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We hypothesize t h a t  dur ing py ro l ys i s  o f  l . j n i t e s ,  the pr imary evo lu t ion  o f  gas occurs 
from l i g n i n - r e l a t e d  residues i n  the coal. 
have been t h e o r e t i c a l l y  modelled by a se t  o f  thermal ly-al lowed p e r i c y c l i c  reac t ions  t h a t  
respec t ive ly  l ead  t o  each o f  methane, carbon monoxide, carbon d iox ide ,  and water products 
from substrates containing l i g n o i d  moiet ies.  
can be exper imental ly examined by py ro l  s i s  o f  a ser ies  o f  methoxy-benzfdes, e.g., 

an iso le  M e O a  , guaiacol M e O a ,  
Experiments over the temperature range 200-500 C i n  batch tubing-bomb reac tors  equipped 
f o r  gas and l i q u i d  product analyses showed t h a t  guaiacol was appreciably more reac t i ve  
than anisole,  f r a c t i o n a l  conversions o f  these substrates a t  420 C and 120 s being res- 
pec t i ve l y  0.083 and 0.0022. 
guaicol disappearance as we l l  as i n  methane gas appearance and y ie lded Arrhenius para- 
meters ( logl0A s-1, E* kcal/mol) = (11.5, 45.8). 
t h a t  methane release from guaiacyl mo ie t ies  occurs by a concerted molecular group- 
t rans fe r  reac t ion .  

L i k e l y  pathways f o r  t h i s  primary gas release 

The model pathways f o r  methane formation 

and iso-eugenol MeO-& . d 

The former py ro l ys i s  was e s s e n t i a l l y  f i r s t  o rder  both i n  

These data accord w i t h  the  hypothesis 
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INTRODUCTION 

Slagging f ixed-bed gasification o f  low-rank coals i s  being investigated a t  the  
Grand Forks Energy Technology Center. I n  support  o f  environmental and waste 
treatment studies, research i s  underway t o  determine the effect of process 
parameters on ef f luent product ion and composition. 

The GFETC gasi f ier  i s  a I ton/hour, p i lot  p lan t  unit. The coal feed moves 
slowly down a shaft  and is  reacted w i th  an oxygen-steam mixture injected through 
fou r  tuyeres into t h e  hearth.  The  produc t  gas ex i ts  t he  gasifier a t  t he  top o f  the 
shaft. Operating parameters tha t  may v a r y  from test  t o  test  are pressure, 100 to  
400 psig; oxygen/ steam molar ratio, 0.9 to  1.1; and oxygen feed rate, 4000 t o  
6000 scfh. Detailed information on the  GFETC p i lo t  p lant  studies has been 
published previously (1-3). 

Tar, oils, water vapor and coal particles are removed from the exi t ing raw 
gas stream in a spray  washer. The l iquids tha t  accumulate in t h e  spray washer 
are sampled periodically. A recent publication (4) describes spray washer 
sampling procedures. Samples considered in th is  repo r t  were collected at  the  end 
o f  t he  test. 

An inherent problem in the  analysis o f  ef f luents from coal conversion 
processes is the complexity o f  the  mixtures. Several schemes have been suggested 
for t h e  analysis and environmental assessment of coal gasification effluents. The 
methodology defined by the  EPA-I ERL/RTP Procedure Manual: Level 1 Environ- 
mental Assessment (5) was applied t o  the  analysis of spraywasher samples. 
Effluent samples produced by gasification o f  th ree  coals a t  a range of conditions 
were used fo r  th is  s tudy .  

EXP E R I MENTAL 

Figure 1 i s  the  flow diagram of the  separations and analyses performed on the  ta r  
and l iquor samples. 

Simulated dist i l lat ion was obtained by FID gas chromatography using 3% 
OV-17, 1/8" x 4' ss columns. The  temperature was programmed from 50 t o  3OOOC 
a t  1O0/m in .  ASTM standard D2887 was used to  establish boi l ing po in t  ranges. 
The extracted organics were separated using gradient elution liquid chromato- 
g raphy .  Silica gel adsorbent was used. Table 1 shows the  solvent sequence fo r  
t he  procedure. 
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FIGURE 1. Apalytical Flow Diagram for  Spraywasher T a r  and Liquor 
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TABLE 1. Solvent Series fo r  

Fraction 
1 

LC Separations 

Solvent Composition 
Pentane 
20% methylene chloride in pentane 
50% methylene chloride in pentane 
Methylene chloride 
5% methanol in methylene chloride 
20% methanol in methylene chlor ide 
50% methanol in methylene chlor ide 
Methanol 

Instruments used in th i s  s tudy  were an AEI MS-30* mass spectrometer, 
Perkin-Elmer 240 elemental analyzer, Leco su l fu r  analyzer, Varian 2400 gas 
chromatograph, and Perkin-Elmer 283 in f ra red  spectrophotometer. 

RESULTS 

End-of-run t a r  and l iquor samples produced from f i ve  gasification tests were 
obtained f o r  th is  s tudy .  The summary o f  coals and operating parameters fo r  these 
tests is shown in Table 2. 

TABLE 2. Summary of Coals and Operating Parameters 

Operating Oxygen Feed 
Pressure Rate Oxygen-Steam 

Run No. Coal/Rank (psig) (scfh) Molar Ratio 

RA-40 Indian Head Ligni te 200 4000 1 .o 
RA-52 Indian Head Ligni te 300 6000 1 .o 
RA-37 Indian Head Ligni te 400 6000 1 .o 
RA-45 Rosebud Subbituminous 200 4000 1.1 
RA-58 Gascoyne Ligni te 300 6000 1.1 

The as-received t a r  contained 28 t o  35% extractable organic material, 0.4 to  
2.0% solids (entrained coal particles) and 63 t o  71% water. The gas chromato- 
graphic analysis o f  t h e  organic extracts i s  shown in Table 3. 

TABLE 3. GC Analysis o f  Organics Extracted from T a r  

Range BP(0C) % o f  Ex t rac t  
RA-40 RA-52 RA-37 RA-45 RA-58 

90 t o  110 0.4 0.1 0 0 1.5 
110 to  140 0.8 0.2 0.1 0 2.4 
140 to  160 0.1 0.6 0.2 0.2 3.3 
160 to  180 1.1 0.6 0.3 0.8 6.8 

2.5 0.8 0.6 1.4 5.0 
200 to  220 10.0 11.6 11.8 7.3 20.0 si, > 220 85.1 86.1 87.0 90.3 61 .O 

* Identif ication of specific brands o r  models i s  done t o  facil i tate understanding 
and does no t  const i tute o r  imply endorsement by the  Department o f  Energy. 
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I 

The distr ibut ion o f  compound classes in the  liquid chromatography separations 
was determined b y  low voltage mass spectrometry and confirmed by infrared 
spectroscopy. Fraction I consists o f  paraf f ins and olefins, mostly branched. 
Fractions 2 and 3 consist pr imari ly o f  naphthalene, C1 and C2 naphthalenes, and 
C1 biphenyl  o r  C1 acenaphthene. Fractions 4 and 5 consist p r imar i l y  of C1 
acenaphthylene o r  C1 fluorene, phenanthrene, anthracene, C1 and C phenan- 
threne, C and C anthracene, fluoranthene, pyrene, and C pyrene. &actions 6 
and 7 corlsist pdmar i l y  of C napthols, 
carbazole, C2, C , and C pyhdines, phenol, and Ca, C 2 ,  and C3 p6enols. No 
specific assignmet?ts were Aade t o  the  compounds in fr ction 8 The resul ts of the  
liquid chromatography separations of the organics extracted from the  t a r  are shown 
in Table 4. 

andC3 indoles, naphthol, k1 and C 

TABLE 4. LC Analysis o f  Organics Extracted from Tar  

Fraction( s) % o f  Ex t rac t  
RA-40 RA-52 RA-37 RA-45 RA-58 

1 10.3 11.4 9.0 12.0 13.0 
2,3,4 32.3 29.9 27.8 33.9 41 .O 
5,6,7 51.8 57.4 61.7 48.6 45.3 

8 5.6 1.3 1.5 5.5 0.7 

Liquor 

Runs RA-40, RA-45, and RA-58 l iquor yielded from 1200 to  2050 ppm solvent 
extractable organics. It i s  unl ikely tha t  the  majority o f  organics were extracted 
since the  total organic carbon f o r  these l iquors ranges from 6550 t o  7800 ppm. 
The gas chromatography analysis o f  the  extracted organics i s  shown in Table 5. 

TABLE 5. GC Analysis o f  Organics Extracted from Liquor 

Range BP(0C) % o f  Ex t rac t  
RA-40 RA-45 RA-58 

90 t o  110 0 0 0.4 
110 t o  140 0 0 0.7 
140 to  160 0 0 1.3 
160 to  180 0 0 2.5 

0.1 0 3.2 
200 to  220 16.1 11.5 7.8 

83.9 88.5 84.0 

The l iquid chromatography separations o f  t he  organic ex t rac t  were no t  useful 
in def in ing specific classes o f  compounds. There  was a considerable amount of 
over lap in the  compounds found in fractions 5 th rough 8. These fract ions consist 
pr imari ly o f  C4 and C benzenes, C1 and C pyr id ines, C2 and C phenols, 
quinolines, naphthols, 5phenanthrene, anthracege, binaphthyl ,  and t%iophenes. 
These assignments were made by mass spectrometry and in f ra red  spectroscopy. 
The l iquid chromatography analysis o f  t he  extracted organics i s  shown in Table 6. 
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TABLE 6. LC Analysis of Organics Extracted from Liquor 

Fraction(s) % o f  Extract  
RA-40 RA-45 RA-58 

1 0 0 1.6 
2,3,4 0 . 4  0 .4  8 . 3  
5,6,7 80.8 89.2 83.0 

8 18.8 10.2 7.1 

Tar  Solids 

The solids were found t o  contain a h igher  percentage o f  mineral matter than 
the original coal feed. The  relative proport ion o f  n i t rogen and su l fu r  was also 
higher in the solids. For RA-45, the  coal feed contained 0.85% nit rogen and 1.81% 
su l fu r ;  the  solids contained 3.32% nit rogen and 2.42% su l fu r .  Table 7 shows t h e  
ultimate analyses o f  t h e  ta r  solids and the feed coals. 

TABLE 7. Comparison of Ta r  Solids w i th  Feed Coal 

RA-40 RA-45 RA-58 
feed ta r  feed ta r  feed ta r  
coal solids coal solids coal solids 

Ultimate Analysis*, p c t  
C 64.42 65.34 64.23 58.99 62.14 63.05 
H 4.35 4.11 4.31 1.49 4.39 3.05 
N 0.85 3.32 1.01 1.46 0.84 1.21 
S 1.81 2.42 2.05 3.59 1.42 1.74 
O(by d i f f )  18.23 13.77 13.06 0.66 18.06 10.22 

Ash 10.34 11.04 15.34 33.81 13.15 20.73 

*moisture-free basis 

DISCUSSION 

Tar  Characterization 

The variation observed in the  amount o f  organic material extracted from the 
t a r  phase is  consistent w i th  experimental e r ro r  in sampling. The procedure fo r  
obtaining ta r  samples has been described previously (4).  The phase separation of 
t a r  from l iquor depends on operator judgement in observing the  interface between 
two dark ly  colored phases. Ta r  extract ion data f o r  runs  40, 45, and 58 shows a 
re lat ive standard deviation o f  6.01% for  t he  amount of water. Three other runs  
made with Indian Head l igni te a t  200 ps i  and 4000 scfh oxygen ra te  showed a 
relat ive standard deviation of 6.47% f o r  water content. Thus  the  var iat ion between 
Samples of d i f fe ren t  coals tested a t  d i f fe ren t  gasification conditions is nearly 
identical t o  t h a t  fo r  replicate runs  w i th  the  same coal. 

The boi l ing po in t  d is t r ibu t ion  o f  the  t a r  ex t rac t  shows d is t inc t  differences 
when comparing ta rs  obtained from d i f fe ren t  coals gasified under same conditions. 
For example, a comparison of Rosebud and Indian Head gasified a t  200 psi  shows 
t h e  t a r  from Indian Head to  be comprised o f  more lower boil ing materials. The 
cumulative boil ing po in t  d is t r ibu t ion  shows tha t  46% of  Indian Head t a r  has disti l led 
b y  254'C and 87% by 343O, while the  comparable f igures f o r  Rosebud ta r  are 34% 
and 76%. Of these two coals, Indian Head contains the greater amount o f  volatile 
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matter on an maf basis. A similar ef fect  was observed f o r  ta rs  f rom gasification o f  
Gascoyne and Indian Head lignites a t  300 psi: Gascoyne contains a greater amount 
of volati le matter and produces more low boi l ing compounds in the  ta r .  

