes of hea t  t r ans fe r  a r e  convection, r ad ia t ion  and mo- 
re o r  l e s s  d i r e c t  contact with t h e  d isk .  There a r e  few chances t h a t  convection may 
occur s ign i f i can t ly  because of t ranspi ra t iona l  cool3ng e f f e c t .  
t ransfez  coe f f i c i en t  can be defined as: Assuming 
c = 0.5 and Td = 753 K, hR(W m-2 ~ - 1 )  has the  following values:: 62 (873 K), 74 
(973 K), 89 (1073 K) , 106 (11731;). These a r e  much lower than the  experimental va- 
lues  of h, espec ia l ly  a t  high pressure (Fig. 5 ) .  

take place by combined mechanisms of conduction across  t rue  contac t  po in ts  and con- 
duction across entrapped i n t e r s t i c i a l  f l u id .  The predic t ion  of t heo re t i ca l  h values 
is  d i f f i c u l t :  they depend on t h e  thermal conductivity of f l u i d  and so l id s ,  sur face  
finish,and hardness, contac t  pressure,  e tc .  Extreme values of h compiledby Rohsenow 
e t  a l .  [8] have been reported i n  Fig. 5 (dashed l i nes ) .  In  s p i t e  of very d i f f e ren t  
experimental conditions (contact mater ia l s  a r e  metals, gap mater ia l s  a r e  metals o r  
gases) .  The order of magnitude is  cor rec t .  However, it is  d i f f i c u l t  t o  f ind  a phy- 
s i c a l  j u s t i f i ca t ion  t o  the  l i n e a r  var ia t ion  of h w i t h  P. For explaining t h i s ,  theo- 
ries of lubr ica t ion  might be invoked i f  the  whole hea t  t r ans fe r  was supposed t o  take 
place across a continuous layer  of insu la t ing  f l u i d  between the  two so l id  surfaces.  

In anyway, t he  coe f f i c i en t  h is very high, showing t h a t  t h e  mechanisms of hea t  
t ransfer  by contact must not be underestimated i n  the  study of reac tors  where so l id  
p a r t i c l e s  a r e  yrolysed by contact on the  hot  walls of t he  vesse l  (cyclone reac tor  
fo r  instance $ , 8 , 1 0 ~ ) .  

The r ad ia t ion  hea t  
hR = Oc (Tw + Td2) (Tw + Td) . 

Direct heat t r ans fe r  by in t e r f ace  contact between the  d isk  and the  rod can 

4.2.2. About t h e  sur face  temperature Td 

Td has been assumed independent of Tw and P. 

----___________________________ 
The good l i n e a r i t y  observed i n  

Fig.  4 is a f i r s t  confirmation of t h i s .  
i n  good agreement with the  experimental observation t h a t  no f a s t  reac t ion  s ign i f i -  
cantly occurs when Tw 
mogravimetric measurements showing t h a t  pyrolysis of dry wood is e s s e n t i a l l y  comple- 
t e  a t  773 K [4]. L e t  us a l s o  remind the  model proposed i n  121 ass imi la t ing  f a s t  py- 
ro lys i s  t o  a th ree  phases reaction: heating t o  773 K, melting a t  773 K,  vaporiza- 
t i on  of t a r s .  

Fig. 4 a l s o  shows t h a t  v = 0 f o r  Tw = 753 K ,  

753 K. These observations a r e  a l s o  i n  agreement with ther- 

Thus it seems f a i r l y  reasonable t o  assume t h a t  t h e  temperature of t he  wood 
surface is of t he  order of 753 K whatever Tw and P. According t o  t h i s  mechanism, it 
could be wrong t o  say t h a t  wood is  heated a t  the temperature of the  w a l l s  of a reac- 
t o r  before decomposing. 

4.3. Relationship between v and e 

There a r e  three  d i f f e ren t s  ways fo r  es tab l i sh ing  a simple r e l a t ionsh ip  between 

. L e t  us suppose t h a t  e is t he  distance between the  two isothermal surfaces 
T = 473 K, Td = 773 K,  and t h a t  the  hea t  t ransfer red  is  used to increase  the  wood 
temperature : 

v and e.  

where a is the  thermal d i f fus iv i ty  of wood. 

dimension conduction, t he  expression giving T a s  a function of depth z i n  t h e  so l id  
a t  steady s t a t e  is LE] : 

. Assuming t h a t  penetration of hea t  i n t o  the  rod takes p lace  by simple one- 
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Taking T = 437 K ,  To = 373 K and Td = 773 K, 2 is considered t o  be  equal t o  e and 
then: 

ve = 1.39 a 8) 

. A model has been proposed [5] f o r  representing the  thermal vo la t i l i za t ion  of 
so l id  pa r t i c l e s ,  where the  equations of simultaneous heat and mass baiances a r e  nu- 
merically solved. Assuming a cons tan t  surface temperature, t h i s  model y ie lds :  

b i s  a constant number c lose  t o  2.6 when AH = 0,, 
t i o n  and e i s  the  thickness of t h e  s o l i d  l aye r  where 99 % of the  reac t ion  occurs. 
From expressions 9)  w e  obtain:  

r is the  chemical r a t e  of reac- 

5 h  

b2 'p 
ve = -- = 0.74 a 10) 

. From the  three  methods above it can be deduced t h a t  

0.7 a < v e  1 .4  a 11) 

Several values of a have been proposed i n  the  l i t t e r a t u r e :  m2 s-' , 
0.82 x 
s-l [12]. 

a r e  i n  agreement with t h i s  rough estimation (dashed l i n e s ) .  

m2 [2], 0.6 t o  1.5 x 1O-l m2 s-l Ill], 1.4 x t o  3.4 x 10- 5"1 m2 
These d i f f e ren t  es t imat ions  lead to:  0 .4  x lo-' < ve (m2s- ')  < 5 x 

Fig. 2 shows t h a t  t h e  experimental r e s u l t s  (mean value v e  = 0.8 x 10-7 m2s-') 

As an i l l u s t r a t i o n ,  f o r  the h ighes t  ab la t ion  r a t e  measured ( f i g .  3 ) :  32.5 x 
m s- ' ,  t he  thickness of t he  ab la t ion  layer  e is predicted t o  be  about 

3 x 10-6 m. 

5. CONDITIONS REQUIRED FOR THE OBSERVATION OF ABLATION 

Relation 3) shows t h a t  f a s t  py ro lys i s  i n  ab la t ion  regime (high value of v and 
small value of e) is  expected when high hea t  f luxes  a r e  ava i lab le  a s  f o r  example in  
s o l a r  concentrators or image furnaces.  
image furnace (mean f l u x  density::  5 x lo5 W m-2) focused on the  end of a beech wood 
rod (d = 8 x m ) ,  automatically ad jus ted  a s  t he  reac t ion  proceeds. The rod i s  
placed inside a transparent g l a s s  vesse l  i n  steam atmosphere. 

theore t ica l  value i s  8.5 x 
m-3, Cp = 2800 J kg-l s-', Td - To = 4 0 0  K )  . 
mounts of char. 
fo r  some time a t  t he  surface (there i s  no mechanical elimination) u n t i l  they disap- 
pear by p a r t i a l  decomposition under the  e f f e c t  of high loca l  temperature and by ga- 
s i f i c a t i o n  w i t h  steam. 
the  rad ia t ion  to reach f resh  p a r t s  of wood and a p a r t  of t he  f lux  is  consumed by the  
endothermal reaction of char  gas i f i ca t ion .  Consequently, the ove ra l l  reac t ion  takes  
p lace  i n  slow pyrolysis regime. 

observed if two conditions are f u l f i l l e d :  
f i c i e n t  elimination of primary products from the surface of wood. 
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FOUR GAS BURNERS 

Figure 2 .  Variations of the thickness 
of ablation layer e as a function of 
ablation rate v .  

r .  

Figure 1 .  Scheme of experimental 
set-up 
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Figure 3 .  Experimental variations of ablation rate v as  a function of pressure P 
for four values of disk temperature T 
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Figure 5 .  Variationsofheat transfer coefficient h as  a function of pressure p. 
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A NEW MODEL FOR THERMAL VOLATILIZATION OF 
SOLID PARTICLES UNDERGOING FLASH-PYROLYSIS 

J. Villermaux, B. Antoine, J. LQdQ and F. Soulignac 

Laboratoire des Sciences du GBnie Chimique, CNRS-ENSIC Nancy-France 

Many industrial processes involve the consumption of solid particles im- 
Among these, the gasification of coal and biomass in mersed in a reacting medium. 

fixed, fluidized or moving beds is of special iritsrest. A great number of models 
describing gas-solid reactions call be found in the literature [I) [ZJ [3] [4J [S]. Mo- 
dels dealing vich c.he thermal volatilization of a solid controlled by heat transfer 
brcween the surrounding medium and the inner volume of the particle are more scarce. 
In addition, existing models often rely on the concept of a "surface reaction", 
which is questionable, because deeper layers also contribute to the reaction as heat 
penetrates into the solid. 

thermal penetration (VTP model). This model was initially imagined for interpreting 
flash-pyrolysis of sawdust particles. Actually, it could be applied to any kind of 
solid reactions where volatilization is controlled by heat conduction from the outer 
surface. Only a few preliminary but significant results are presented in this paper. 
More extensive and accurate simulations will be published later. 

We propose below a new model describing the volatilization of a solid by 

1 .  Assumptions and model equations 
The basic assumptions of the model are : 
- The solid is homogeneous and its mean density p is constant and indepen- 

- Heat transfer takes place by conduction in the solid, heat conductivity X 

- The rate of volatilization of the solid is % a is the mass of solid 

dent of temperature. 

and heat capacity cp are assumed to be constant. 

transformed into gas per unit time and per unit solid volume. 9, increases with tem- 
perature according to Arrhenius law%= ko exp (-E/RgT). 

- The reaction is endothermic, the reaction enthalpy per unit mass of solid 
is AH 7 0 (the case of AH < 0 can also be treated by this model, but it will not be 
disc'ussed here). It is assumed that AH = AH1 + Acp(T - TI) where TI is a reference 
temperature. 

sional resistance (this is possible if the remaining solid has a porous structure 
allowing free gas permeation). 

serves a constant density. 
in the solid seem to move nearer to each other. 
it is the center which seems to come nearer. 
denoted as u. 

reaction is negligible. It is suddenly immersed in a hot medium. Four kinds of 
boundary conditions can be imagined : 

- The gaseous products escape freely towards the surface without any diffu- 

- However, it is assumed that the remaining solid shrinks so that it con- 
The result is that, seen from the center, all the points 

This linear shrinking velocity will be 
Conversely, seen from the surface, 

- The solid particle is initially at constant temperature To where the 

a) Constant surface temperature 
b) Constant surface heat flux qo 
c) Convective heat transfer from a gas at constant temperature Tp (Fourier 

d) Radiative heat transfer from a wall at constant temperature T ~ .  

T, = Tp (Cauchy condition) 

condition) 
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Only conditions a) and c) will be considered here. 
- The particles may have different initial shapes. The case of infinite 

slabs and spheres will be treated below but this is not a limitation of the model. 
Actually, a unified treatment valid for any shape can be developed, especially in 
the so-called "ablation regime". 
in the study of diffusion-controlled reactions in catalyst pellets. 

wants to calculate the decay of thickness L as a function of time and the time tF 
for total consumption of the particle. 

Depending on the problem, coordinate axis may be attached to the outer sur- 
face of the particle (Oz noma1 to the surface, directed towards the center and thus 
moving as volatilization proceeds). 
for the study of the "ablation regime". 
tion I. 
mal to the outer surface); this is more convenient for a sphere and a cylinder, and 
will be referred t o  below as convention 11. 

shrinking velocity profile u (z,t) or u (r,t). The mass and energy balances are ea- 
sily written as follows: 

The situation is very similar to that encountered 

- Volatilization thus causes shrinking along one single dimension. One 

This is especially convenient for a slab and 
This will be referred to below as conven- 

Conversely, the axis may be attached to the center of the particle (Or nor- 

At any time, there exist a temperature profile T (z,t) or T ( r , t )  and a 

Dimensional units, infinite slab, convention I: 

Mass balance: 
p $+a= 0 
3 = ko exp(-E/R T) 

g 
Initial and boundary conditions:. 

t = 0, u = 0, L = Lo 

z = o ,  u = o  
z f L, 

(3 )  

Heat balance:. 

Initial and boundary conditions:: 
t = 0, T = To 
z = O ,  a ) T = T  1 b) - ).z = 

P az 90 

aT 
az P 

C) - X - = h(T - T) d) - X = co(T: - T4) az 

Infinite slab (p = O), infinite cylinder (p = I ) ,  sphere (p = Z), conven- 
tion 11: 

- .' a (rPpu) +a = 0 , agiven by ( 2 )  
.P ar 

Initial and boundary conditions : 

1 t = O ,  u = o ,  E = R o  
r = o , u = o  
r = R ,  % = d R <  o 

dt 

6 ' )  
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Heat balance:. 
aT aT =%AH + - +  p c  - p ar p at 

Initial and boundary conditions:. 
aT t = 0, T = To; r = 0, - = 0 ar 

r = R  a ) T = T  

c) X E = h(T 
P 

- T) ar P 

aT b) A - = q  ar o 

ar P d) X = c0(T4 - T) 

(4') 

(5') 

It is interesting to write the model equations ir. reduced form. 
convention I, dimensionless qilancities are defined as follows: 
v = pw'(Lo5L?), Y = TIT*, W =%/R*, A = E/(R,T*), M =a*L$cp/X, 1 = L/Lo, 
H = AHl/(cpTk), K = Acp/cp, B = hLo/h, Qo = qoLokhT*), S = coL0Th3/X. (Rg is the gas 
constant). 

T* = TI = Tp), and%* is the rate of reaction at T*. 

For the slab case, 
x = z/Lo, 0 = t$/p, 

T* is a reference temperature (in the numerical examples treated here 

Equations ( I )  to (5) are then written: 

W = exp [-A[?]] 
dC 

' dB e = o , v = o ;  X = O , V = O ;  x = L  v = -  

(9) _ _ =  I (H + K(Y - Y9)W + v + 
ax ae ax2 

e = 0, Y = yo 
ay 
ax 

2.Y P 

x = O  a ) Y = Y o  b) - - = Q o  
ay 

C) - ax = B(Y~ - Y) d) - ay = s(y4 - ~ 4 )  

A similar reduction can be performed on equations ( 1 ' )  to ( 5 ' ) ,  the characteristic 
length 
thermicity criterion H, the thermal BIOT number B, and especially M, which appears 
as a THERMAL THIEF MODULUS 

replacing Lo. The important parameters are the activation criterion A,  the 

( 1 1 )  

where a = X/(pc ) is the thermal diffusivity 
tR = PA* is a characteristic reaction time and tT = L:/a is a characteris- 

tic heat penetration time. 
trate into the particle before it volatilizes. Volatilization is thus controlled by 
the chemical reaction, this is the so-called CHEMICAL REGIME.  
heat has not the time to reach the particle core and volatilization takes place in a 
thin layer close to the surface. The rate of volatilization is controlled by an 
irreducible coupling between reaction and heat diffusion: this is the so-called 
ABLATION REGIME. 
near velocity. 

D 

If M << I ,  tT << tR so that heat has the time to pene- 

If M >> 1 ,  tT >> tR, 

We shall see below that shrinking then proceeds at a constant li- 

2. Examples of simulations 

Equations (6) to (10) and their equivalent for a sphere were solved numeri- 
cally, yielding internal velocity and temperature profiles and time O F  for total 
consumption as a function of physical parameters. 

In the simulations reported here, the following values were selected: 
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Yp = Yl = 1 ,  Yo = 0.25 ( f o r  i n s t a n c e  To = 300 K and Tp = T' 

H = 0.5, A v a r i a b l e  ( I ,  10, 100) 

M and B v a r i a b l e .  

F igu re  1 shows i n t e r n a l  temperature p r o f i l e s ,  mainly f o r  a 50 X l i n e a r  s i z e  reduc- 
t i o n  (e.g.  e 5.0.5)  i n  t h e  case  of Four i e r  ( c )  and Cauchy (a) cond i t ions .  The in- 
f luence  of M is obvious. When M i s  smal l ,  t h e  temperature tends  t o  become uniform 
whereas when M i s  l a r g e  (M > IOO), a s t e e p  temperature p r o f i l e  e x i s t s  c l o s e  t o  t h e  
su r face .  
on, B = -). 
e = 0.5 shows t h a t  t h e  temperature p r o f i l e  i s  simply t r ans l a t ed  a s  a func t ion  of 
time when v o l a t i l i z a t i o n  proceeds,  t h e  co re  of t h e  p a r t i c l e  remaining cold.  
f l uence  of t he  Bio t  number B is a l s o  i n t e r e s t i n g :  i t  appears t h a t  t h e  a b l a t i o n  re- 
gime i s  more d i f f i c u l t  t o  reach  (even f o r  l a r g e  M) i f  t he  r a t e  of hea t  t r a n s f e r  a t  
t he  su r face  i s  slow (smal l  B ) .  F igu res  2 t o  4 show t h e  r educ t ion  of s i z e  o f  p a r t i -  
cles (L/Lo o r  R/Ro) as a func t ion  of reduced t i m e  8. 
gime O r =  o) ,  where L/Lo = exp(-e), t h e  decay curves tend to become s t r a i g h t  l i n e s  
i n  f r ank ly  e s t ab l i shed  a b l a t i o n  regime (M > 100, B = m ) :  

f o r  t o t a l  consumption OF a r e  repor ted  a s  a func t ion  of M i n  f i g u r e s  5 an5 6. 
r a l  i n t e r e s t i n g  remarks can  b e  made by in spec t ion  of these  f igu res :  

1200 K) 

This i s  e s p e c i a l l y  c l e a r  f o r  cons t an t  s u r f a c e  temperature (Cauchy cond i t i -  
In  t h i s  ca se ,  a comparison between curves  drawn f o r  e = 0.75 and 

Tho in- 

S t a r t i n g  from the  chemical re- 

L/Lo = I - e / e  . Times 
Seve- 

- OF inc reases  when M augments and when B diminishes (Four ie r  cond i t ion ) .  