A comparison o f  t he  boil ing po in t  d istr ibut ions o f  ta rs  produced from 
gasification o f  Indian Head l igni te a t  d i f fe ren t  pressures shows tha t  t h e  effect of 
increasing gasification pressure is  to sh i f t  t he  boil ing point  d is t r ibu t ion  downward. 
For example, t h e  temperatures a t  which 75% of  the  t a r  has dist i l led d rop  from 
316OC for  t a r  produced a t  200 psi, to  287' f o r  300 psi, and t o  271' for  t a r  
produced a t  400 psi. The fract ion corresponding t o  phenol (180-2OO0C) decreases 
w i th  increasing gasification pressure, as shown previously (7) f o r  a high- 
pressure, low-temperature carbonization process in the  SFBG. 

The  amounts o f  t he  f ract ions obtained in t h e  l iquid chromatographic 
separations of the t a r  were correlated w i th  gasification conditions and coal 
composition. The treatment used followed the  fractional factor ia l  analysis 
procedures given by Lipson and Sheth (8). Since the  absolute numerical values o f  
the factors va ry  over  several o rders  o f  magnitude -from thousands o f  scfm f o r  
oxygen feed rates t o  one or  two percentage un i ts  f o r  coal n i t rogen and su l fu r  - 
comparisons were made on the  basis o f  percentage changes in each factor.  

The  amounts o f  fractions 1 (paraf f ins and olefins), 2-4 (aromatics), and 5-7 
(polar compounds) depend most heavi ly on the  maf carbon content o f  t he  coals. 
Both the  paraffins and olefins and the  aromatics show a d i rec t  correlation wi th maf 
carbon, while t h e  polar compounds v a r y  inversely.  These resul ts demonstrate tha t  
as more carbon is added to  the  molecular framework o f  the  coal proport ionately 
fewer oxygen or  ni t rogen functional groups wil l be  present; hence as the  coal 
undergoes pyrolysis o r  hydrocracking in the  carbonization zone o f  t he  SFBG (9) 
re lat ively fewer polar species wil l be formed. Correlation of the  amounts of one 
LC fract ion vs. another show tha t  t he  paraf f ins and olefins are d i rec t l y  propor-  
tional to  the  aromatics, b u t  t ha t  both the  paraf f in-olef in and the  aromatic fractions 
va ry  inversely wi th t h e  polar f ract ion.  

When the effect of maf carbon content in the  coal i s  removed statistically (81, 
no other factors were found t o  influence the  amount of t he  paraf f in-olef in fraction. 
The amount of the aromatic fraction, corrected fo r  the  ef fect  of carbon, shows a 
d i rec t  correlation w i th  the  amount o f  hydrogen in t h e  produc t  gas. A recent 
publication (IO) descr ib ing the  detailed mass spectroscopic analysis o f  SFBG tars  
also demonstrated such a correlation f o r  the  concentrations o f  many of t he  aromatic 
compounds. The amount o f  the  polar f ract ion showed no other correlations above 
the  80% confidence limit. 

W i t h  respect t o  the  amount o f  t he  v e r y  polar f ract ion ( f ract ion 8) no factors 
were found to  display bo th  a large slope and greater than 80% confidence 
correlation. 

L iquor Characterization 

The  amount o f  organic material extractable f rom t h e  l iquor accounted f o r  on ly  
18 to  28% of the total organic carbon content o f  the  samples. The  amount o f  
extractable material shows an inverse correlation w i th  the  maf oxygen content of 
the  coal. As t h e  oxygen content o f  the  coal increases, more compounds with polar 
functional groups should appear in the  organic effluents; these compounds should 
dissolve in the l iquor and in turn be resistant to  extract ion in to  relat ively non- 
polar solvents. The  amount o f  extractable organic material when added t o  the  
"phenols" as determined by gas chromatographic analysis of f i l te red  l iquor (11) 
agrees well with t h e  total organic carbon content. For example; in the  l iquor  
produced dur ing  gasification of Rosebud coal, phenols accounted f o r  75.9% o f  t h e  
TOC and the  extractable organics, 28.3%. 
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The boi l ing po in t  d istr ibut ions o f  l iquor organic extracts from gasification of 
Indian Head (RA-40), Rosebud, and Gascoyne are similar. The most appreciable 
difference is  t h a t  t h e  ex t rac t  from l iquor produced in gasification o f  Gascoyne 
l igni te is t he  only one of t h e  th ree  samples containing material boi l ing below 196OC. 
The l iquid chromatographic separation of the ex t rac t  f rom Gascoyne l iquor was the 
on ly  one showing material in the  paraf f in-olef in and aromatic fractions. 

A correlation o f  the  amounts of f ract ions in the  l iquid chromatographic 
separations w i th  gasification conditions and coal composition was performed in the 
same manner as f o r  t h e  t a r  extracts.  On ly  t h e  polar and polar fractions were 
considered, and only t h e  th ree  samples from runs  40, 45, and 58 were used. 

The major factor af fect ing the amount o f  both f ract ions is the  maf carbon 
content o f  the  coal. The  polar f ract ion correlates d i rec t l y  w i th  maf carbon; the 
v e r y  polar f ract ion thus  shows an inverse correlation, since these two fractions 
account f o r  90 t o  99% o f  the  total material in the  l iquor o r  organic extract .  

Solids Characterization 

A comparison o f  t h e  ultimate analysis of solids recovered from the  t a r  samples 
w i th  tha t  o f  the  respect ive coals shows tha t  in al l  cases the  t a r  solids contain 
greater amounts o f  n i t rogen and su l fu r  than the  coals. Since these solids are coal 
particles which d id  n o t  descend th rough the  ent i re SFBG shaft  to  the  gasification/ 
combustion zone th i s  f i nd ing  suggests tha t  compounds o f  carbon, hydrogen, and 
oxygen are more easily formed in the  carbonization zone whereas ni t rogen and 
su l fu r  linkages are more resistant to  cleavage o r  reaction. 

The ash in the  solids recovered from t a r  from Indian Head gasification shows 
an enrichment on sodium, magnesium, sul fur ,  and i ron  when compared w i th  the ash 
o f  t h e  feed coal. As-yet unpubl ished work on the  volatization of ash components 
in t h e  SFBG gasification/combustion zone has shown tha t  sodium, magnesium, and 
su l fu r  are the  most volati le o f  t he  ash components. 

In the  case o f  bo th  l ignites, the  mole f ract ions o f  t he  pr incipal  basic oxides 
essentially balance those o f  t he  silica and su l fu r  t r ioxide. The inorganic solids are 
therefore a mix tu re  o f  alkali and alkaline ear th  silicates and sulfates. The ash 
from the solids recovered from Rosebud t a r  does no t  display such a balance. A 
petrographic classification b y  the  Niggl i  method (12) shows tha t  f ree quar tz  should 
be present, suggest ing t h a t  t he  inorganic solids in th i s  case are a mixture of 
alkali and alkaline ea r th  sulfates w i th  quar tz  part ic les.  

CONCLUSIONS 

The carbon content o f  t he  coal p lays the  most predominant role in determining 
the  relative amounts of compound types  in the  organic extracts from ta r  and 
l iquor.  A n  increase in maf carbon wil l increase t h e  percentage o f  paraf f ins and 
olefins and aromatics in the  t a r  and wil l increase the  percentage o f  polar 
compounds in t h e  l i quo r  extract .  The polar f ract ion in the  t a r  ex t rac t  decreases 
as maf carbon in the  coal increases. The  oxygen content of the  coal correlates 
inversely w i th  the  amount o f  organic material extractable f rom t h e  l iquor.  Since 
the  carbon content o f  t he  coal i s  of g rea t  importance in determining the  molecular 
framework, and since the  oxygen is the  major cont r ibu tor  t o  heteroatomic 
functional groups, these resul ts show tha t  the  e f f luen t  composition is dependent 
upon the molecular s t ruc tu re  of t he  coal. Other coal-specific characteristics o f  the 
SFBG effluents include the  volat i l i ty  of the t a r  and t h e  nature o f  the  inorganic 
materials ex i t ing  the  gasi f ier  in t h e  raw gas. 
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Research on the  development of detailed relationships between coal Composition 
o r  s t ruc tu re  and ef f luent composition is  continuing. The resul ts of t h i s  s tudy  
indicate the  desirabi l i ty  o f  test ing a wide var ie ty  o f  coals in the  SFBG t o  augment 
the  data base on  ef f luent characteristics. 
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CATALYSIS OF LIGNITE CHAR GASIFICATION BY VARIOUS 
EXCHANGED CATIONS -- DEPENDENCE OF ACTIVITY ON REACTIVE ATMOSPHERE 

* 
P. L. Walker, Jr., 0. P. Mahajan and M. Komatsu 

Department of Mater ia l s  Science and Engineer ing 
The Pennsylvania  S t a t e  Univers i ty  

Univers i ty  Park ,  PA 16802 

INTRODUCTION 

We have previous ly  r e p o r t e d  r e a c t i v i t i e s  o f  a v a s t  spectrum of coal-derived 
c h a r s  i n  air (l), C02 ( 2 ) ,  s team (3) and H2  (4). I n  o x i d i z i n g  atmospheres, char  
r e a c t i v i t y  decreases  wi th  i n c r e a s e  i n  t h e  rank of t h e  p a r e n t  c o a l .  I n  c o n t r a s t ,  
char  r e a c t i v i t y  i n  H2 shows l i t t l e  dependence on rank  of t h e  c o a l  precursor .  

Because of t h e  l a r g e  r e s e r v e s  of  l i g n i t e s  and subbituminous c o a l s  i n  t h e  
United S t a t e s ,  they  are p o t e n t i a l l y  o f  importance i n  c o a l  conversion processes .  
These coa ls  c o n t a i n  s i g n i f i c a n t  amounts of carboxyl ic  a c i d  groups,  where a f r a c t i o n  
of  t h e  H+ i o n s  have been exchanged by d i f f e r e n t  c a t i o n s  such a s  Na+, K+, and Ca*, 
as a r e s u l t  o f  extended c o n t a c t  with ground water  conta in ing  d i f f e r e n t  salts .  The 
h igher  r e a c t i v i t y  of l i g n i t e  and sub-bituminous c o a l  c h a r s  i n  o x i d i z i n g  atmospheres 
i s  thought to be due, a t  l e a s t  i n  p a r t ,  t o  t h e  presence of exchangeable metal 
ca t ions .  Therefore ,  i t  i s  d e s i r a b l e  to  s t u d y  t h e  p o s s i b l e  c a t a l y t i c  e f f e c t  of  
d i f f e r e n t  exchangeable  c a t i o n s  p r e s e n t  on t h e  s u r f a c e s  of  t h e s e  coa ls  on subsequent 
c h a r  r e a c t i v i t y  i n  d i f f e r e n t  atmospheres. This  paper d e s c r i b e s  t h e  r e s u l t s  of such 
a s tudy.  

EXPERIMENTAL 

Char Preparat ion.  A Darco (Texas) l i g n i t e  (28x48 mesh) was demineral ized by 
b o i l i n g  wi th  10% H C 1  and subsequent ly  wi th  a 50-50 mixture  o f  50% HF-10% HC1. The 
carboxyl conten t  of t h e  demineral ized c o a l  was 2.4 mmoles/g. S c h a f e r ' s  method was 
used to  e f f e c t  cation-exchange ( 5 ) .  Demineralized (Dem) l i g n i t e  was contac ted  with 
0.10 molar s o l u t i o n s  of sodium a c e t a t e ,  potassium a c e t a t e ,  calcium a c e t a t e ,  mag- 
nesium a c e t a t e  and f e r r i c  n i t r a t e .  Approximately 0 . 3  m o l e s  of c a t i o n  per  gram of 
c o a l  were exchanged from t h e  var ious  s o l u t i o n s  i n  24 h r .  Ten l e v e l s  of exchangeable 
calcium i o n s  i n  t h e  range  0.10 t o  2.14 mmoles/g of coa l  were introduced by con- 
t a c t i n g  t h e  Dem c o a l  wi th  calcium a c e t a t e  s o l u t i o n s  varying i n  concent ra t ion  from 
0.04 to  2.0 molar f o r  24 h r .  

Raw, Dem and cation-exchanged samples were carbonized i n  N 2  i n  a f l u i d i z e d  
bed. In each c a s e ,  t h e  sample w a s  heated up t o  800'C a t  a r a t e  of 10"C/min. Soak 
t i m e  a t  800'C was 2 h r .  