- Curves f o r  d i f f e r e n t  shapes a r e  very  c l o s e  t o  each o t h e r  f o r  equal  va lues  

- As B + -, t h e  Four ie r  cond i t ion  tends t o  t h e  Cauchy condi t ion .  I n  ab la-  

of the  Bio t  number B. 

t i o n  regime, OF then  tends  t o  be  p ropor t iona l  t o  a. 
For A = 10 and H = 0.5. one f i n d s  approximately 

e , 2 3 &  (12) 
In  dimensional v a r i a b l e s ,  - 

This  means t h a t  t h e  t i m e  f o r  t o t a l  consumption i s  p ropor t iona l  t o  the  i n i t i a l  s i z e  
and t h a t  t he  shr inking  v e l o c i t y  i s  cons t an t  (a  c l u e  f o r  t h e  a b l a t i o n  regime).  Th i s  
a l s o  makes i t  poss ib l e  t o  determine t h e  t r u e  va lue  of the r e a c t i o n  t i m e  tR even i n  
t h e  presence  of a seve re  hea t  t r a n s f e r  con t ro l .  A va lue  f o r  t h e  th ickness  of t h e  
r e a c t i o n  zone may be  obta ined  a s  t h e  r a t i o  e = a / l u l  = a tF/Lo of t he  hea t  d i f f u s i v i -  
t y  t o  t h e  shr inking  ve loc i ty .  Then, 

e 2 3 5  ( 1 4 )  

For in s t ance ,  i f  M = 10 000, e 

on t h e  numerical va lues  of A, H and Yo s e l e c t e d  f o r  s imula t ions .  
t h a t  t he  abso lu te  va lue  of 8F depends on A b u t  t h a t  t h e  curves a r e  roughly p a r a l l e l .  
It  can  be expected t h a t  i n  a b l a t i o n  regime, t h e  & dependency s t i l l  ho lds  whatever 
t h e  va lue  of A. 

I n  a previous  paper [ 6 ] ,  a n  empi r i ca l  expres s ion  f o r  BF i n  a b l a t i o n  reaime 
and v a r i a b l e  H has  been e s t ab l i shed :  

eF 3 1.13 (H + 2.3) 

(A = I O ,  Yo = 0.25, Cauchy cond i t ion )  

However, t h i s  r e l a t i o n s h i p  should b e  checked by more c a r e f u l  numerical  s tu -  

0.03 Lo 

- Coef f i c i en t  3 i n  r e l a t i o n s h i p s  (12), (13). ( 1 4 ) ,  (15) obviously depends 
F igure  6 shows 

(16) 

d i e s .  
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3. Conclusion 

Although r e l y i n g  on v e r y  s imple assumptions,  t h e  VTP model makes i t  poss i -  
b l e  t o  e s t ima te  t h e  r a t e  of  consumption of s o l i d  p a r t i c l e s  a s  a f u n c t i o n  of physico- 
chemical parameters.  
provided, depending on t h e  va lue  of the thermal Th ie l e  Modulus M and t h e  thermal 
B io t  number B. 
l a r g e  (M, B > 100). In t h i s  regime, t h e  sh r ink ing  v e l o c i t y  i s  cons t an t  and t h e  
r e a c t i o n  takes  p l ace  only i n  a t h i n  l aye r  a t  t he  s o l i d  s u r f a c e .  Experimental  d a t a  
on wood pyro lys i s  obtained with sawdust o r  with massive rods  c o n f i m  t h e  e x i s t e n c e  
of t hese  two regimes ( see  companion paper).  T o t a l  c o s s u p t i o n  t imes est imated i n  a 
cyclone r e a c t o r  o r  d i r e c t  measurement of a b l a t i o n  v e l o c i t i e s  a r e  i n  agreement w i t h  
t h e o r e t i c a l  p r e d i c t i o n s  of che VF'T model. 

Evidence f o r  t he  e x i s t e n c e  of two v o l a t i l i z a t i o n  regimes is 

The a b l a t i o n  regime is achieved i f  both M = t T / t R  and B = hLo/X a r e  

Exam l e :  For wood p a r t i c l e s ,  A = 0.2 W IC1, cp  = 2800 J.kg-I.K-', 

I f  t R  = 7 x 10-4 s, then 

p = 500 kg.m- s , a = 1.4 x 10m7m2 s - I ,  H = 0.5 corresponds t o  AH = 1680 kJ.kg-l a t  
T* = 1200 K.. Then, t T  = L2/a = 7 x 
t i o n  regime r e q u i r e s  t h a t  VM > 100) tR < 7 x 10-4 s.  

6 .  For p a r t i c l e s  of Lo = s, t h e  abla-  

t F  E 3 t R  V 6  E 30 t R  = 21 X low3 s.  

These prel iminary r e s u l t s  have been obtained w i t h  ve ry  s imple numerical  me- 
thods which a r e  no t  b e s t  adapted t o  the  "stiff" cond i t ions  encountered i n  t h e  abla-  
t i o n  regime (M and B bo th  l a r g e ) .  Fu r the r  improvements a r e  i n  p rogres s ,  which w i l l  
make i t  poss ib l e  t o  perform more accu ra t e  s imula t ions  i n  a broader  range of va r i a -  
t i o n  of  parameters.  
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(SLAB) 

-Fig. 1 .  Interna1,temperature profiles as a function of M and B (sphere and slab), 
mainly for L/Lo % 0.5. Notice the translation of the profile in ablation regime 
(L/L, = 0.75 -+ L/Lo 0 . 5 ) .  A 10, H = 0 . 5 ,  Yo = 0.25 
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Fig. 5. Time for total consumption eF as a function of thermal Thiele modulus M. 
Various shapes and Biot numbers B (Fourier and Cauchy conditions). Notice the & 
dependency in ablation regime. A = 10, H = 0.5, Yo = 0.25. 

100000 

eF SPHERE 

Fig. 6. Time f o r  total consumption F as a function of thermal Thiele modulus M. 
Influence of activation parameter A. €I = 0.5, Yo = 0.25. 
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Nurnerical Studies o f  the Radiant Flash Pyrolysis Of Cellulose 

Virendra Kothari and Michael J .  Antal, Jr .* 
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INTRODUCTION 

When biomass pa r t i c l e s  a r e  heated very rap id ly  (>lOOO"C/s) in an oxygen f ree  
environment, they undergo pyrolysis w i t h  the formation o f  l i t t l e  or no char (1 ,Z). 
If concentrated so la r  energy is  used LO rap id ly  heat the  pa r t i c l e s  ( 3 ) ,  t h e i r  tcni- 
perature may exceed t h a t  of t he  surrounding gaseous envirorinient by several hundred 
degrees Celsius hhon pyrolysis occui-s (4,5).  This "two temperature'' e f f e c t  gives 
r i s e  t o  the formaticn o f  high y i e lds  o f  s i rups  from the pyrolyzing biomass (6-3). 
Our in te res t  in the se lec t ive  formation o f  s i rups  during the  rad ia t ive  f l a sh  pyrol- 
y s i s  of bionass caused us to  i n i t i a t e  numerical explorations of the  combined ef fec ts  
of heat and rass  t r ans fe r  011 the  r ad ia t ive  f l a s h  pyrolysis phenomena. These explor- 
a t ions  are described in this paper. 

An ea r l i e r  work ( 9 )  presented the der iva t ion  of the  general equations governing 
chemical react'lon, species,  energy, and momentum conservation, a s  wf'll as  t he  appro- 
p r i a t e  bcundary conditions,  f o r  a spherical  p a r t i c l e  o f  ce l lu lose  undergoing rapid 
pyrolysis in ar! intense rad ia t ive  f lux .  
p l i f i ed  sets 0-l' equations, which represent t h ree  a i f f e w n t  leve ls  of physjcal com- 
plexity,  and o f f e r  soiiic ins ight  in to  the  more complex prcjhlem. 