R e a c t i v i t y  Measurements 

R e a c t i v i t i e s  of v a r i o u s  char  samples were measured i n  air (1 atm, 390°C), 
COP ( 1  atm, 760°C), s team (1 atm, 650"C), H2 (1 a t m ,  790°C), 50% CO-50% H 
( t o t a l  p r e s s u r e  1 a t m ,  79OoC), N2-H20 mixture  (790°C), H2-H20 mixture  (796"C), 
H2-N2-H20 mixture  (790°C) and CO-HZ-H~O mixture  (790'C). The p a r t i a l  p r e s s u r e  of 
w a t e r  vapor i n  t h e  last  f o u r  mixtures  ( t o t a l  p r e s s u r e  1 atm) w a s  12 .8  t o r r .  This 
pressure  was  genera ted  by bubbl ing t h e  gas  through deaera ted  d i s t i l l e d  water 
thermostated at 15OC. 

mixture 

* 
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R e a c t i v i t y  measurements i n  1 a t m  steam were c a r r i e d  out  i n  a f l u i d  bed reac tor .  
Weight l o s s e s  occurr ing  dur ing  g a s i f i c a t i o n  i n  t h e  o t h e r  atmospheres s t u d i e d  were 
monitored using a DuPont 951 TGA system i n  conjunct ion  wi th  a 990 Thermal Analyzer. 
Details of t h e  experimental  procedures  f o r  r e a c t i v i t y  measurements have been 
descr ibed  elsewhere (6 ) .  

i 
I n  t h e  t e x t ,  r e a c t i v i t y  parameter ,  R ,  h a s  been def ined  as: 

i 1 dW 
Wo d t  

R = - - . -  

I where Wo is t h e  i n i t i a l  char  weight (daf )  and dW/dt is t h e  maximum r e c t i l i n e a r  
weight l o s s  rate. 

RESULTS AND DISCUSSION 

Burn-off versus  time p l o t s  f o r  v a r i o u s  char  samples r e a c t e d  i n  air  a r e  shown 
i n  F igure  1. 
has  prev ious ly  been a t t r i b u t e d  t o  t h e  loss of c a t a l y t i c  inorganic  matter upon 
deminera l iza t ion  (6) .  
produced from r a w ,  Dem and cation-exchanged samples: 

The D e m  char  i s  s i g n i f i c a n t l y  less r e a c t i v e  than  the  raw char .  This  
I 

The fol lowing o r d e r  of  r e a c t i v i t i e s  i s  observed f o r  c h a r s  

N a  > K > Ca > Raw > Fe > Mg > D e m  

These r e s u l t s  c l e a r l y  show t h a t  t h e  replacement  of  s u r f a c e  H+ i o n s  of  carboxyl ic  
a c i d  groups present  on t h e  s u r f a c e  of Dem l i g n i t e  by m e t a l  c a t i o n s  i n c r e a s e s  t h e  
r e a c t i v i t y  of t h e  chars  produced, bu t  t h e  e x t e n t  of t h e  i n c r e a s e  is markedly 
dependent upon t h e  n a t u r e  of t h e  ca t ion .  
produced from t h e  r a w  l i g n i t e  compared t o  t h e  i r o n  and magnesium conta in ing  c h a r s  
i s  thought t o  be  due t o  t h e  presence of c a t a l y t i c a l l y  a c t i v e  calcium i o n s  i n  t h e  
raw l i g n i t e .  

The h igher  r e a c t i v i t y  of t h e  char  

The fo l lowing  o r d e r  of r e a c t i v i t i e s  f o r  var ious  c h a r  samples w a s  observed 
f o r  t h e  r e a c t i o n  i n  COz:  

N a  > K - Ca > R a w  > Fe ? Dem > Mg 

and i n  steam: 

K > Ca > Na > Fe > Raw > Mg > D e m  

Even though t h e  C-02, C-C02 and C-HZO r e a c t i o n s  a l l  involve  a n  in te rmedia te  oxygen 
t r a n s f e r  s t e p  followed by a g a s i f i c a t i o n  s t e p ,  t h e  o r d e r  of r e a c t i v i t i e s  of c h a r s  
produced from d i f f e r e n t  cation-exchanged samples is n o t  t h e  same i n  t h e  t h r e e  
atmospheres. This  shows t h e  h igh  s p e c i f i c i t y  of d i f f e r e n t  c a t a l y t i c  s p e c i e s .  

For t h e  var ious  calcium conta in ing  chars ,  t h e  r e a c t i v i t y  parameter  i n  air ,  
CO2 and steam increased  l i n e a r l y  wi th  i n c r e a s e  i n  t h e  amount of calcium p r e s e n t  i n  
t h e  char .  Furthermore, normalized r e a c t i v i t i e s  of t h e s e  chars  i n  t h e  t h r e e  
oxid iz ing  atmospheres w e r e  e s s e n t i a l l y  t h e  same. 

Burn-off p l o t s  f o r  var ious  char  samples i n  H2 are shown i n  F igure  2 .  The 
order  of r e a c t i v i t i e s  of  v a r i o u s  samples i n  H2 is markedly d i f f e r e n t  from t h a t  
observed i n  t h e  t h r e e  o x i d i z i n g  atmospheres. Below 45% burn-off ,  sodium is t h e  
most e f f e c t i v e  hydrogas i f ica t ion  c a t a l y s t ;  whereas a t  h igher  burn-offs  i r o n  i s  a 
b e t t e r  c a t a l y s t .  
e x c e l l e n t  ox ida t ion  c a t a l y s t s ,  chars  conta in ing  t h e s e  s p e c i e s  are much less  
r e a c t i v e  i n  H2 than t h e  r a w  char .  

It i s  noteworthy t h a t  even though calcium and potassium a r e  

In f a c t ,  f o r  t h e  var ious  calcium-containing 
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samples r e a c t i v i t y  i n  H2 decreased  monotonical ly  wi th  i n c r e a s e  i n  calcium loading. 

Two extreme c a s e s  of t h e  e f f e c t  of H2 a d d i t i o n  to steam on char  r e a c t i v i t y  a r e  
i l l u s t r a t e d  by t h e  p l o t s  i n  F igures  3 and 4. A t  one extreme, f o r  t h e  raw char  
(Figure 3), which h a s  ca lc ium a s  t h e  major inorganic  impur i ty ,  g a s i f i c a t i o n  is more 
r a p i d  i n  w e t  N2 than  i n  w e t  H2. 
i r o n  exchanged sample has a h igher  r e a c t i v i t y  i n  wet H2 than i n  wet N2 (Figure 4).  
It i s  known t h a t  i n  t h e  e lementa l  form i r o n  i s  a good oxida t ion  c a t a l y s t  but  i n  the  
oxide form i t  is  a poor c a t a l y s t  (7).  In t h e  p r e s e n t  s tudy,  when t h e  
i ron-conta in ing  c h a r  i s  r e a c t e d  wi th  wet Hg. t h e  percentage of H2 i n  t h e  mixture  is 
s u f f i c i e n t  t o  keep i r o n  i n  t h e  reduced s t a t e .  

A t  t h e  o t h e r  extreme, t h e  char  produced from the  

I n  t h e  CO-H2 mix ture ,  c h a r s  produced from raw and N a ,  K ,  C a  and Mg exchanged 
However, i n  t h e  CO-H2-H20 mixture  small samples showed l i t t l e  o r  no weight  loss. 

but  f i n i t e  g a s i f i c a t i o n  r a t e s  w e r e  observed and t h e  o r d e r  of r e a c t i v i t y  f o r  
var ious  samples w a s  : 

Fe > Na > K > Ca > Raw > Mg 

Resul t s  f o r  t h e  i ron-conta in ing  char  were unique (Figure 5) .  
mixture ,  t h e  g a s i f i c a t i o n  r a t e  i s  s i g n i f i c a n t l y  lower than i n  N2-H20 or N2-H2-H20 
mixtures .  F u r t h e r ,  i n  t h e  dry CO-H2 mixture ,  a f t e r  a s l i g h t  i n i t i a l  weight l o s s ,  
t h e r e  is a r a p i d  cont inuous i n c r e a s e  i n  weight. This  i n c r e a s e  i s  a t t r i b u t e d  t o  t h e  
d i s p r o p o r t i o n a t i o n  of CO: 

I n  t h e  CO-H2-H20 

2 co -f co2 + c 

For t h i s  r e a c t i o n ,  i r o n  is an e x c e l l e n t  c a t a l y s t  bu t  i s  gradual ly  deac t iva ted  due 
t o  t h e  formation of  cement i te  (8).  In t h i s  s tudy ,  t h e  amount of H2 i n  t h e  CO-H2 
mixture  i s  s u f f i c i e n t  t o  keep i r o n  i n  t h e  c a t a l y t i c a l l y  a c t i v e  form, t h a t  i s  a s  
e lemental  i r o n .  Even though i r o n  i s  an e x c e l l e n t  c a t a l y s t  f o r  t h e  C-H r e a c t i o n  
(71, i t  appears  t h a t  i n  t h e  presence of CO t h e  weight i n c r e a s e  due t o  a i spropor-  
t i o n a t i o n  of CO o f f s e t s  any weight  loss due t o  hydrogas i f ica t ion .  
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CATALYTIC GASIFICATION OF LIGNITE CHARS 

S.P. Nandi and J.L. Johnson 

Institute of Gas Technology 
3424 S. State St. 

Chicago, Illinois 60616 

INTRODUCTION 

In a previous study (l), the kinetics of the gasification of chars derived 
from coals ranging from anthracite to lignite were determined in different gas- 
ification media. The relative reactivity factor decreased systematically with in- 
creasing carbon content in the parent coal. 
by decreasing surface areas and by decreasing specific surface reactivities of the 
chars. The correlations developed, however, do not generally apply to the lignite 
chars because of catalytic effects of exchangeable cations, particularly sodium and 
calcium, which are associated with the carboxyl groups of the lignites. Therefore, 
a systematic investigation was conducted to obtain detailed data describing the 
gasification characteristics of Montana and North Dakota lignite chars with partic- 
ular emphasis given to determining the effect of sodium and calcium inheren& or 
added by base exchange on the gasification rate. 
because these are the predominant exchangeable cations present in Montana and 
North Dakota lignites. 

The overall decrease is caused both 

Calcium and sodium were chosen 

APPARATUS AND EXPERIMENTAL PROCEDURE 

A high-pressure thermobalance was used in this work to obtain reaction rates. 
The main feature of this apparatus is that the weight of a small fixed-bed sample 
of char (approximately 0.5 gram) contained in a wire riesh basket can be continuous- 
ly measured as it undergoes gasification in a desired environment at constant tem- 
perature and pressure. In all of the tests conducted, chars in -2M.40 USS sieve 
size particles were used, and gas flow rates in the reactor were maintained at suf- 
ficiently high values to result in negligible gas conversion. The weight loss ver- 
sus time characteristics obtained during individual tests were used to calculate 
the base carbon conversion fraction (1). 

The proximate and ultimate analyses of the lignite samples are shown in Table 
1. The acid-washed lignites were prepared from the original lignites by treatment 
with 1N HC1 at room temperature followed by washing with distilled water until the 
effluents were chloride free. 
The acid-washed lignites were treated, in turn, with solutions of sodium or calcium 
acetate, and a number of lignite samples of varying concentrations of base exchanged 
sodium and calcium were prepared. 
lignites, together with the concentration of sodium and calcium, is given in Table 
2 .  Chars were prepared from samples by devolatilization in nitrogen (1 atmosphere) 
for 30 minutes at temperatures from 1400" to 170O0F. For these samples, devolatil- 
ization was essentially complete at the lowest temperature used, and the concentra- 
tion of sodium and/or calcium for chars from the same starting lignite was assumed 
to.be the same at different char preparation temperatures. 

Gasification of the chars was conducted at the char preparation temperatures 

The wet samples were dried at 60°C under vacuum. 

The nomenclature of the original and treated 

with hydrogen and equimolar steam-hydrogen mixtures at pressures ranging from 
14.6 to 69.0 atmospheres. With one sample (G), gasification was conducted in syn- 
thesis gas mixtures. 
Table 3. 

The compositions of the synthesis gas mixtures are shown in 
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Table 1. ANALYSES OF LIGNITES 

Proximate Analysis  Ultimate Analysis 

Sample - - c -  H - o -  N -  s -  Ash 
-t % d r y  w t  % dry- 

Montana, Raw 43.6 51.3 5.1 65.13 4.13 24.20 0.89 

Montana, 
Acid Washed 46.9 52.1 1 .0  68.60 4.42 24.57 0.90 

North Dakota, 
Raw 43.7 49.6 6.7 62.90 4.27 24.09 0.97 

North Dakota, 
Acid Washed 45.8 52.5 1 . 7  67.70 4.33 24.38 1.00 

No. 

1. 
2 .  
3. 
4 .  
5.  

- 

6. 
7. 
8. 
9. 

10. 