SIMPLiFIED PYROLYSIS MODELS 

and three par t ia l  d i f f e ren t i a l  equations,  as  well as the  appropriate hourdary condf- 
t ions.  
problem hy representiiig only the  e f f e c t s  of :  
heat trans:er, (2)  chemical reac t ion ,  external and internal neat t ransfer ,  and (3) 
chemical reaction, external heat t r a n s f e r  and in te rna l  mass t ransfer .  

l h e  major assumptions underlying the  Level 1 problem a r e  t h a t  the  res i s tances  
t o  heat and mass t ransfer  within the  p a r t i c l e  a r e  negl ig ib le .  
i s  assumed t o  sus ta in  no temperature o r  pressure gradients within i t .  
assume t h a t  only a s i y l e  vapor phasr? species (levoglucosan) i s  present within ti12 
pa r t i c l e ,  and \vi: neqlec'i the k ine t ic  energy o f  the  vapor a s  well as  t.he r a t e  of 
change of i t s  enthaipy r e l a t ive  t o  t h a t  3f the ce l lu lose .  Integrating over the 
volume of the pa r t i c l e ,  the energy conservation equation becomes 

The following sec t ion  discusses three  sim- 

The general pyrolysis model ( 9 )  i s  spec i f ied  by a coupled s e t  of two 0rd:nar.y 

The three " leve l"  problems discusszd .in t h i s  section simplify the  gencral 
(1 )  chemical reaction and external 

Hence the p a r t i c l e  
We a l s o  

The reaction r a t e  V z  i s  given by 

*Author t o  whom correspondence should be sen t .  
Freseiit address: UepJrt.i!ient o f  Mcitlanical Engineering 

Univxsit j!  of llawaii 
Honol ulu, Hawai i 96822 



where 

w i t h  pso,pC=O and T=Ti a t  t=o. 
transfer coef f ic ien t  T i  was assumed. 
flow of vo l t a t i l e s  generated by pyrolysis e f f ec t ive ly  reduces the  r a t e  a t  which heat 
i s  transferred from the  surrounding gaseous environment t o  the  pa r t i c l e .  
ted heat t ransfer  coef f ic ien t  h i s  re la ted  t o  the  uncorrected value h by 

In previous s tud ies ,  a constant value fo r  the heat 
As discussed i n  Reference 7 ,  the  outward bulk 

l h e  correc- 

To nondimensionalize equations 1 -4 we take a s  a reference temperature T 
the temperature a t  which the  devola t i l i za t ion  r a t e  i s  maximum. A reference t i n 6  i s  
chosen t o  be(Tp-Ti)is where 
summarizes the s ix  dimensionless parameters 01-06 which r e s b l t  from a ncndimension- 
a l iza t ion  o f  Eq. 1 .  A fu r the r  discussion of the  s ign i f icance  of these parameters 
is  given in the following section. 

"large" par t ic les  undergoing rapid heating, o r  pa r t i c l e s  w i t h  a low thermal d i f -  
fusivity.  
pyrolytic vapor-s e x i t  the p a r t i c l e  without holdup. 
energy equation becomes 

i s  a cha rac t e r i s t i c  average heating ra te .  Table 1 

The Level 2 problem accounts f o r  the existence of temperature gradients within 

The resistance to  mass t r ans fe r  i s  s t i l l  presumed t o  be negligible;  
With these assumptioils, the 

5) ( I ? ~ c ~ ~ + P ~ c ~ ~ ) % =  CH(-wS) + 1 a ( r  2 k aT)  - N L ( c  T )  
FsF "31̂  ar P 

wherein the molar f lux  of vo la t i l e s  N i s  g iven  by the  spec ies  continuity equation 
2 - _  a ( r  W N )  = bwS 1 

,2 ar 6) 

The i n i t i a l  and boundary conditions associated with E Q S .  2 ,  3, 5, and 6,  which 
specify the Level 2 problem, a re  given by 

The nondiniensionaiization of Eqs. 2 ,  3,  and 5-7 introduces 
parameters O7 and O8 given i n  Table 1. 

7)  

the two new dimensionless 

The Level 3 problem attempts t o  account f o r  t he  e f f ec t s  of inass t ransfer  or1 the  
Level 1 problem. Two major assumptions a re  made: ( 1 )  the res i s tance  to  heat trans- 
f e r  within the a r t i c l e  i s  negl ig ib le ;  hence the p a r t i c l e  i s  considered t o  be iso- 
thermal. and (27 the  mass f lux  i s  giveii by the  hydrodynamic flow expression 

B dc h'. 1 = ( - p .  ,---- 0) i 
u d r  

Equation 8 presumes viscous flaw t o  bs much g rea t e r  than t h e  d i f fus ive  flow, which 
would be the case i f  tlic perrwabili ty Bo i s  l a rge  compared t o  the  d i f fus iv i ty  of 
the  gas within the solid.  An evaluaticn of the  mass t r ans fe r  pec le t  numher pLlo 

-_ 
UD 
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f o r  t h i s  problem re su l t s  in a value exceeding 4000 (71 ,  j u s t i fy ing  assumption ( 2 ) .  
With these assumptions, t he  equation governing the  concentration of vo la t i l e s  
w i t h i n  the par t ic le  becomes 

a (E~cW) - 1 a (r  2 pW &) = bws -- 
2 %  v a r  r a t  

w i t h  p = cR T. The i n i t i a l  and boundary conditions a r e  g iven  by 
9 

t = 0 p, = pso, pc = 0, T = Ti ,c  = p / R  T o g i  

r = O  x=O , & = O  
ar ar 

ke r = R = aFI + 6 (Tf - T) + EO(T; - T4) 
ar 

N = K (C - Cm) 

where K i s  the corrected mass t r ans fe r  coe f f i c i en t  given by 

Thus the Level 3 problem i s  spec i f ied  by Eqs. 1-3 and 9-11, whose nondimensionaliza- 
t ion introduces the new parameter e The reader should note t h a t  the  
Level 3 problem i s  more mathematicaqly complex then i ts  predecessors due t o  the  
ccjuplsd boundary conditions in Eq. 10, r e f l ec t ed  in the dependence of Wand K on 
$q, anti onl, which a re  both functions of the unknown f lux  o f  vo la t i l e s  N a t  the  sur- 
face of the par t ic le .  

RESULTS 

(see  Table 1 ) .  

The coupled s e t  of ODE's and PDE's making u p  the  Level 1-3 prob'lems were solved 
us ing  the method of l i nes  (IO) as implemented i n  a modified form ( 9 )  of the algorithm 
PDEONE developed by Sincovec and Madsen (11).  
from the method of l i oes  was integrdted using the  GEARB package developed by Hind- 
marsh (12). Numerous t e s t s  were performed to  ensure the in t eg r i ty  (accuracy and 
Precision) of the  r e su l t s ,  as described i n  de t a i l  in Reference 9. 

t ion ,  and the freestream f lu id  temperature on t he  time dependent vo la t i l i za t ion  of 
the cellulose pa r t i c l e  was studied i n  a va r i e ty  o f  numerical simylations. Table 2 
catalogues values of t he  parameters se lec ted  f o r  study. Due t o  space l imi ta t ions ,  
Ofily a s sn l l  f rac t ion  of t he  r e s u l t s  wi l l  be discussed here. 
i s  referred t o  Refei*ence 9 fo r  a iiiore complete presentation. 

T h e  coupled system of ODE's obtained 

The influence of the  p a r t i c l e  diameter, t he  incident in tenz i ty  of so l a r  radic- 

The in te res ted  reader 
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, Figures 1 and 2 d,isplay the  weight loss of a p a r t i c l e  as a function of t i n e  
(as would be measured using a TGA) f o r  pa r t i c l e s  with diameters Cf 100 and 500 urn 
surrounded by steam a t  5OG"C, when exposed to  f lux  dens i t i e s  of 50, 100, 200, 400 
and 1600 Wlcn12. 
jected t o  a variety of f lux  dens i t ies  with a freestream temperature of G00"C. I t  
i s  Seen t h a t  the pyrolysis of t he  p a r t i c l e  can be considered t o  take place i n  t ~ o  
stages - a heatup stage and a devola t i l i za t ion  stage.  
par t ic le  heats u p  rapidly without a s ign i f i can t  loss of weight. As the  temperature 
of the par t ic le  increases,  the reaction r a t e  increases considerably and the  devol- 
a t i l i za t ion  stage se t s  in.  As a general trend, i t  i s  observed t h a t  t he  tilne taken 
fo r  complete devola t i l i za t ion  of the pa r t i c l e  decreases w i t h  increasing solar  f l u x ,  
increasing f lu id  temcerat.?rre and decreasing p a r t i c l e  s i ze .  However, a s  evidenced 
in Figure 3,  smaller pa r t i c l e s  subject t o  lower f lux  dens i t i e s  reach a stagnation 
temperature s l i gh t ly  above the  freestrsam temperature a f t e r  which 1 i t t l e  temper- 
a ture  change occurs unt i l  pyrolysis i s  complete. 
t i l . ization o f  the smaller pa r t i c l e s  subjec t  t o  lower f lux  dens i t i e s  in cooler 
environments t o  increase considerably. 

To calculate the values of the  dimensicnless numbers 8 -86 associated w i t h  the 
Level 1 problem, Tp and f3 must be evaluated. An estimate o$ Tp (1)  may be obtained 
u s i n g  

Figure 3 shows the temperature h i s to r i e s  o f  a 100 urn diameter s u b -  

In the heatup s tage ,  the 

This causes the  time f o r  vola- 

where the value 6 can be estimated using the following formulae f o r  the i n i t i a l  va l -  
ues of the heating r a t e  due t c  rad ia t ion  and convection 

w i t h  B = f3 + 
vola t i l i za~ion?C'This  pemnena i s  i l l u s t r a t e d  it1 Figure 4. I f  the value of 
mated above i s  reduced by 
from the exact values by l e s s  t h a n  50°C. 
par t ic les  a n d  iow f luxes ,  when a stagnation temperature i s  reached. 
the value T = Tf would be more appropriate.  