Table 2. NOKENCLATURE OF THE SAMPLES AND THEIR SODIUM 
AND CALCIUM CONTENT 

Sample 

Montana, Acid Washed 
Montana, Ca-Ex. 1 
Montana, Ca-Ex. 2 
Montana, Raw 
Montana, Na+Ca-Ex 
Montana, Na-Ex. 1 
Montana, Na-Ex. 2 
North Dakota, Raw 
North Dakota, Acid Washed 
North Dakota, Ca-Ex 

Name 

A 
B 
C 
D 
E 
F 
G 
N 
0 
P 

__ 

Syn-Gas 1 
Syn-Gas 2 
Syn-Gas 3 

0.57 5.08 

0.58 1.00 

1.10 6.67 

0.90 1.69 

Concentration, g-atoms/g-acorn base 

N a  - C a  N a  + Ca 
carbon 

- 

0.00000 
0.00000 
0.00000 
0.00164 
0.01098 
0.00274 
0.01955 
0.00329 
0.00000 
0.00000 

0.00000 
0.00139 
0.00972 
0.01364 
0.00505 
0.00000 
0.00000 
0.00758 
0.00000 
0.01326 

Table 3. COMPOSITION OF SYNTHESIS GAS MIXTURES 

0.00000 
0.00139 
0.00972 
0.01528 
0.01603 
0.00274 
0.01955 
0.01087 
0.00000 
0.01326 

- HZ - H2° co - c02 CHq 
v01-T 

47.5 40.4 6.0 
43.6 35.3 11.8 
36.8 29.3 19.3 

3.6 2.5 
8 .2  1.1 

11.3 3 .3  
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RESULTS AND DISCUSSION 

Gas i f ica t ion  i n  Hydrogen 

I n i t i a l  g a s i f i c a t i o n  tests i n  hydrogen were conducted with Montana and North 
Dakota chars  obtained from acid- t reated l i g n i t e s  t o  provide a b a s i s  f o r  determining 
g a s i f i c a t i o n  k i n e t i c s  i n  the  absence of exchangeable ca t ions .  
shown i n  Figures  1 and 2. The r e s u l t s  show t h a t ,  a t  a given temperature, g a s i f i c a -  
t i o n  r a t e s  increased s i g n i f i c a n t l y  with increas ing  hydrogen pressure.  

creasing temperature. 
which tends t o  be independent of temperature and pressure ,  occurred during the  hea t -  
up period of char (which takes  about 1 to 2 minutes a f t e r  lowering the  sample t o  t h e  
reac t ion  zone). It was hypothesized t h a t  Montana chars  conta in  t w o  types of car-. 
bon - Type I, which g a s i f i e s  very rap id ly  during t h e  heat-up per iod,  and Type, 11, 
which i s  subsequently gas i f ied .  
ind ica ted .  

Typical r e s u l t s  are 

Simi la r ly ,  
I a t  a constant  hydrogen pressure ,  g a s i f i c a t i o n  r a t e s  increase  s i g n i f i c a n t l y  with in-  

For Montana char ,  a carbon conversion of approximately 0.09, 

For North Dakota chars ,  only Type I1 carbon was 

I n  previous s t u d i e s  (2) with bituminous coa l  chars ,  g a s i f i c a t i o n  k i n e t i c s  i n  
hydrogen was described by t h e  expression - 

where - 

X = base carbon f r a c t i o n  

t = time, min 

-1 = r a t e  constant  f o r  re ference  char (f = l ) ,  min . 
L 

The r a t e  constant w a s  determined by t h e  equat ion - 

P2,, exp (2.674 - 24,609/T) 
"2 

= 1 + PH exp (-10.452 + 19.976/T) 
2 

where - 
f = r e l a t i v e  r e a c t i v i t y  f a c t o r  

T = temperature, OR 

P = hydrogen p a r t i a l  pressure,  atm. 

L 

HZ 
Figure 3 shows the  -ln(l-X) versus  keac t ion  t i m e  p l o t s  f o r  t h e  experimental 

Also included i n  r e s u l t s  of g a s i f i c a t i o n  i n  hydrogen f o r  Montana l i g n i t e  chars .  
t h e  f i g u r e  i s  the  ca lcu la ted  base carbon conversion f r a c t i o n  f o r  t h e  re ference  b i -  
timinous coa l  char (char from preoxidized P i t t s b u r g  No. 8 seam c o a l ) .  The experi-  
mental base carbon conversion da ta  f o r  Montana l i g n i t e  a r e  nonl inear  when p l o t t e d  
according t o  Equation 1. The curve f o r  t h e  char from Raw Montana s t a r t s  with a 
high i n i t i a l  s lope;  however, the  value of t h e  s lope decreases  wi th  t h e  increase  of 
X and, a t  high value of X, becomes lower than t h a t  f o r  t h e  re ference  bituminous 
char .  
t h e  ex ten t  of nonl inear i ty  i s  diminished but  not e n t i r e l y  removed. 

Upon removal of exchangeable c a t i o n s ,  the r e a c t i v i t y  of char  decreases  and 
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To take  i n t o  account t h e  c h a r a c t e r i s t i c s  of l i g n i t e  char g a s i f i c a t i o n  mention- 
ed above, it has been assumed t h a t  t h e r e  a r e  two t r a n s i e n t  reac t ions  i n  addi t ion  t o  
t h e  low-rate g a s i f i c a t i o n  reac t ions  t h a t  determine the r a t e  of l i g n i t e  char g a s i f i -  
cat ion.  The f i r s t  t r a n s i e n t  reac t ion  i s  assumed t o  be catalyzed by some s t r u c t u r a l  
component present  i n  l i g n i t e  char ,  and t h e  second t r a n s i e n t  reac t ion  i s  assumed t o  
be catalyzed by t h e  exchangeable c a t i o n s  present  i n  l i g n i t e .  
t h a t  the low-rate g a s i f i c a t i o n  of l i g n i t e  char is k i n e t i c a l l y  s i m i l a r  t o  the  low- 
r a t e  g a s i f i c a t i o n  occurr ing  i n  bituminous coa l  char. 

It is a l s o  assumed 

The following r e a c t i o n  model was proposed: The Montana l i g n i t e  char is com- 
posed of two types of carbon. 
(Type 1 )  is g a s i f i e d  very r a p i d l y  t o  methane during t h e  heat-up per iod (1 t o  2 
minutes i n  thermobalance t e s t s ) .  The remaining carbon (Type 2)  g a s i f i e s  by three  
possible  pa ths ,  as i n d i c a t e d  below: 

In  t h e  presence of hydrogen, a f r a c t i o n  of carbon 

3a) 
KZ C (Type 2) + H2 n* * CH (Reaction I )  4 

CH4 (Reaction 111) 3c) 
f L  T ~ 

C (Type 2) + H2 

Reaction 111 is assumed t o  be similar t o  t h e  reac t ion  path followed by bitum- 
inous coal. char  (low-rate g a s i f i c a t i o n ) .  
f i n e d  (2 ) .  
g a s i f i c a t i o n .  
char .  For Reac- 
t i o n  11, n** i s  a metal ,  ca ta lys t -conta in ing  complex t h a t  ca ta lyzes  t h i s  reac t ion .  
S i m i l a r  t o  Reaction I, it w a s  assumed t h a t  n** a l s o  deac t iva tes  by a f i r s t - o r d e r  
process. 

The parameters f L  and have been de- 
Reaction I corresponds t o  a path i n  which some e n t i t y ,  n*, ca ta lyzes  

It is  a l s o  assumed t h a t  n* .deac t iva tes  by a f i r s t - o r d e r  process .  

% 
The e n t i t y  n* i s  assumed t o  be a s t r u c t u r a l  component present  i n  

With t h e  above assumptions, the  following r a t e  expression r e s u l t s -  

The d i f f e r e n t  parameters  of Equation 4 were evaluated from experimental data .  
For chars from both l i g n i t e s  - 

K,* = I€,** = 5.74 exp (-9770/T) 5) 

P a r t i c u l a r  e v a l u a t i o n s  f o r  chars  from Montana l i g n i t e  a r e  t h e  following: 

f = 0.70 L 
X* = 0.086 

KYCn** = (380CNa + 32Cca) 

where C 
carbon.Na 

and CCa are concentrat ions 

f L  % 6 )  

of sodium and calcium, g-atomlg-atom base 
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1 

Equation 4 was used with the evaluation given above to calculate the base car- 
bon conversion for the chars from Raw Montana lignite. In Figure 4, the solid 
line represents the calculated values of X. 
the line closely except for the first 5 minutes of reaction time. 
was obtained for the other char samples. 

The experimental points shown follow 
A similar match 

Particular evaluations for chars from North Dakota lignite are the following: 

fL = 0.85 

x* = 0.0 

The evaluation of the term KP*CZ,,, in terms o f  catalyst concentration show 
that, for both lignites, sodium was a better catalyst than calcium for hydrogasifi- 
cation. This observation can also he verified by choosing the time for 50% (T ) 
carbon conversion as a rate parameter. 
bon conversion is a measure of reaction rate even for a reaction which is not 
first-order (3). The.To 
tained from Montana ligni e. 
or only calcium are shown in Figure 5,'plotted against the concentration of Na or 
Ca. 
calcium is a poor catalyst for hydrogasification. 

The time to reach a certain fraction oP*zar- 

values are presented in Table 4 for different chars ob- 
The 1/$ values of the chars containing only sodium 

It is clear that The values for the acid-washed lignite chars are also shown. 

Table,4. TIME FOR 50% BASE CARBON CONVERSION OF MONTANA CHARS 

Sample 

A 
A 
A 
A 
B 
B 
C 
C 
D 
D 
E 
E 
E 
E 
F 
F 
G 
G 

Reaction 
Temperature,'F 

1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 

1 Hydrogen To. 5, min 
Pressure, atm (time for X=0.5) ~0.5, rain-' 

35 
35 
69 
69 
35 
35 
35 
35 
35 
35 
35 
35 
69 
69 
35 
35 
35 
35 
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100.0 
39.0 
44.0 

105.0 
34.0 
100.0 
31.0 

26.5 

19.0 
11.8 
4.5 

23.5 
20.5 
9.0 

18.5 

78.0 

48.5 

68.0 

0.0100 
0.0256 
0.0227 
0.0540 
0.0095 
0.0294 
0.0100 
0.0322 
0.0128 
0.0377 
0.0206 
0.0526 
0.0847 
0.2222 
0.0147 
0.0425 

0.1111 
0.0488 



Gasi f ica t ion  i n  E q u i m o l a r  Steam-Hydrogen Mixtures: 

Gas i f ica t ion  i n  equimolar steam-hydrogen mixtores w a s  conducted with d i f f e r e n t  
char  samples a t  temperatures  of  1500" t o  1700'F and a t  pressures  of 14.6 to  69.0 
atmospheres. 
acid-washed North Dakota l i g n i t e  i s  shown i n  Figure 6. The r a t e  of g a s i f i c a t i o n  
increased with t h e  i n c r e a s e  of t o t a l  pressure.  
cause a t  higher  t o t a l  p ressure ,  t he  p a r t i a l  p ressure  of hydrogen w i l l  be higher; 
t h a t  a lone  could enhance t h e  ra te  of g a s i f i c a t i o n ,  even i f  t h e  rate w a s  independent 
of steam p a r t i a l  p ressure .  In c o n t r a s t ,  i t  w a s  observed t h a t ,  f o r  samples contain- 
i ng  Na o r  C a ,  t h e  g a s i f i c a t i o n  rate i n  t h i s  medium was independent of t o t a l  pres- 
su re .  
t h i s  contex t ,  Vadovic and Eakman (4) have shown t h a t  f o r  steam g a s i f i c a t i o n  of chars  
catalyzed by potassium, t h e  rate was independent of steam p a r t i a l  pressure.  
r e s u l t s  of t h e  c u r r e n t  i n v e s t i g a t i o n  i n d i c a t e  t h a t ,  f o r  chars  containing Na o r  Ca 
as c a t a l y s t ,  t h e  g a s i f i c a t i o n  r a t e  is cont ro l led  by t h e  steam-carbon r eac t ion ,  even 
though t h e  g a s i f i c a t i o n  medium conta ins  50% hydrogen. For a l l  of t h e  char  samples, 
t h e  r a t e  of g a s i f i c a t i o n  i n  equimolar steam-hydrogen mixtures increased with tem- 
perature .  Typical  g a s i f i c a t i o n  da ta  f o r  chars  containing d i f f e r e n t  amounts of 
c a t a l y s t  are shown i n  Figure 8. 

The e f f e c t  of t o t a l  pressure  on g a s i f i c a t i o n  f o r  char ,  obtained from 

These r e s u l t s  were an t ic ipa ted  be- 

Typical  r e s u l t s  i n d i c a t i n g  t h i s  behavior  are presented i n  Figure 7. I n  

The 

It has  been shown (2) t h a t ,  w i t h  bituminous c o a l  chars ,  g a s i f i c a t i o n  i n  steam- 
hydrogen mixtures  could be c o r r e l a t e d  by t h e  express ion-  

In tegra t ing  Equation 8, w e  ob ta in  - 

where - 

KT = o v e r a l l  ra te  constant  

f L , =  r e l a t i v e  r e a c t i v i t y  f a c t o r  

a = k i n e t i c  parameter dependent on gas composition 

I = i n t e g r a t i o n  constant .  

For bituminous c o a l  chars ,  which were d e v o l a t i l i z e d  a t  temperatures of 1400'F 
o r  higher ,  I = 0.0, and a, f o r  equimolar steam-hydrogen mixtures ,  i s  equal  t o  1.67. 
The char g a s i f i c a t i o n  d a t a  of t h i s  dtudy was analyzed by Equation 9 assuming a t o  b e  
equal  t o  1.67. 
i n  Figure 9. 
l i n e s  do not  pass  through t h e  o r i g i n .  
an i n t e r c e p t  of about  0.1. 
are shown i n  Table 5. I n  Figure 10, t h e  va lues  of t h e  o v e r a l l  r a t e  constant  (fL%) 
f o r  steam-hydrogen g a s i f i c a t i o n  of Montana chars  are p l o t t e d  a g a i n s t  t h e  t o t a l  con- 
cent ra t ion  of sodium and/or  calcium present  i n  t h e  char .  A l l  of t h e  experimental 
po in t s ,  whether t h e  char  contained only sodium, only calcium, o r  t h e i r  mixture, 
tended t o  f a l l  on t h e  same l i n e  a t  a p a r t i c u l a r  temperature, i n d i c a t i n g  t h a t ,  i n  
steam-hydrogen mixtures ,  calcium is as e f f e c t i v e  a c a t a l y s t  a s  sodium. For Montana 
chars ,  t h e  increase 'of  rate with t h e  increase  of c a t a l y s t  concentrat ion and temper- 
a t u r e  can be c o r r e l a t e d  by t h e  following experimental equat ion:  

Typical  p l o t s  of M(X) versus  t i m e  f o r  t h r e e  char  samples a r e  shown 
Linear  p l o t s  of up t o  a value of X=O.86 were obtained,  b u t  a l l  t h e  

The s lope  and i n t e r c e p t  values  of a l l  t he  chars  t e s t ed  
The acid-washed l i g n i t e  chars  tend to  have 
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Char Source 

A 
A 
A 
B 
B 
B 
C 
C 
D 
D 
D 
F 
F 
G 
G 
G 
0 
0 
0 
N 
N 
N 
P 
P 
P 

+ 0.0032]exp(19.80 - 38000/T) Overall rate = f L% = ['(Na+Ca) 

Table 5. KINETIC PARAMETERS FOR GASIFICATION OF CHARS FROM 
MONTANA AND NORTH DAKOTA LIGNITES IN EQUIMOLAR 

STEAM-HYDROGEN MIXTURES 

Temperature,"F 

1500 
1600 
1700 
1500 
1600 
1700 
1600 
1700 
1500 
1600 
1700 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 

fL KT 
(Slope) 

0.0030 
0.0082 
0.0262 
0.0050 
0.0240 
0.0473 
0.0546 
0.1175 
0.0235 
0.0796 
0.1640 
0.0340 
0.1000 
0.0332 
0.0954 
0.1892 
0.0046 
0.0136 
0.0249 
0.0410 
0.0972 
0.1680 
0.0502 
0.1050 
0.2205 

1 
(Intercept) 

0.10 
0.10 
0.08 
0.10 
0.08 
0.10 
0.05 
0.00 
0.06 
0.00 
0.00 
0.05 
0.00 
0.08 
0.00 
0.00 
0.05 
0.09 
0.08 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

I 

For North Dakota chars, the following correlations satisfy the experimental 
results: 

+ 0.0015]exp(16.58 - 30000/T) Overall rate = f L% = "(Ca+Na) 

The gasification characteristics of chars from two lignites having similar 
I elemental compositions are qualitatively similar, but, the numerical magnitude of 

the rate parameters differ. 
dent upon the nature of the char on which the catalyst is distributed. 

Gasification in Synthesis Gas Mixtures 

That is, enhancement of rate by a catalyst is depen- 

Gasification of one sample of char from Montana lignite was conducted in syn- 
thesis gas (syn-gas) mixtures. Tests were done with Syn-Gas 2 at 35 and 69 atmo- 
spheres at a temperature of 1700"F, and it was noted that the rate of base carbon 
conversion was the same at both pressures. The effect of pressure on rate of gas- 

P ification in synthesis gas mixtures seems to be the same as was observed for gasifi- 
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ca t ion  i n  steam-hydrogen mixtures. 
syn-gas mixtures a r e  shown i n  Figure 11. 
hydrogen mixtures  a r e  a l s o  shown i n  t h i s  f i g u r e .  

syn-gas mixtures  a r e  1.18, 1.23, and 1.25 f o r  the  t h r e e  d x t u g e s  shown i n  Table 3. 
The (Pco/PH o) r a t i o s  a r e  0.15, 0 .33 ,  and 0.66. Therefore ,  t h e  main compositional 

v a r i a b l e  begween t h e  t h r e e  synthes is  gas mixtures is t h e  CO/H 0 r a t i o .  The e f f e c t  
of CO and CH i n  t h e  mixture was considered t o  be  minor. 
t h a t  a t  t h e  same temperature and Dressure. t h e  r a t e  of carbon conversion decreases 
w i t h  t h e  i n c r e a s e  of t h e  CO/HZO r a t i o .  The o v e r a l l  r a t e  cons tan ts  ( f  K ) f o r  t h e  
g a s i f i c a t i o n  i n  syn-gas was ca lcu la ted  with Equation 9. 
0.076, and 0.039 r e s p e c t i v e l y ,  €or  the t h r e e  mixtures. I t  i s  seen tha t ,  f o r  char 
from Sample G t h e  r a t e  of g a s i f i c a t i o n  i n  equimolar steam-hydrogen mixtures was 
approximately f i v e  t i m e s  h igher  compared wi th  t h a t  f o r  Syn-Gas 3 .  

The r e s u l t s  of g a s i f i c a t i o n  with d i f f e r e n t  

The (PH /PH o) r a t i o  f o r  t h e  
The g a s i f i c a t i o n  da ta  i n  equimolar steam- 

It'is seen from Figure 11 2 4 

The va lues  &e 8.100, 

CONCLUSIONS 

For g a s i f i c a t i o n  of l i g n i t e  chars  i n  hydrogen, sodium was more e f f i c i e n t  as a 
c a t a l y s t  than  calcium. The g a s i f i c a t i o n  r a t e  of l i g n i t e  chars  containing sodium o r  
calcium remains e s s e n t i a l l y  cons tan t  wi th  t h e  i n c r e a s e  of t o t a l  pressure i n  steam- 
hydrogen and s y n t h e s i s  gas mixtures .  
g a s i f i c a t i o n  of l i g n i t e  chars  i n  steam-hydrogen mixtures ,  and t h e  e f f e c t  i s  propor- 
t i o n a l  t o  t h e  concent ra t ion  (g-atom/g-atom carbon) of sodium and/or calcium present .  
The c a t a l y t i c  e f f e c t  of sodium o r  calcium depends on t h e  n a t u r e  of char on which 
t h e  c a t a l y s t  i s  d ispersed;  t h a t  is ,  t h e  same concentrat ion of sodium does not  pro- 
duce t h e  same q u a n t i t a t i v e  e f f e c t  on rate f o r  c h a r s  obtained from l i g n i t e s  having 
s i m i l a r  e lemental  Composition. The c a t a l y s t s  tend t o  s e l e c t i v e l y  enhance t h e  r a t e  
of the steam-carbon r e a c t i o n ,  p r e f e r r i n g  t h e  carbon-hydrogen r e a c t i o n  when g a s i f i -  
cat ion i s  conducted i n  steam-hydrogen mixtures .  

Both calcium and sodium enhance the  r a t e  of 
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Figure 1. CONVERSION OF ACID-TREATED 
MONTANA LIGNITE CHAR IN 

HYDROGEN AT 1600’F 

Figure 3. GASIFICATION OF RAW AND ACID- 
WASHED MONTANA LIGNITE CHARS IN 
HYDROGEN AT 1700°F AND 35 a t m  

.mO.O.OI 
TIME, man 

Figure 2. GASIFICATION OF ACID-WASHED 
NORTH DAKOTA CHARS IN 
HYDROGEN AT 35 a t m  

I 0 lMxl 

TIME. mn .- 
Figure 4 .  GASIFICATION OF R A W  MONTANA 

CHARS IN HYDROGEN AT 35 a t m  

25 



0 

.- 
Figure 5. EFFECT OF CATALYST CONCENTRA- Figure 6. GASIFICATION OF ACID-WASHED 

TION ON THJi RECIPROCAL TIME FOR 
50% BASE CARBON CONVERSION 

NORTH DAKOTA CHARS IN STEAM- 
HYDROGEN MIXTURES (HzOfHz = 1) 
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Figure 7. EFFECT OF PRESSURE ON THE Figure 8. GASIFICATION OF MONTANA CHARS 
GASIFICATION OF NORTH DAKOTA RAW 
CHAR IN STEAM-HYDROGEN MIXTURES 

( H z O / H z = l )  AT 1700'F 

IN EQUIMOLAR STEAM-HYDROGEN MIXTURES 
AT 1600'F AND 35 atm 
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Figure 9. BASE CARBON CONVERSION FUNC- 
TION VS. TIME PLOTS FOR THE GASIFICA- 
TION OF MONTANA LIGNITE CHARS IN 
EQUIMOLAR STEAM-HYDROGEN MIXTURES 

AT 1500°F AND 35 a t m  
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Figure 10. EFFECT OF CATALYST CONCENTRA- 
TION ON THE OVERALL RATE OF GASIFICATION 
OF MONTANA LIGNITE CFARS IN EQUIMOLAR 
STEAM-HYDROGEN MIXTURES AT A TOTAL 

FRESSURE OF 35 a t m  
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Figure 11. GASIFICATION OF CHARS FROM SAMPLE G 
IN SYNTHESIS GAS NIXTURES AT 35 a t m  
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CHEMISTRY OF GASIFICATION AND ASH AGGLOMERATION I N  THE U-GASR PROCESS. 
J. G. Patel, D. M. Mason. 3424 South S t a t e  S t r e e t ,  Chicago, IL 60616 

A single-stage,  fluidized-bed,ash-agglomerating process f o r  generation of indus t r ia l  
f u e l  gas or synthes is  gas from coal has been tes ted  i n  a p i l o t  p lan t  with coke, char, 
and coal as feed. 
been obtained and incorporated in to  a mathematical model. The chemistry of agglomeration 
of ash vas inves t iga ted  by methods including op t i ca l  and e l ec t ron  microscopy, chemical 
analyses, and f u s i b i l i t y  tests. Agglomeration of ash i n t o  rounded beads occurred 
w i t h  relative ease in  runs on coke; t he  agglu t ina t ing  agent is an iron-rich, r e l a t ive ly  
low-melting s i l i c a t e  i n  which other ash is embedded. 
was more d i f f q c u l t ,  because most of t he  i ron  w a s  present i n  the form of su l f ide  and 
thus unavailable f o r  reac t ion  with aluminosil icates (c lay  minerals).  
i n  the  reactor bed is themdynamica l ly  favorable f o r  ox ida t ion  of t he  ferrous su l f ide  
at regions near  t he  oxygen i n l e t  only. Oxidation of t he  fe r rous  su l f ide  and agglomeration 
of ash from coal  were achieved by changing the  mode of oxygen feed t o  the  reactor.  

P i l o t  p lan t  and laboratory da t a  on gas i f i ca t ion  r e a c t i v i t i e s  have 

Agglomeration of a sh  from coal 

The gas composition 



REACTIVITY OF TRI-GAS CHAR I N  A FLUIDIZED-BED REACTOR 

Mario A. Colaluca,  Kanwal Mahajan, Uark A. Pa is ley  

Bituminous Coal Research, Inc .  
350 Hochberg Road, Monroeville. Pennsylvania  15146 

INTRODUCTION 

The evolu t ion  and t h e  development of t h e  BCR TRI-GAS f luidized-bed 
g a s i f i c a t i o n  process  t o  produce low- t o  medium-Btu f u e l  g a s  has  been descr ibed  i n  
two e a r l i e r  papers .  s 2  TRI-GAS is a m u l t i p l e  f luidized-bed c o a l  g a s i f i c a t i o n  
process .  
with t h e  only product being a c l e a n ,  low-Btu f u e l  gas .  No l i q u i d s ,  tar ,  or char  
a r e  produced a s  a waste or by-product. The process  c o n s i s t s  of  t h r e e  f l u i d i z e d -  
bed r e a c t o r s  connected in s e r i e s .  
Stage 2 i s  t h e  main g a s i f i c a t i o n  s tage .  I n  t h i s  s t a g e ,  d e v o l a t i l i z e d  c o a l  (char)  
and t h e  v o l a t i l e  products  from Stage 1 a r e  g a s i f i e d  wi th  air  and steam, producing 
a low-Btu (about 150 Btulcu f t )  f u e l  gas .  

The o v e r a l l  o b j e c t i v e  of TRI-GAS is t h e  g a s i f i c a t i o n  of a range of  c o a l s ,  

Each r e a c t o r  has  i t s  own s p e c i f i c  func t ion .  