As discussed e a r l i e r ,  the  value of B decreases during heatup and 
e s t i -  

50%, values f o r  Tp estimated u s i n g  Eq. 12 usually d i f f e r  
Larger e r ro r s  a r e  encountered f o r  small 

For these  cases,  

Tables 3 and 4 present representa t ive  values of the  tiondimensional nambers 61-86 
based oti vd1r:es fo r  Tp and 6 calcuiated u s i n g  the above procedure, Increasing values 
o f  81 and 82 r e f l ec t  the decreasing ZOility of s o l a r  rad ia t ion  t o  provide both the 
sensible heat and the  endothermic heat of reaction requirements. 
behavior of 03 r e f l ec t s  e r ro r s  associdted with our method fo r  approximating the value 
o f  6 used to  ca lcu la te  T . 
par t ic le  should reach a etagnation temperature, i n  which case Pp=Tf and e4 is a r t i -  
f i c i a l l y  assigned the  value 84 = 0. 
by B and  Tp.  

a charac te r i s t ic  time tdh f o r  devola t i l i za t ion  can be estimated tising 

P 

The anomalous 

Negative values of 04 occur when T >Tf .  For  8,<-1 the 

As expected, values of e5 and 86 a r e  influenced 

If  heat t ransfer  t o  the  p a r t i c l e  d u r i n g  devo la t i l i za t ion  is r a t e  l imi t ing , ,  then 
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Similarly, a cha rac t e r i s t i c  heatup time thh can be defined based on the sens ib le  
heat requirement: 

Figures 5 and 6 display the  r e l a t ionsh ip  between the  actual values f o r  tb  any t d  
and the estimated values t h h  and t d h  using Eqs. 15  and 16 above. 
l inear  relationship between the  estimated and actual values of t h  and t 
an algorithm (using Ecjs. 15 and 16, and Figures 5 and 6)  which accuratefy estimates 
t h ,  td  and the to t a l  time tt = t;, t t .  reqiii7i.d For pyrolysis without r e so r t  t o  
iiumerical integration of the  Level 1 83E's. 

The evldent 
provides 

For a l l  of t he  cases studied in t h i s  work t h  5 t d ;  COnSeqVently chemical kinet- 
i cs  control the to t a l  time required f o r  the  pyrolysis o f  the  pa r t i c l e .  Only f o r  ex- 
tremely high heating r a t e s  does th 5 td. 

In general, 
internal conduction and convection increase the time required f o r  devola t i l i za t ion ,  
but have l i t t l e  e f f ec t  on hsatup. The increase i n  t i s  more prominent f o r  l a rge r  
par t ic les ,  and higher heating r a t e s .  The f a c t  t h a t  f h  is not depsndent on internal 
conduction and ccnvection may be understood i n  terms of the cha rac t e r i s t i c  time f o r  
conduction tc = R2/aS, which takes on values 4.17, 16.7 and 417 ms for  pa r t i c l e s  w i t h  
diameters of 50, 100 and 500 ym ( respec t ive ly) .  These values o f  tc a r e  comparable 
t o  the  heatup times t h  f o r  t h e  Level 1 problem; hence the  value of 07 i s  c lose  t o  
unity for  a l l  the cases studied. Consequently, pyrolysis does not occur a t  the  same 
time throughout the  pa r t i c l e ;  r a t h e r  the p a r t i c l e ' s  surface rapidly heats and under- 
goes pyrolysis while the ins ide  remains "cool ." 
i n  a l l  the cases studied, and t h  is  unaffected by in te rna l  conduction and convection. 

Table 5 displays values of 08 ca lcu la ted  using the approximate cha rac t e r i s t i c  
temperature T defined ear l ie r '  f o r  t h e  Level 1 problem. Values of 08 ind ica te  t h a t  
f o r  la rge  par!ic,les and higher heating r a t e s  the in te rna l  convective heat f lux  (which 
tends to cool the pa r t i c l e )  becomes comuarable in  magnitude t o  the  conductive heat 
flux. This e f f ec t  tends t o  increase td  by counteracting heat flow in to  the  pa r t i c l e  
durjng pyrolysis. Figure 8 displays the deperldence of td  (Level 2 ) / t d  (Level 1 )  vs. 
0s. The observed l i nea r  dependence permits one t o  cor rec t  the  estimated value 0-F t,, 
(obtained by methods discussed e a r l i e r  f o r  t h e  Level 1 problem) by simply evaluating 
0s and multiplying td  (Level 1)  by the  appropriate cor rec t ion  f ac to r  obtained from 
Figure 8. 

Values of 09 were estimate3 f o r  the range of parameters studied in this  work. 
In almost a l l  cases Oo > 10 ( i n  the worst case 09 = 1 ) :  consequently f o r  the cases 
studied vola t i les  do fief accumulate w i t h i n  the p a r t i c l e  and nc pressure gradients 
a r e  generated. For t h i s  reason, no attempt was made t o  solve the Level 3 prohleiii. 

CONCLUSIONS 

Figure 7 displays representa t ive  r e su l t s  f o r  the Level 2 problem. 

T h u s  pyrolysis occurs by ab la t ion  

Fcr a l l  the  cases t rea ted  i n  this work, chemical k ine t ics  control the time 
required t o  achicve devola t i l i za t ion  o f  t h e  pa r t i c l e .  Because of ab la t ion ,  the time 
required for i n t r apa r t i c l e  heat t r ans fe r  plays a l e s s  s ign i f i can t  ro le .  Mass t rans-  
f e r  liniitations were not s ign i f i can t  for any o f  the cases studied. 

td  and t t  for  many p:'obleiiis of  i n t e re s t .  
01 - 09 should enable other workcrs t o  app1.y t h e  spec i f i c  r e su l t s  of t h i s  work t o  
t h e i r  own problew. 

S.iinp!e formalae were derived which f a c i l i t a t e  rapid accgrate estimates o f  t h ,  
Evaluation of the nondiiliensional parameters 
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h 

Parameter 

01 

e2 

03 

64 

Table 1 

Dimensionless Parameters 

Expresslon Slgnlf lcance 

Table 2 

Selected Values If Parameters 
Used in the Simulations 

Particle diametei. = 50 100 and 500 UII 
Flux density = 50: 100 205, 400 and 1600 U/ca2 
Freestreaa temperature = 500' and 8r)o"C 

Table 2 

Values of dimensionless parameters 
100 p diameter. Tf = 5 O V C  

-- ~~ - 

1600 1.635 -0.0245 10.282 -0.275 0.~09 0.051 

400 2.041 -0.0273 10.651 -0.877 0.036 0.153 

200 2.583 -0.0285 11.046 -1.598 0.072 0.274 

100 3.667 -0.0510 7 7 0.144 0.144 

50 5.834 -0.0510 ? 7 O.%3 0.2113 ----- 
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Table 4 

Values o f  dimensionless paranieters 
500 11 diameter. T f  = 509°C 

-- 
e1 e2 e3 e4 e5 86 1 

jW/cm2) - 
1600 1.526 -0.0285 10.434 -0.004 0.009 0,034 

400 1 . 6 0 7  -0 .03 i8  11.372 -0.122 0.036 0.104 

200 1.715 -0.0336 11.532 -0.210 0.072 0.182 

100 1.931 -0.0354 11.451 -0.358 0.144 0.321 

50 2.363 -0.0370 11.419 -0.612 0.288 0.578 

Tf = 800°C 

I 

JW/& 

1600 

200 

50 

Table 5 

Values o f  the dimensionless parameter, e8 

Particle diameter 

100 I: a % -- 
0.252 0.531 2.78 

0.081 0.155 0.51 

0.063 0.108 0.232 

Tf = 50OOC 

PartiLle dianieter ----. 

I 
.(Ysrh 

1600 

EO0 

50 

3 !  * 
0.236 0.488 2.74 

0.108 0.185 

0.169 
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A U4"EEHBTICAL KIDEL FOR STRATIFIED WUNDBAFT GASIFIERS 

Thomas B. Reed, Benjamin Levie, a n d  Michael L. t-hrkson 
S o l a r  Energy Research I n s t i t u t e ,  Golden, CO 80401 

Michael S. Graboski 
Colorado School of Mines, Golden, CO 80401 

INTRODUCTION 

The downdraft g a s i f i e r  o r i g i n a t i n g  from World War 11 Swedish des igns  has proven t o  
be successfu l  in g e n e r a t i n g  a c l e a n  product  gas when operated in a n  a i r  blown 
mode. Such gas  producers  a r e  u s e f u l  f o r  g e n e r a t i n g  a n  e s s e n t i a l l y  t a r  f r e e  b o i l e r  
gas  or  engine f u e l  from renewable resources  such as wood and a g r i c u l t u r a l  waste. 
Recently, a new genera t ion  of s t r a t i f i e d  downdraft g a s i f i e r s  (1, 2) has  been 
s tudied .  A s u c c e s s f u l  model of t h i s  type  of g a s i f i c a t i o n  process  should be a b l e  
t o  c l e a r l y  show t h e  interdependency of opera t ing  v a r i a b l e s  i n  o r d e r  t o  optimize 
both cost  of $gasifier and performance. Such a process  model would be u s e f u l  in 
determining t h e  proper  g a s i f i c a t i o n  condi t ions  when input  condi t ions  o r  design 
pa rame t e r s  change. 

F igure  1 shows t h e  important  f e a t u r e s  of t h e  g a s i f i e r .  Biomass f u e l  and oxid izer  
a r e  fed  c o c u r r e n t l y  t o  t h e  top  of t h e  gas  genera tor  where p y r o l y s i s  of the  f u e l  
t a k e s  place. The p y r o l y s i s  r e a c t i o n  is d r i v e n  by hea t  t r a n s f e r  from t h e  gas and 
hot  char bed below. As t h e  f r e s h  s o l i d  is heated  it d r i e s  and d e v o l a t i l i z e s .  'he  
v o l a t i l e s  evolved c o n t a i n  combust ible  s p e c i e s  which r e a c t  wi th  oxygen/air  t o  
produce h e a t ,  CO, C02, H2, H 0 and l i g h t  hydrocarbons. During p y r o l y s i s ,  t h e  gas 
and s o l i d  are  a t  v a s t l y  d i f J e r e n t  temperatures  because p y r o l y s i s  cools  t h e  s o l i d  
whi le  ox ida t ion  h e a t s  t h e  gas. ( A t  t h e  end of p y r o l y s i s  t h e  gas  may be more than 
500K h o t t e r  than  t h e  s o l i d . )  In t h i s  zone of t h e  r e a c t o r ,  about  80% t o  90% o f  t h e  
solid weight loss occurs .  

Once oxygen is consumed and p y r o l y s i s  is completed, reduct ion  of char  by Cog and 
H20 can occur  in t h e  g a s i f i c a t i o n  zone. The r e a c t i o n s  occurr ing  a r e  endothermic 
so that the  &as and s o l i d  tempera tures  f a l l  a s  carbon conversion proceeds. The 
r e a c t i o n s  tend  t o  q u i t  a t  about  lOOOK due t o  k i n e t i c  l i m i t a t i o n s .  

I n  t h e  s teady-s ta te  o p e r a t i o n  of t h e  downdraft g a s i f i e r ,  a s p e c i f i c  oxygen t o  f u e l  
r a t i o  e x i s t s  f o r  a g iven  feeds tock  a n d  carbon conversion leve l .  I n  p r a c t i c e  i t  is 
found t h a t  g a s i f i e r  throughput does not a f f e c t  t h e  requi red  0 2 / f u e l  r a t i o  and the  
product  gas composition f o r  a s u f f i c i e n t l y  deep char bed. Also, i t  is found that 
t h e  u a j o r i t y  of hydrocarbons are des t royed  in t h e  p y r o l y s i s  zone. These data  
sugges t  that t h e  p y r o l y s i s  and g a s i f i c a t i o n  zones a r e  t o  a good approximation 
s e p a r a t e  and that t h e  whole char bed i n  downdraft g a s i f i e r s  is not  t r u l y  a c t i v e .  

In  t h e  char g a s i f i c a t i o n  zone t h r e e  r e a c t i o n s  dominate (neglec t ing  t h e  c racking  of 
r e s i d u a l  tars and hydrocarbon gases from t h e  p y r o l y s i s  zone):  

Boudouard React ion 
Char + C02 + 2CO A H  = +40,778 k c a l / m o l  

Water Gas React ion 
Char + H20 + CO + H2 A H  = +32,472 kca l lmol  

Water Gas S h i f t  React ion 
H20 + CO * H2 + CO2 AH = -8306 kcal/mol 
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The k i n e t i c s  and thermodynamics of these  r e a c t i o n s  determine t h e  conversion of 
char  t o  gas and t h e  subsequent g a s  composition a t  any poin t  in t h e  char 
g a s i f i c a t i o n  zone. 

In t h e  reac t ion  scheme, t h e  water-gas and Boudouard r e a c t i o n s  are coupled by the  
s h i f t  react ion.  Therefore ,  only two of these  r e a c t i o n s  can  be considered t o  be 
t r u l y  independent. The water-gas s h i f t  r e a c t i o n  is f a i r l y  r a p i d  over  carbon 
s u r f a c e s  a t  g a s i f i c a t i o n  temperatures  and is assumed t o  be in equi l ibr ium in t h i s  
inves t iga t ion .  In our  model we have assumed t h a t  Edrich e t  a l .  ( 3 )  k i n e t i c s  f o r  
the  Boudouard r e a c t i o n  over  ponderosa p ine  charcoal  a p p r o x i r a t e s  the  carbon 
reduct ion  r e a c t i o n  occurr ing  in t h e  g a s i f i e r .  Since t h e  a c t i v a t i o n  energy f o r  
carbon reduct ion by CO is about  35 kca l ,  k i n e t i c s  in e r r o r  by a f a c t o r  of 2 w i l l  
be equiva len t  t o  a 5 6 O C  o f f s e t .  This  o f f s e t  is w i t h i n  t h e  accuracy of data  
a v a i l a b l e  f o r  bed temperature .  A t  a tmospheric  pressure ,  t h i s  r e a c t i o n  sequence 
should adequately descr ibe  t h e  k i n e t i c  processes .  A t  e l e v a t e d  pressure ,  methane 
forming k i n e t i c s  should probably be considered.  For char p a r t i c l e s  with minor 
dimensions up t o  3 / 4  inch ,  Edrich e t  a l .  ( 3 )  a l s o  show that i n t r a p a r t i c l e  mss 
t r a n s f e r  is not important .  Therefore ,  t h e  same r a t e  express ion  f o r  char  
g a s i f i c a t i o n  a p p l i e s  r e g a r d l e s s  of p a r t i c l e  s i z e  ( i f  less than  3 / 4  inch) .  

The reac tor  design condi t ions  which a f f e c t  t h e  char g a s i f i c a t i o n  zone Inc lude  
i n i t i a l  condi t ions ,  such as char and gas temperatures ,  flow rate and composition 
of t h e  incoming gas ,  and g a s i f i e r  parameters ,  such a s  char  g a s i f i c a t i o n  k i n e t i c s ,  
c ross -sec t iona l  area of r e a c t o r ,  h e a t  t r a n s f e r  from t h e  gas  t o  t h e  s o l i d s ,  and t h e  
dens i ty  and void f r a c t i o n  of t h e  char. An adequate  model mst account  f o r  changes 
in these  i n i t i a l  condi t ions  and parameters. 

To d a t e  t h e  most e x t e n s i v e  model l ing of t h e  char  zone of t h e  s t r a t i f i e d  downdraft 
g a s i f i e r  has been developed by Reed (1). Reed's model of the char  g a s i f i c a t i o n  
zone assumes equal  molar feed  r a t e s  of C02 and carbon (char) .  'his zone is 
assumed t o  be a d i a b a t i c ,  y i e l d i n g  a change in temperature  of about  24'K per  1% of 
r e a c t i o n  of carbon. Coupling t h e  temperature  change t o  t h e  k i n e t i c s  of t h e  
Boudouard r e a c t i o n  then  y i e l d s  t h e  conversion of carbon and temperature  of t h e  
r e a c t i o n  versus  time and p o s i t i o n  (depending on feed  r a t e ) .  ?he model g ives  a 
good f i r s t  approximation of t h e  gasifier behavior lead ing  the  way towards t h e  use  
of theory f o r  p r a c t i c a l  p red ic t ions .  

W)DEL FORWIATION 

The o v e r a l l  g a s i f i e r  model c o n s i s t s  of two p a r t s ;  t h e s e  a r e  a p y r o l y s i s  model and  
a g a s i f i c a t i o n  model. The p y r o l y s i s  model is used t o  provide a s t a r t i n g  gas  
composition, flow r a t e ,  and temperature  f o r  t h e  c h a r  g a s i f i c a t i o n  zone. To 
i n i t i a t e  t h e  modelling, t h e  a i r / f u e l  o r  O ~ / f u e l  r a t i o ,  feed  u l t i m a t e  and proximate 
a n a l y s i s  and a methane leakage from t h e  g a s i f i e r  a r e  spec i f ied .  'he model 
genera tes  pyro lys i s  gas composition and temperature  a l o n g  with carbon conversion 
gas composition and  temperature  a l o n g  t h e  char  bed length .  