The o b j e c t i v e  of  t h e  c u r r e n t  s tudy  is t o  e s t a b l i s h  a model f o r  t h e  o v e r a l l  
g a s i f i c a t i o n  r e a c t i o n  i n  a f l u i d i z e d  bed and t o  use  t h i s  model t o  p r e d i c t  conver- 
s ion  i n  t h e  TRI-GAS S tage  2 r e a c t o r  dur ing  PEDU tests. The model assumes t h a t  t h e  
o v e r a l l  r e a c t i o n  r a t e  is determined by t h e  s e p a r a t e  r a t e s  of two processes  i n  se- 
r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be  t ranspor ted  o u t  of t h e  bubble t o  
the  p a r t i c u l a t e  phase, and second, t h e  chemical r e a c t i o n .  The chemical r e a c t i o n  
process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  and s tudied  independent ly  i n  
t h e  thermogravimetric a n a l y s i s  (TGA) u n i t  where a chemical  r e a c t i o n  r a t e  i s  es tab-  
l i s h e d ,  descr ib ing  t h e  r e s i s t a n c e  of t h e  chemical process .  S i m i l a r l y ,  t h e  tests 
i n  t h e  bench-scale f lu id ized-bed  r e a c t o r  e s t a b l i s h  a parameter  c h a r a c t e r i z i n g  t h e  
mass t r a n s f e r  process  from t h e  bubble t o  t h e  p a r t i c u l a t e  phase.  

-.. APPARATUS AND PROCEDURE 

Char Prepara t ion  

Char (+lo0 mesh) from t h e  Rosebud seam c o a l  p r e t r e a t e d  dur ing  a t y p i c a l  PEDU 
t e s t  w a s  used for r e a c t i v i t y  s t u d i e s  i n  t h e  TGA a p p a r a t u s  and the  bench-scale 
f luidized-bed batch r e a c t o r .  
seam c o a l  i n  a f l u i d i z e d  bed a t  900 F t o  remove v o l a t i l e  matter and tars from t h e  
c o a l  p r i o r  t o  feeding to  t h e  g a s i f i c a t i o n  r e a c t o r .  

This  c h a r  was produced by p r e t r e a t i n g  t h e  Rosebud 

I 
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TG.4 Reactivity 

An American Instrument Company basic thermogravimetric analysis unit was used 
for the reactivity measurements. About 100 mg of char contained in a ceramic pan 
was heated in nitrogen to the chosen reaction temperature. Since some devolatili- 
zation occurred during this process, heating continued until the char weight became 
constant. The nitrogen was then bubbled through water held at a specified tempera- 
ture and this reactant passed over the char. Char weight l o s s  was recorded con- 
tinuously as a function of time. 

The measure of reactivity chosen in this study was the same as Jenkins' "re- 
activity parameter". The definition is (symbols defined in Appendix A) : 

R 
5 Wo dt 

dW The maximum rate of weight loss (-) was determined experimentally from the 
slope of the weight loss data recordedd;n an X-Y plotter. The maximum rate could 
be defined without difficulty since, in all cases, the initial rate was constant. 

The reactivity parameter was assumed to depend on reacting gas concentration, 
Cp, in the following manner: 

R5 = k C: 

where 
E k = u e x p - =  
RT 

Taking the natural logarithm of both sides 

In R5 = In k + n In 
of Equation (1) results in 

cP ( 2 )  

A multiple linear regression analysis was performed using reaction rate (R5) data 
taken at constant temperature for various values of Cp, resulting in values of n. 
The values of n, taken for several temperatures, were then averaged. 

With n thus defined, Equation (1) can be used to determine the apparent acti- 
vation energy and frequency factor for each reaction. Solving for k in Equation 
(1) results in 

R 
k = A  ( 3 )  

GI: 

The right-hand side of this expression can be calculated from the data, the pre- 
viously determined values of n, and the experimental conditions. Again, taking the 
logarithm of both sides results in 
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A multiple regression analysis was performed using data at several tempera- 
tures resulting in the ”apparent” activation energy E and the frequency factor a 
for each reaction. These results are reported in Table 1. 

1 
I 

t\ 

TABLE 1. TGA REACTIVITIES AND KINETIC PARAMETERS OF CHAR 
USED IN LABORATORY STUDIES 

Volatile Steam 
Sample Temp, Matter , Concentrat ion, Reactivity, 

Test No. O K  mg moleslcu cm (hr)-’ 

1 1193 12.8 0.89 x 2.21 
2 1193 13 .3  1.35 x 3.11  
3 1193 13.5 2.01 x 3.76 
4 1136 11.5 0.93 x 1.67 

6 1136 11 .5  2.11 x 10  2.67 
5 1136 12.0 1.42 x 101; 2.12 

-E/~T R = C; a exp 5 
n = 0.61 

a = 1.94 10’ 

E = 17,662 cals 

Fluidized-bed Reactor 

A schematic of the bench-scale fluidized-bed pressurized batch reactor system 
is shown in Figure 1. This system can be used for reactivity analysis with steam, 
carbon dioxide, and air. 
Incoloy 800 pipe. 
furnace half-sections. The steam is generated by bubbling the inert gas through 
a 10.16 cm diameter by 5 1  cm long 316SS water-filled vessel heated by 2KW immer- 
sion heater. 
150 psi pressure. The reactor is followed by a water-cooled vessel where con- 
densibles can be collected. The precise metering of the reacting gases is ac- 
complished through Brooks Instrument Model 1110 rotameters. 
and DP cell transmitters are used for pressure control in the system and differ- 
ential pressure measurements in the bed. For efficient distribution of the react- 
ing gases in the reactor, the grid system consists of a 5-cm fixed bed of Steatite 
packing, packed between two screens. The system is also equipped with necessary 
auxiliary equipment for indicating actual pressures and temperatures in the re- 
actor and the boiler. The system can be used to generate the reactivity data at 
2200 F temperature and 150 psi pressure. 

The reactor is made of 5.08 cm diameter by 9 1  cm long 
The reactor furnace consists of two 1450 watt, 61 cm long, 

This steam generator is capable of producing saturated steam at 

Foxboro pressure 
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A 200-gm sample of t h e  char  was  heated t o  t h e  chosen r e a c t i o n  temperature  and 
pressure  wi th  n i t r o g e n  f lowing through t h e  bed. 
generated by bubbl ing t h e  n i t r o g e n  through hot  water  a t  a s p e c i f i e d  temperature 
and passed through t h e  r e a c t o r .  Af te r  a s p e c i f i e d  per iod  of time, t h e  r e a c t i o n  
w a s  quenched when t h e  bed w a s  purged with n i t rogen .  
weighing t h e  sample a f t e r  cool ing .  

Then t h e  water-vapor r e a c t a n t  was 

Conversion w a s  determined by 

In  a f lu id ized-bed  r e a c t o r ,  t h e  experimental  v a l u e  of  t h e  p e r c e n t  unreacted 
c h a r  i s  given by: 

w Y = - x 100 
exp Wo 

THEORETICAL. MODEL 

The model assumes t h a t  t h e  o v e r a l l  r e a c t i o n  r a t e  i s  determined by t h e  separa te  
rates of two p r o c e s s e s  i n  s e r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be t rans-  
por ted  out  of  t h e  bubble  t o  t h e  p a r t i c u l a t e  phase, and second, t h e  chemical reac-  
t i o n .  The chemical r e a c t i o n  process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  
and s tudied independent ly  i n  t h e  thermogravimetr ic  a n a l y s i s  (TGA) u n i t  where a 
chemical r e a c t i o n  rate c o n s t a n t  d e s c r i b i n g  the  r e s i s t a n c e  of  t h e  chemical process  
w a s  e s t a b l i s h e d .  

The fo l lowing  development is e s s e n t i a l l y  t h a t  p resented  by O r ~ u t t . ~  Only t h e  
d e t a i l e d  form of t h e  r e a c t a n t  conversion term (R ) d i f f e r s .  The form used i n  t h i s  
s tudy  was developed e m p i r i c a l l y  from d i f f e r e n t i a ?  r e a c t o r  (TGA) d a t a .  
bed is assumed t o  be  d iv ided  i n t o  two d i s t i n c t  phases  c a l l e d  t h e  bubble and p a r t i c -  
u l a t e  phase. The r e a c t a n t  flow above t h a t  requi red  t o  j u s t  f l u i d i z e  t h e  bed forms 
t h e  bubble phase. N o  s o l i d s  exist i n  t h i s  phase so no  chemical r e a c t i o n s  can oc- 
cur. It i s  assumed t h a t  t h e  bubble s i z e  i s  uniform. The p a r t i c u l a t e  phase con- 
s i s t s  of t h e  remainder of t h e  f low and t h e  s o l i d  char .  The char-steam chemicalre-  
a c t i o n  occurs  i n  t h e  p a r t i c u l a t e  phase. Furthermore, t h e  t u r b u l e n t  a c t i o n  i n  t h e  
bed al lows t h e  assumption t h a t  t h e  steam concent ra t ion  and temperature  a r e  cons tan t  
throughout t h e  p a r t i c u l a t e  phase. 

The f l u i d  

A m a t e r i a l  ba lance  on a s i n g l e  r i s i n g  bubble g ives :  

Since C i s  assumed t o  be a cons tan t ,  Equation (1) can  be i n t e g r a t e d  d i r e c t l y  t o  
obtain: '  

cB Y 

dy 
P - 'I3 'B" 

0 cO 
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i where 

C = Cp + (Co - Cp) exp -X(y) 
B 

QY X(Y) = - 

The p a r t i c u l a t e  phase m a t e r i a l  balance is: 

The amount of r e a c t a n t  t r a n s f e r r e d  from t h e  bubble ,  R1, i s  determined by i n t e -  
g r a t i n g  t h e  f low from t h e  i n d i v i d u a l  bubbles t o  t h e  p a r t i c u l a t e  phase over  t h e  en- 
t i r e  r e a c t o r :  

I 

1 

I 

Using Equation (2)  f o r  C r e s u l t s  i n :  
B 

The amount of r e a c t a n t  f e d  d i r e c t l y  t o  t h e  p a r t i c u l a t e  phase is: 

'mf '0 Rz = AT 

and leaving  t h e  p a r t i c u l a t e  phase is: 

R4 = AT Umf cp (6) 

The amount of r e a c t a n t  t r a n s p o r t e d  from t h e  p a r t i c u l a t e  t o  t h e  bubble phase is 
given by: 

R3 = 4 NQ L Cp (7) 

F i n a l l y ,  t h e  r e a c t a n t  consumed by t h e  g a s i f i c a t i o n  r e a c t i o n  i n  t h e  p a r t i c u l a t e  
phase i s  given by: 

1 dNR 
R5 = Lmf (v TMF -1 (8) 
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The TGA d a t a  a r e  used t o  eva lua te  t h e  right-hand s i d e  of Equation (8). The TGA 
r eac t ion  rate i s  g iven  by: 

(9) 
nW -k C - - 1 r;l= 

wo 
wo d t  

But, 

Thus, 

C 
dW = Mc dN 

dNC = _ _  '0 k C: Y 
d t  MC 

For the r eac t ion :  

so t h a t ,  

1 dNR wO - = _ -  - 
MC "TMF 

V m  d t  
k 

S u b s t i t u t i n g  t h i s  expres s ion  i n t o  Equation (8) g ives :  

AT Lnf (5) k C; Y 5 * 7  
TMF MC 

Y 

(11) 

Subs t i t u t ing  Equat ions  ( 4 ) ,  (5), (6), (7), and (11) i n t o  Equation (3) gives:  
W 

(VNU~) (c, - cP ) (1 - exp-X(L)) + Umf (c - c ) = L 2 k C; Y 
0 P AT MC 

From Reference 6 

and de f in ing  : 
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and 

the nondimensional form for the particulate phase balance becomes, 

(1 - 5,) [ B  (1 - exp - x ( L ) )  + (1 - B)I = a Y 5: . (12) 

In nondimensimal form, Equation ( 9 ) ,  describing the char conversion, becomes: 

( 1 3 )  

where 

To conp e 

dY 
dT '; - 5 -  

t T = -  
tR 

y = k C E  t R 

his model with data from the atch aboratory tests, Equa ion 
(13) is integrated numerically to determine char weight for various run times. 
For each integration step, Equation (12) is solved for E 

P' 
RESULTS AND DISCUSSION 

The results of the char conversion experiments at atmospheric pressure are 
shown in Figure 2 .  Also shown on this figure are the theoretical conversions pre- 
dicted using transfer parameters (X) calculated from the Kunii and Levenspiel 
(K&L) Reactivities determined from 
TGA tests (Table 1) were used in the theoretical conversion calculation. In both 
models, average bubble size was calculated from Mori and Wen' and the self- 
diffusion coefficient calculated as in Reference 8. Both theories overpredict 
the char conversion. Actual conversion corresponds to a mass-transfer parameter 
X = 0.75  as opposed to X = 1 . 7 9  predicted by K6L and X = 4 . 7 3  predicted by D&H, 
Table 2. 

and the Davidson and Harrison ( D ~ x H ) ~  models. 
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TABLE 2. MASS TRANSFER PAMMETER, X ,  FOR CHAR 
USED I N  LABORATORY TESTS 

Reactor Gas D i f f u s i v i t y  
Pressure ,  Kunii  & Davidson & Dg (ad jus ted)  

ps ia  'o/'mf Levenspie l  Harr i son  Experimental cm2 / s e c  

14.1 9.34 1 . 7 9  4.73 0 . 7 5  0 .52  
70 .0  3.78 1 . 9 9  5.78  0 . 0 8  0 .0008 

Examination of t h e  express ions  used t o  c a l c u l a t e  X from both models r e v e a l s  

These a r e  t h e  bubble diameter  (Dg) and t h e  gas s e l f - d i f f u s i o n  coef- 
two parameters t h a t  can  be a d j u s t e d  t o  a l low agreement between t h e  experiment and 
t h e  theory. 
f i c i e n t  (D ). 
a l low X = %.75.  
i t  i s  necessary t o  a d j u s t  D . Adjust ing Dg from a t h e o r e t i c a l  v a l u e  of D 
cm2/sec down t o  D 
i n  X = 0.75 and agreement wi th  t h e  experimental  d a t a .  
7 0  p s i a  a r e  shown i n  F i g u r e  3.  