Pyrolysis Model 

Biomass is assumed t o  be a r t i f i c i a l l y  composed of f i x e d  carbon (char )  and v o l a t i l e  
mtter.  Upon pyro lys is ,  f o r  b i o m s s  under downdraft g a s i f i e r  condi t ions ,  t h e  char  
y i e l d  is assumed t o  be equal  t o  t h a t  from the  proximate y ie ld .  The char  is 
t r e a t e d  a s  pure carbon. With t h e  s p e c i f i c a t i o n  of a n  a i r  o r  0 2 / f u e l  r a t i o  and 
feed  composition, a n  a d i a b a t i c  r e a c t i o n  c a l c u l a t i o n  around t h e  pyro lys i s  zone w i l l  
y i e l d  temperature ,  gas composition and flow r a t e .  It i s  f u r t h e r  assumed t h a t  any 
methane escaping p y r o l y s i s  is not cracked in t h e  c h a r  bed. Therefore ,  t h e  w s s  
and energy balance around t h e  p y r o l y s i s  zone a l l o w s  f o r  t h e  methane leakage 
s p e c i f i e d  as  a model input .  
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In order  t o  c a l c u l a t e  t h e  a d i a b a t i c  flame temperature  of t h e  p y r o l y s i s  gas ,  when 
i t  is oxid ized  by t h e  a i r  or oxygen, f i r s t  t h e  energy r e l e a s e d  by t h e  combustion 
is determined. 

AH298 = HHv - AHcombustion 

where AHzg8 is t h e  energy r e l e a s e d  from t h e  p y r o l y s i s  and  p a r t i a l  combustion 
assuming N2, CO, C02, H2, H20, CH4, and char a r e  t h e  only products ,  HHV is t h e  
h igh  hea t ing  value of t h e  b i o m s s  ( c a l c u l a t e d  by t h e  ITG method), a n d  AHc mbustio 
is t h e  sum of t h e  moles of t h e  products  of p y r o l y s i s  times t h e i r  %eats 04 
combustion. In t h e  model p r e d i c t i o n s  presented  below, a t y p i c a l  biomss 
composition of 51 percent  carbon, 6 percent  hydrogen and 45 percent  oxygen by 
weight was assumed f o r  t h e  mter ia l  b h r . c e  c a l c u l a t i o n .  

Tie a d i a b a t i c  flame temperature  can  t h e n  be determined by t h e  fo l lowing  equat ion 

In t h i s  model a n  i n t e g r a l  average  v a l u e  of Cpi f o r  each of t h e  gas  c o n s t i t u e n t s  is 
u t i l i z e d .  The c a l c u l a t e d  a d i a b a t i c  flame temperature  is then  used t o  determine 
t h e  c o r r e c t  Kp and gas composi t ion i n  a second i t e r a t i o n .  Since the  flame 
temperature  v a r i e s  l i t t l e  wi th  changes i n  K , only two i t e r a t i o n s  are  necessary 
f o r  a c c u r a t e  gas  composi t ion and  a d i a b a e i c  flame temperature  pred ic t ions .  
Specifying t h e  amount of f i x e d  carbon y ie lded  from t h e  b i o m s s  and t h e  oxygen t o  
f u e l  r a t i o  g i v e s  a unique gas composi t ion and temperature. 

Char G a s i f i c a t i o n  Model 

The char g a s i f i c a t i o n  model descr ibed  below assumes that t h e  char g a s i f i c a t i o n  
zone is a d i a b a t i c  and,  as  in t h e  p y r o l y s i s  zone, t h e  water gas s h i f t  r e a c t i o n  is 
a t  equi l ibr ium. Char g a s i f i c a t i o n  k i n e t i c s  a r e  employed t o  compute t h e  
convers ion/ length  p r o f i l e .  H e a t  balances on t h e  gas and s o l i d  a r e  used t o  
determine temperature  p r o f i l e s .  Material balances w r i t t e n  f o r  gas  and char i n  t h e  
r e a c t o r  assume plug flow; however, t h e  g a s  and char  move a t  d i f f e r e n t  r a t e s  down 
t h e  reac tor .  The fractional convers ion  of t h e  char, X,  is defined as  fol lows:  

where h (0) = molar flow r a t e  of carbon a t  top  of g a s i f i c a t i o n  zone, and 
molar how r a t e  of carbon a t  p o s i t i o n  "z" in t h e  g a s i f i c a t i o n  zone. 
mass balance is then:  

h ( z )  = 
T~G? carbon 

where X is the  f r a c t i o n a l  conversion of t h e  char ,  z is t h e  d i s t a n c e  down t h e  
r e a c t o r ,  re is t h e  r a t e  of conversion of in moles char/min, S is t h e  c r o s s  
s e c t i o n a l  a r e a  of t h e  r e a c t o r ,  and h (0) is t h e  char feed  rate in moles 
char/min. 

For t h e  Boudouard r e a c t i o n :  

l h e  rate is computed from k i n e t 5 c  data .  

( k l  * PC02)/(1 + k2 * PCO) 

k l  = exp(-E1/RT + 12.3091) 

k2  = exp(-Ep/RT - 28.4295) 
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where rc , i s  in u n i t s  of l/min, E 1  = 43870 - 19811/Tp (pre t rea tment )  cal/mol, E2 = 
-67,300 cal/mol and PCO and PC02 are p a r t i a l  p ressures  of CO and CO2 
respec t ive ly .  The pre t rea tment  temperature  is t h e  temperature  a t  which t h e  
b i o m s s  is pyrolyzed. In t h i s  model i t  is assumed t o  be 1000K. For t h e  purpose 
of t h i s  model, t h e  bed voidage and particle s i z e  a r e  assumed cons tan t .  S h i f t  
k i n e t i c s  a r e  assumed t o  be rap id .  Thus, t h e  gas  composi t ion is brought  t o  a water 
gas  s h i f t  equi l ibr ium a t  each p o s i t i o n  in t h e  reac tor .  To account  f o r  k i n e t i c s  
t h e  equi l ibr ium c o n s t a n t  is disp laced  from t h e  gas  temperature  by 50'C. 

The energy balance inc ludes  i n d i v i d u a l  equat ions f o r  t h e  char, and one f o r  t h e  gas 
phase. In t h e  gas  phase: 

where m is t h e  mss f low rate of t h e  gas ,  cp is t h e  h e a t  c a p a c i t y  of t h e  gas ,  T 
is t h e  gas  temperature ,  h is t h e  h e a t  t r a n s f e k  c o e f f i c i e n t  between t h e  gas and t h g  
char ,  A is t h e  s u r f a c e  a r e a  p e r  gram char ,  T is t h e  char temperature. P is t h e  
char  d e i s i t y  and  E is t h e  void f r a c t i o n  in t h e  bed. 

For t h e  s o l i d  D h a s e  

where X i s  t h e  conversion of char, HB is t h e  h e a t  of r e a c t i o n  f o r  t h e  Boudouard, Y 
is t h e  conversion of s t e a m  t o  hydrogen, and HwGs is t h e  h e a t  of r e a c t i o n  f o r  t h e  
water gas s h i f t  reac t ion .  The mss and energy balances are  coupled and so lved  
using a Runge Kutta  i n t e g r a t i o n  r o u t i n e  in a n  i n t e r a c t i v e  mode. 

The model r e s u l t s  a r e  very dependent on i n i t i a l  c o n d i t i o n s ,  i n c l u d i n g  t h e  i n p u t  
from t h e  p y r o l y s i s  model c a l c u l a t i o n s  of temperature  and composition of the  gas. 
lhe average temperature  of t h e  s o l i d  is not  known e x a c t l y  but is assumed t o  be 
somewhere between t h e  flame temperature  and t h e  p y r o l y s i s  f r o n t  temperature. The 
s o l i d  temperature  is not  cri t ical ,  s i n c e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  is l a r g e  
and t h e  h e a t  c a p a c i t y  of t h e  s o l i d  phase is small r e l a t i v e  t o  t h e  gas  phase. 

The h e a t  t r a n s f e r  c o e f f i c i e n t  in t h e  energy balance has been c a l c u l a t e d  by a n  
empir ica l  c o r r e l a t i o n  of S a t t e r f i e l d  (4)  f o r  f i x e d  bed r e a c t o r s .  The model needs 
t h e  area t o  volume r a t i o  of t h e  feeds tock  t o  c a l c u l a t e  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  h, and t h e  p a r t i c l e  a r e a  t o  weight r a t i o ,  

AP' 

KXPERMENTAL DATA 

To compare t h e  p r e d i c t i o n  of t h e  model with exper imenta l  g a s i f i e r  r e s u l t s ,  a 
quar tz  tube g a s i f i e r  54 mm o u t e r  diameter ,  shown in Fig. 2, was employed. A type 
K 1/16-in. thermocouple was used f o r  temperature  measurement through t h e  p y r o l y s i s  
and g a s i f i c a t i o n  zones. A 1/16-in. 304 SS tube was placed  d i r e c t l y  a longs ide  t h e  
thermocouple, through which gas samples were pul led.  A 10 cc syr inge  (+ needle)  
was used t o  evacuate  t h e  tube  and  t o  t a k e  t h e  sample. Gas a n a l y s i s  was done with 
a Carle # l l l H  gas chrouatograph,  with a hydrogen t r a n s f e r  tube  and a t e n  f t  
Carbosieve column. I n t e g r a t i o n  of a n a l y s i s  was performed wi th  a Varian I CDS111 
i n t e g r a t o r .  

Two samples were taken  f o r  each l e v e l  measured. Once a s teady  s ta te  condi ton in 
t h e  gasifier was achieved ,  t h e  probes were i n s e r t e d  t o  t h e  s p e c i f i e d  l e v e l  a n d  t h e  
gas sampling temperature  record ing  procedure begun. The probes were then moved a t  
2 c m  i n t e r v a l s  up through t h e  bed u n t i l  t h e  temperature  read below g a s i f i c a t i o n  
p y r o l y s i s  temperatures  (100OC). The time i n t e r v a l  in between each sample was 
approximately 1 minute. 
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Rl3SULTS 

Table 1 p r e s e n t s  r e s u l t s  of t h e  p y r o l y s i s  m a t e r i a l  and energy balance model. The 
a d i a b a t i c  flame tempera tures  of t h e  p y r o l y s i s  products ,  assuming f r a c t i o n s  of 
f i x e d  carbon from 0.05 t o  0.20 when burned w i t h  var ious  r a t i o s  of 0 / f u e l  has  been 
ca lcu la ted .  The model a l so  y i e l d s  t h e  gas composition a t  t h e  end o t  p y r o l y s i s  f o r  
each f i x e d  carbon and  0 2 / f u e l  r a t i o .  Zhe gas  temperature  a n d  composi t ion is then 
i n p u t  i n t o  t h e  g a s i f i c a t i o n  model. For p r e d i c t i o n s  of t h e  l a b o r a t o r y  data ,  t h e  
f i x e d  carbon is assumed t o  be 15% and t h e  0 / f u e l  r a t i o  is se t  a t  0.45. For t h e  
oxygen runs t h e  0 2 / f u e l  r a t i o  is assumed t o  be 0.40. The r e s u l t s  presented  y i e l d  
varying char l o s s  through t h e  g r a t e .  An a l t e r n a t e  c a l c u l a t i o n  is t o  i t e r a t e  on 
t h e  a i r / f u e l  r a t i o  t o  consume a s p e c i f i e d  m o u n t  of f i x e d  carbon. 

0.45 

0.50 

%ble 1. P y r o l y s i s  & d e l  C a l c u l a t i o n s  

Feed Gas 02/Fuel  F r a c t i o n  Fixed Carbon Adiabatic Temperature (K) 
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0.15 955 

0.20 1146 
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0.15 1104 

(02) (888) 
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(1490) 

(1775) 
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(1504) 

(1785) 

(2061) 

(2330) 

0.20 1282 

0.05 897 

0.10 1067 

0.15 1236 

0.20 1403 

Figure  3 shows t h e  model p r e d i c t i o n s  of t h e  char  and gas  phase temperature  
p r o f i l e s  through t h e  g a s i f i c t i o n  zone f o r  a i r  g a s i f i c a t i o n .  The s o l i d  phase is 
represented  by t h e  s o l i d  l i n e ,  t h e  gaseous phase is represented  by t h e  dot ted  l i n e  
and the  experimental  data  are represented  by stars. Excel len t  agreement with t h e  
data is observed throughout  t h e  c h a r  g a s i f i c a t i o n  zone, wi th  t h e  except ion of t h e  
data point  a t  the g r a t e .  This discrepancy is caused by h e a t  l o s s  (conduct ion a n d  
r a d i a t i o n )  a t  t h e  g r a t e ,  r e s u l t i n g  in lower temperature  measurements than 
expected. In a r e a c t o r  wi th  a l a y e r  of ceramic balls above t h e  g r a t e  i t  would be 
expected that heat  l o s s  would not  be important .  

F igure  4 shows p r e d i c t i o n s  and exper imenta l  data  of t h e  CO/CO2 r a t i o  down t h e  
r e a c t o r .  The agreement between model p r e d i c t i o n s  and experimental  da ta  is good 
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confirmation of t h e  model. Since no a d j u s t a b l e  parameters  were i n p u t  into t h e  
model t o  make t h e  temperature  p r o f i l e  and CO/C02 r a t i o  p r e d i c t i o n s ,  t h e  model 
a p p e a r s  successfu l  a t  s imula t ing  l a b o r a t o r y  condi t ions .  

The e f f e c t  of varying throughput on char  conversion is shown in Fig. 5. In t h i s  
f i g u r e ,  the  r e s u l t  of i n p u t t i n g  into t h e  model t e n  t imes normal, normal, and one 
t e n t h  normal a i r  thorughput i s  i l l u s t r a t e d .  Quant i ta t ively,  a f t e r  t h e  s o l i d  a n d  
gas have come t o  t h e  same temperature ,  t h e  conversion of char  f o r  a given d i s t a n c e  
is l i n e a r l y  dependent on t h e  throughtput .  Although a n  i n c r e a s e  in throughput  
increases  the hea t  t r a n s f e r  from t h e  gas t o  t h e  s o l i d ,  the  n e t  e f f e c t  on char 
conversion,  a s  y ie lded  by model c a l c u l a t i o n s ,  is t h e  same char conversion f o r  
equiva len t  res idence t i m e s ,  r e g a r d l e s s  of throughput. I n c r e a s i n g  t h e  s u r f a c e  
area/volume r a t i o  f o r  t h e  feeds tock  a l s o  i n c r e a s e s  h e a t  t r a n s f e r  from gas t o  c h a r ,  
but  aga in  no s i g n i f i c a n t  d i f f e r e n c e  in conversion occurs  f o r  var ious  r a t i o s ,  a f t e r  
t h e  gas and s o l i d  temperatures  approach t h e  same point .  

F igure  5 a l s o  shows the  char  conversion f o r  a throughput c o n s i s t i n g  of oxygen 
ins tead  of a i r .  An i n t e r e s t i n g  outcome from us ing  oxygen in t h e  model 
c a l c u l a t i o n s  i s  that t h e  temperature  of the char  only rises about  50K above t h e  
peak temperature of t h e  a i r  g a s i f i c a t i o n  case ,  as  depic ted  in Fig. 6. 'Ihis is in 
s p i t e  of t h e  i n i t i a l  gas temperature  of t h e  oxygen run  of 1750K, compared t o  1400K 
f o r  the a i r  case. S imi la r  r e s u l t s  have been observed in t h e  labora tory  f o r  t h e  
oxygen g a s i f i e r .  The reason f o r  t h i s  phenomenon is t h e  buf fer ing  e f f e c t  of t h e  
endothermic g a s i f i c a t i o n  r e a c t i o n s  which i n c r e a s e  t h e i r  r a t e s  a t  h igher  
temperatures ,  thus  conver t ing  g r e a t e r  amounts of s e n s i b l e  hea t  t o  chemical 
energy. The end r e s u l t  then i s  not higher  temperatures  in t h e  r e a c t o r  but h i g h e r  
conversion of t h e  char  in t h e  g a s i f i c a t i o n  zone. 

CONCLUSIONS 

A pyro lys is  model has  been developed which y i e l d s  gas temperature  a n d  
composition f o r  both a i r  and oxygen g a s i f i c a t i o n .  The r e s u l t s  of t h i s  model 
a r e  then input  i n t o  a s e p a r a t e  char g a s i f i c a t i o n  model. 

A char  g a s i f i c a t i o n  model has been developed which u t i l i z e s  no a d j u s t a b l e  
parameters t o  p r e d i c t  des ign  parameters  and g a s i f i e r  process  condi tons.  

The two models y i e l d  realist ic temperature  p r o f i l e s  of t h e  s o l i d  and gas 
phases down t h e  reac tor .  

The CO/CO2 r a t i o  pred ic ted  a g r e e  w e l l  wi th  labora tory  data. 

'Ihe model shows a n  e s s e n t i a l l y  linear c o r r e l a t i o n  between throughput and char 
conversion f o r  a given r e a c t o r  length. 

The model p r e d i c t s  equiva len t  conversions of c h a r  f o r  var ious  s u r f a c e  t o  
volume r a t i o s  of t h e  same feedstock.  

The model demonstrates  t h e  b u f f e r i n g  e f f e c t  of t h e  endothermic g a s i f i c a t i o n  
reac t ions  in keeping down t h e  char  temerpature  in a n  oxygen g a s i f i e r .  

P r e d i c t i o n s  compare very wel l  with l a b o r a t o r y  data. 

RECOMMENDATIONS ' 

A model should be incorpora ted  t o  g ive  t h e  res idence  time and i n t e g r a l  
average  temperature  of the  char  a f t e r  pyro lys i s .  This a d d i t i o n  would a l low 
determinat ions of t h e  a p p r o p r i a t e  r e a c t o r  length  f o r  complete g a s i f i c a t i o n ,  
and remove t h e  e s t i m t i o n  of i n i t i a l  p a r t i c l e  temperature in t h e  char 
g a s i f i c a t i o n  zone. 
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(2)  Experimental data shold  be taken  wi th  var ious  g a s i f i e r  condi t ions  and designs 
t o  check mode1 p r e d i c t i o n s  and  assumptions. 
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Figure 1. S t r a t i f i e d  Downdraft Gasifier. 
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