The bubble  d iameter  would have t o  be a d j u s t e d  to  about  10 cm t o  
S ince  t h i s  i s  considerably l a r g e r  than the  r e a c t o r  (DT = 5.08 cm), 

= 0.52  cg2/sec  and using t h e  Kunii  and Levenspiel  modef r e s u l t s  g 

a d j u s t e d  t o  

= 3 . 3 3  

The conversion r e s u l t s  at 
The exper imenta l ly  determined X and D 

ach ieve  t h i s  X a t  7 0  p s i a  are shown i n  Table 2 .  g 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t o  achieve  t h e s e  low t r a n s f e r  parameters .  mod- 
e l s  must be employed w i t h  more than one t r a n s f e r  r e s i s t a n c e  i n  s e r i e s .  O n e  of t h e  
r e s i s t a n c e s  m u s t  depend on gaseous d i f f u s i o n .  Figure 4 shows t h e  comparison of 
mass- t ransfer  parameters  c a l c u l a t e d  us ing  a s imple r e s i s t a n c e  theory  (D&H) and a 
t h r e e - r e s i s t a n c e  theory  (K6L). I n  t h e  D&H model, i t  i s  assumed t h a t  two t r a n s f e r  
mechanisms a r e  o c c u r r i n g  i n  p a r a l l e l .  There i s  a macroscopic movement Of gas  from 
the  bubble a long wi th  a microscopic  d i f f u s i v e  t r a n s f e r .  As D goes t o  z e r o ,  the  
D&H model p r e d i c t s  t h a t  X approaches a f i n i t e  va lue  (X 3 0.5)' dependent on ly  on 
t h e  macroscopic t r a n s f e r  between t h e  bubble and p a r t i c u l a t e  phase. C a l c u l a t i o n a s  
D goes  t o  zero  a t  t h e  e l e v a t e d  p r e s s u r e s  r e s u l t s  i n  about t h e  same v a l u e  f o r  X .  
&nce t h i s  is s u b s t a n t i a l l y  g r e a t e r  than the experimental  X ,  a theory  incorpora t ing  
a t o t a l l y  d i f f u s i v e  r e s i s t a n c e  i n  series must be used.  

The K&L theory assumes t h e  same t r a n s f e r  mechanisms a s  D&H out of t h e  bubble, 
bu t  p laces  a t h i r d  r e s i s t a n c e ,  namely the c loud ,  between t h e  bubble and t h e  par t ic -  
u l a t e .  The t r a n s f e r  through t h e  cloud is only due t o  gaseous d i f f u s i o n .  Thus , for  
t h e  K6L case ,  t h e  d i f f u s i v e  t r a n s f e r  between t h e  cloud and t h e  p a r t i c u l a t e  phase 
can choke o f f  t h e  f low and t h e  o v e r a l l  c o e f f i c i e n t  between bubble and p a r t i c u l a t e  
can be ad jus ted  as low as needed t o  agree  wi th  experiment .  

SUM3IARY OF RESULTS 

1. A two-phase f lu id ized-bed  model can be used t o  p r e d i c t  the conversion observed 
i n  t h e  char-steam g a s i f i c a t i o n  r e a c t i o n  i n  a 5.08-cm f luidized-bed r e a c t o r .  
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2. The b e s t  f i t  of t h e  experimental  d a t a  w a s  ob ta ined  us ing  t h e  K&L model t o  

c a l c u l a t e  t h e  mass exchange between t h e  bubble and p a r t i c u l a t e  phases .  I 

ACKNOWLEDGMENT 

The work descr ibed  i n  t h i s  paper was  conducted under t h e  sponsorship of t h e  
U.S. Department of Energy under Contract  No. DE-AC21-78MC02798. i 

REFERENCES 

1. Stewart ,  J. T. and Diehl ,  E. K., "Fluidized bed c o a l  g a s i f i c a t i o n  - process  
and equipment development," Third I n t e r n a t i o n a l  Conference on Flu id ized  Bed 
Combustion, Hueston Woods, Ohio, 1972. 1 9  pp. I 

I 1978. 27 pp. 

I 

2. Colaluca,  M. A . ,  P a i s l e y ,  M. A . ,  and Mahajan, K. ,  "Development of t h e  TRI- 
GAS g a s i f i c a t i o n  process ,"  AIChE 7 1 s t  Annual Meeting, M i a m i  Beach, F l o r i d a ,  

I 
3. Jenkins ,  R. G . ,  Nandi, S. P. and Walker, P. L., Jr., "React iv i ty  of heat-  

t r e a t e d  c o a l s  i n  air a t  5OO0C," Fuel  3, 288 (1973). 

4. Orcut t ,  J. C . ,  Davidson, J. F., and Pigford ,  R. L . ,  "Reaction t i m e  d i s t r i -  
bu t ion  i n  f l u i d i z e d  c a t a l y t i c  r e a c t o r s , "  AIChE Symposium Series 38, s, 1 
(1962). 

5. Kunii ,  D. and Levenspiel ,  U . ,  " F l u i d i z a t i o n  Engineer ing,"  New York: 
John Wiley & Sons, 1969. page 227. 

6. Davidson, J. F. and Harr i son ,  D. ,  "Fluidized P a r t i c l e s , "  Cambridge: 
Cambridge Univers i ty  P r e s s ,  1963. page 98. 

7. Mori, S. and Wen, C. Y . ,  "Est imat ion of bubble  diameter  i n  gaseous f l u i d i z e d  
beds," F l u i d i z a t i o n  Theor ies  and Appl ica t ions ,  AIChE Symposium Series 161, 
73, 121 (1977). 

Per ry ,  R. M. and Chi l ton ,  C .  H., "Chemical Engineers '  Handbook," F i f t h  Edi- 
t i o n ,  McGraw-Hill Book Co., 1973. page 3-230. 

- 

8. 

37 



APPENDIX A 

NOMENCLATURE 

AT = Reactor c ross -sec t iona l  a r e a ,  sq c m  

Co, C p ,  CB = Steam concent ra t ion  i n  r e a c t o r  i n l e t ,  p a r t i c u l a t e  phase 
and bubble phase, moles/cu cm 

D = G a s  D i f f u s i v i t y ,  sq cm/sec 

DT = Reactor diameter ,  cm 
g 

k = React ion r a t e  constant  

L, Lmf = Fluid  bed he ight ,  he ight  a t  minimum f l u i d i z a t i o n ,  c m  

MC = Char molecular  weight ,  gmlgm mole 

n = Exponent f o r  c h a r  r e a c t i v i t y  

N = Number of bubbles  per  u n i t  volume, l / c u  cm 

Number of r e a c t i n g  moles of char  and steam N C ,  N R  = 

Q = E f f e c t i v e  volumetr ic  flow r a t e  from t h e  bubble phase t o  
t h e  p a r t i c u l a t e  phase,  c u  cmlsec 

R l ,  R p ,  R3, R,, Rg = Reactant  t ranspor ted  from t h e  bubble t o  p a r t i c u l a t e  phase, 
fed  t o  p a r t i c u l a t e  phase, t r a n s p o r t e d  from t h e  p a r t i c u l a t e  
t o  bubble phase, l e f t  t h e  p a r t i c u l a t e  phase and disappeared 
due t o  chemical r e a c t i o n  i n  p a r t i c u l a t e  phase,  moleslsec 

S = Surface  a r e a  of t h e  r i s i n g  bubble ,  s q  c m  

t ,  tR = T i m e ,  s o l i d s  res idence  t ime,  sec  

Uo, UB, Umf = S u p e r f i c i a l  v e l o c i t y ,  bubble v e l o c i t y ,  minimum f l u i d i z a t i o n  
v e l o c i t y ,  cmlsec 

Bubble volume, p a r t i c u l a t e  phase gas volume, t o t a l  f l u i d  
bed volume a t  minimum f l u i d i z a t i o n  c o n d i t i o n s ,  c u  cm 

Ins tan taneous  char  weight ,  weight a t  t h e  i n s t a n t  t h e  r e a c t i n g  
gas  i s  introduced (on ash- f ree  b a s i s ) ,  mg 

X = Mass t r a n s f e r  parameter 

y = Axia l  d i s t a n c e  from t h e  r e a c t o r  i n l e t ,  c m  

V, Vp, VmMF = 

W, Wo = 

Y = w/wo 

ct = Frequency f a c t o r  
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F igure 1. F l o w  D iagram o f  Laboratory Fluidized-bed Test  Unit 
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In t roduct ion  

coa l  consumes copious q u a n t i t i e s  of hydrogen t h a t  can be generated i n  
l a rge  amounts only by processes  which s p l i t  the  water molecule. Here 
we r epor t  on a new method f o r  producing such hydrogen from coa l ,  w a t e r  
and electric energy a t  mild temperatures. Conventional hydrothermal 
g a s i f i c a t i o n  o f  coa l  involves  the  w e l l  known steam-carbon r eac t ion :  

and the  water gas s h i f ?  reac t ion :  

To ensure favorable  equilibryum reaczion 1) i s  conducted a t  high temp- 
e ra tu re s .  The chemistry and technology of such coa l  g a s i f i c a t i o n  a r e  
complex and a d e t a i l e d  d iscuss ion  of such mat te rs ,  inc luding  hardware 
and g a s i f i c a t i o n  equipment, has  been published by Squires  [11 and 
o the r s  [2-31. 

’ which converts  coa l  and water i n t o  two separa te  gaseous products ,  t h e  
o n e  comprising e s s e n t i a l l y  gaseous oxides  of carbon and t h e  o t h e r  es- 
s e n t i a l l y  pure h-drogen. The process  chemistry takes  p lace  a t  mild 
temperatures (even room temperature) and the  gaseous products  are e s s e n -  
t i a l l y  f r e e  of  impur i t ies  such a s  ash ,  t a r  and s u l f u r  compounds. This  
new electrochemical  gas i f i ca t ion  process  involves  the  anodic ox ida t ion  
of coa l  a t  an e lec t rode  f o r  which w e  pos tu l a t e  t h e  h a l f - c e l l  r e a c t i o n  
of t he  carban i n  coa l :  

i n  combination with a correspon%ing h a l f - c e l l  r eac t ion  a t  t h e  cathode:  

The n e t  sum of these  h a l f - c e l l  r eac t ions  3) and 4 )  i s  j u s t  t h e  equat ion 
f o r  t h e  predominant r eac t ion  i n  t h e  electrochemical  g a s i f i c a t i o n  of  coa l :  

The app l i ca t ion  of an e i e c t r i c a ?  po ten t l a1  and t h e  input  of  e l e c t r i c a l  

a tu re s  and permits  it t o  be accomplished even a t  room temperatures  and 
a c t u a l  p r a c t i c a l  p o t e n t i a l s  of about 0.85V - 1.OV. The thermodynamic 
r e v e r s i b l e  p o t e n t i a l  (IAC,l/nF) f o r  equat ion 5) a t  room temperature  i s  
only 0.21V. A notable  advantage of e lectrochemical  g a s i f i c a t i o n  of 
coa l  over  conventional methods of coa l  g a s i f i c a t i o n  i s  t h e  product ion 
of gaseous oxides  of carbon a t  the  anode and the  simultaneous product ion 
of e s s e n t i a l l y  pure hydrogen sepa ra t e ly  a t  t he  cathode. Because each 
gaseous product i s  produced sepa ra t e ly  and e s s e n t i a l l y  free of impur i t i e s  
such a s  s u l f u r ,  t a r  and ash,  subsequent c leaning ,  s epa ra t ion  and pu r i -  
f i c a t i o n  s t e p s  a r e  minimized. Other manuscripts [ 4 , 5  ,6J have in t roduced  
t h e  process  of electrochemical  coa l  g a s i f i c a t i o n  and reported i n i t i a l  
d a t a  a s  t o  t h e  r e a c t i v i t i e s  of var ious  coa l s ,  t h e  e f f e c t  of d i f f e r e n t  

convent ional  water e l e c t r o l y s i s .  
methods of coa l  g a s i f i c a t i o n  and t h e  w e l l  known steam carbon r e a c t i o n  
was a l s o  discussed.  I n  t h e  p re sen t  paper w e  p resent  r e s u l t s  ob ta ined  
i n  ga lvanos ta t i c  and p o t e n t i o s t a t i c  s t u d i e s ,  and w e  a l s o  cons ider  t h e  

The production of syn the t i c  n a t u r a l  gas or  syn the t i c  o i l  from 
5 

2C(S) + H2?( ) -+ ZCO(g) + 2H2(g) 

CO(g1 + H 2 0  * C?2( ) + H 2 (  ) 

1) 

2) 

W e  have reported [4] a newly developed elec,trochemical process  

C i s )  t 2H20(~)  -+ C 0 2 (  1 + 4H+ + 4e- 

4H+ + 4e- -+ 2H2(g)  

C(S)  + 2H20(!2 -+ 2 H 2 (  ) + CO21g 5 ?  

3) 

4 )  

: energy overcomes t h e  free-energy b a r r i e r  f o r  r eac t ion  5) a t  l o w  temper- 

, opera t ing  condi t ions  and va r i ab le s ,  and d is t inguished  t h e  process  from 
I ts  r e l a t i o n s h i p  t o  convent ional  
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technological  impl ica t ion  of t h i s  process  i n  the  f i e l d  of  Ha produc- 
t i o n ,  and electrowinning of meta ls  from aqueous e l e c t r o l y t e s .  

Experimen t a  1 

aqueous e l e c t r o l y t e  within the  anode compartment of a ce l l  ( d e t a i l s  
A l l  experiments w e r e  conducted with s t i r r e d  s l u r r i e s  of coa l  i n  

of the experimental  apparatus are given i n  re ferences  [4,5] ) . The 
ex te rna l  emf w a s  appl ied by a p o t e n t i o s t a t  (both Model PAR 371 and 
PAR 179A w e r e  used)  and the  e l ec t rodes  (both anode and cathode) were 
P t  mesh, gauge 52 (0.004" diameter w i r e )  suppl ied by Mathey Bishop, 
Inc  . 
P o t e n t i o s t a t i c  S tudies :  E f fec t  of P o t e n t i a l  and Course .of the  Reaction 

The h igher  t h e  p o t e n t i a l  the  g r e a t e r  t he  oxida t ion-cur ren t .  A s  
t h e  coal  i s  consumed by oxidat ion a t  a given p o t e n t i a l  t he  cu r ren t  
diminishes very slowly. 
cur ren t  i s  p l o t t e d  vs. p o t e n t i a l  f o r  var ious  e x t e n t s  of coa l  consump- 
t i on*  a s  a parameter. Similar  behavior i s  ev ident  i n  Figure 2 ,  where 
observed r e a c t i o n  r a t e s  of  t h r e e  d i f f e r e n t  coa l  samples and one a c t i -  
vated charcoal  a t  l .OV,  using a coa l  s l u r r y  concentrat ion of 0.069 gm/cm3 
a r e  p lo t t ed  a g a i n s t  cumulative coulombs passed. The r e s u l t s  i nd ica t e  
t h a t  the  r a t e  of oxida t ion  f a l l s  g radual ly  a s  t h e , r e a c t i o n  proceeds 
for a l l  t he  samples s tud ied .  Only a po r t ion  (up t o  about 18% fo r  NDL) 
of the c o a l  can be consumed* before  the  r a t e  of  ox ida t ion  begins t o  
f a l l  s teep ly .  

Previous workers 17-91 have repor ted  t h a t  con t ro l l ed  oxidat ion 
of purer  carbons, whether by electrochemical  o r  chemical means r e s u l t s  
i n  the formation of s eve ra l  sur face  oxides. Of these  oxides ,  the 
carboxyl ic  group usua l ly  predominates. We be l i eve ,  such oxides  a l s o  
form during the  anodic  oxidat ion of coa l  and they increase  i n  concen- 
t r a t i o n  on t h e  su r face  of the coa l  p a r t i c l e s  a s  t h e  r eac t ion  advances, 
rendering e l e c t r o n  abs t r ac t ion  more and more d i f f i c u l t ,  wi th  consequent 
lowering of t h e  oxida t ion  cur ren t .  
analyzing t h e  r e s i d u a l  carbon values  a f t e r  p a r t i a l  e lectrochemical  
g a s i f i c a t i o n  of P i t t sbu rgh  c o a l  a l s o  supports  t h i s  view. Based on the  
known decomposition temperatures repor ted  [ lo ]  f o r  such sur face  oxygen 
compounds on carbon i t  should be poss ib l e  t o  maintain a higher  and 
s teady oxida t ion  r a t e  a t  200' - 600OC. It seems reasonable  t o  consider  
sur face  oxides  as in te rmedia tes  i n  the pathway from coal  and water a s  
r eac t an t s  t o  gaseous oxides of carbon and hydrogen a s  r eac t ion  products. 

The decrease  i n  oxidat ion cur ren t  may a l s o  r e s u l t  i n  p a r t  from 
the  accumulation on t h e  coa l  p a r t i c l e s  of a t a r - l i k e  coa t ing  t h a t  i s  
formed dur ing  electrochemical  coa l  g a s i f i c a t i o n .  Such a coat ing may 
be add i t iona l  r e a c t i o n  products i n  the  form of small  a l i p h a t i c  fragments 
which break away from l a r g e r  coa l  molecules dur ing  anodic oxidat ion.  

From Figure 2 it can be seen t h a t  t h e  r a t e  of oxida t ion  of the  
P i t t sburgh  coa l  has  dropped by a f a c t o r  of about 7 when about 1 6 %  of 
t h e  coal  i s  e lec t rochemica l ly  consumed. Af te r  it had been consumed 
t o  t h i s  ex ten t ,  t h e  coa l  was subjec ted  t o  seve ra l  t rea tments ,  t o  inves-  
t i g a t e  t h e  na tu re  of t h e  deac t iv i a t ion  and explore  t h e  p o s s i b l i t y  of 
regenerat ion.  The r e s u l t s  d i sc lose  t h a t  t he  fol lowing t reatments  r e s t o r e  
the  o r i g i n a l  a c t i v i t y  of the  c o a l . t o  a g r e a t  ex ten t :  
acetone which was a l s o  observed t o  remove t a r - l i k e  mater ia l  from t h e  
coa l  with t h e  formation of a dark, perhaps c o l l o i d a l ,  e x t r a c t  so lu t ion ,  
and ( B )  hea t ing  i n  a i r  t o  250DC, which presumably removes accumulated 

*Throughout t h i s  paper t he  ex ten t  of  c o a l  consumption i s  computed as  

This behavior i s  shown i n  Figure 1 where 

Prel iminary r e s u l t s  obtained by 

( A )  washing wi th  

t h e  mass of  carbon equivalent  to t o t a l  e l e c t r i c a l  charge passed during 
t h e  experiment. 
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oxygen-containin surface functional groups 171. In another experi- 
ment, North Dskda lignite was anodically oxidized at 1. OV and at 
114OC with consumption of 26% of the coal, the remaining coal was 
filtered from the electrolyte, washed with acetone, and then heated 
in air to 250°C for 2 hours. This reactivated coal was then returned 
to the anolyte, and was further consumed an additional 20%. With the 
regenerated coal the oxidation current was almost equal to that observed 
with virgin coal and curve 2 of Figure 2 was essentially reproduced 
under the same conditions and with similar product formation. These 
experiments suggest that it would be possible to consume coal to a 
much larger extent at a meaningful rate by conducting the electro- 
chemical gasification reaction at temperatures of about 2OOOC and 
above. Experiments at higher temperatures are planned and will be 
reported in another paper. 

Galvanostatic Studies: Effect on the Cell Potential 

static conditions. Initially, the fresh coal samples were oxidized 
at a constant oxidation current of 150 mA until 9.82% of the coal was 
consumed, then the oxidation rate was lowered to 100 mA. The corre- 
sponding change of cell potential is plotted against the percentage 
of the total coal consumed in the process in Figure 3 .  The results 
clearly indicate that to maintain the desired rate of the reaction, 
the cell potential gradually rises because, as explained above, the 
coal particles become more and more unreactive as the reaction pro- 
gresses (there may also be some effect due to decreasing coal concen- 
tration as well.) The potential required to maintain a constant 
current of 150 mA continues to rise in Figure 3 to about 1.2V (attained 
at first after abpt 97 hr) whereupon the required potential rises 
abruptly to about 1.7V, thereby suggesting the onset of a different 
reaction mechanism. As evident in Figure 3 this discontinuity at 
1.2V was reproducible at two different currents (150mA and 1OOmA) and 
two czxresponding different stages of coal consumption. It should be 
noted that analysis of the anode gas revealed only C02 and CO and no 
trace of 02 until the potential reached 1.98V. 
that the discontinuity at 1.2V may correspond to the onset of a dif- 
ferent mechanism of electrochemical coal gasification; it cannot be 
explained as the onset of simple water electrolysis. 

North Dakota lignite was electrochemically gasified under galvano- 

It appears, therefore, 

Temperature Effects 
It is suggested above that it would be possible to consume coal 

to a much larger extent at a meaningful rate by conducting the electro- 
chemical gasification reaction at temperatures of about 2OO0C and above. 
Higher temperature operations may also provide other benefits: 

(i) polarization potentials (overvoltages) would be lowered and 
(ii) the reversible (thermodynamic) cell potential would also be 

Figure 4 shows the effect of temperature on the reversible cell 
potential as computed from the thermodynamic AG and AH values of the 
electrochemical coal gasification reaction 5). Referring to this fig- 
ure, the electrochemical coal gasification cannot occur below the rever- 
sible thermodynamic potential that corresponds to the Gibbs free energy 
of reaction (AG); this voltage decreases with increasing temperature. 
It is possible in principle for electrolysis to occur at any potential 
above the reversible thermodynamic value, if TAS is supplied as heat 
from the surroundings, but in practice polarization effects and other 
irreversibilities require larger potentials in order to operate at 
reasonable rates of reaction. 

If the cell is operated at or above the thermoneutral voltage 

lowered as explained below. 
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M) 
(= ?F 
add i t iona l  energy is  requi red  because the  e n t i r e  endothermic hea t  of 
r eac t ion  i s  suppl ied  a s  e l e c t r i c a l  energy. Above t h e  thermoneutral 
vol tage the re  would be n e t  hea t  generat ion and hea t  removal would be 
necessar i  . 
Gases Produced and t h e  Current  Ef f ic iency  

During t h e  oxida t ion  of NDL, P i t t sburgh  coa l ,  ac t iva t ed  carbon 
and Montana Rosebud char  a t  p o t e n t i a l s  between 0.8V t o  1 . 2 V  the  gas 
produced a t  t h e  cathode was e s s e n t i a l l y  pure H a  and i n  each case t h e  
cu r ren t  e f f i c i e n c y  of H2 production was around 1 0 0 %  based on measured 
cu r ren t  i n t e g r a t e d  over  time. The gas produced within t h e  anode com- 
partment was almost pure C02 with small amounts of CO. 
of the  anode gas ,  however, v a r i e s  somewhat over t h e  course of t h e  gas- 
i f i c a t i o n  r eac t ion ;  t h i s  may be a t t r i b u t e d  t o  corresponding changes 
i n  population of  sur face  oxides on the  coa l .  I t  is a l s o  observed t h a t  
t h e  volume r a t i o  of t h e  gases  co l l ec t ed  a t  t he  cathode t o  those a t  the 
anode ranged from about 9 . 1 t o  3.7; the  higher  r a t i o s  w e r e  obtained a t  
t h e  beginning of t h e  experiment bu t  then decreasesd. According to t h e  
s toichiometry of r eac t ion  5) t h i s  gas  r a t i o  should be about 2. Cathode- 
to-anode gas r a t i o s  g r e a t e r  than about 2.0 can be a t t r i b u t e d  mainly t o  
accumulation of oxygen on t h e  coa l  p a r t i c l e s  i n  the  form of func t iona l  
groups such as -COOHI -CHO, CH2OH and the  l i k e .  Moreover, higher rel- 
a t i v e  amounts of  H2 may a l s o  be a t t r i b u t e d  i n  p a r t  as a r i s i n g  from t h e  
hydrogen content  of t h e  coal .  
r e s i d u a l  carbon af ter  NDL g a s i f i c a t i o n  r evea l s  p r e f e r e n t i a l  consumption 
of v o l a t i l e  components which a re  expected t o  be r i c h  i n  hydrogen. The 
production of anode gas  i s  probably s t rong ly  r e l a t e d  t o  t h e  concentrat ion 
of  t h e  su r f ace  oxides, of coa l .  Binder e t  a 1  reported 173 t h a t  a su r face  
layer  forms f i rs t  on g raph i t e  and only then does C 0 2  evolut ion begin. 
As t he  oxida t ion  process  advance, su r f ace  oxides  may bu i ld  up t o  steady- 
s t a t e  concent ra t ions  on t h e  coa l ,  whereupon the  anode compartment gas  
generat ion r a t e  becomes cons tan t .  A q u a l i t a t i v e  bu t  s e n s i t i v e  mass 
spectrometr ic  a n a l y s i s  was made of the  gases  produced a t  both anode 
and cathode. I t  i s  noteworthy t h a t  no l i n e s  were observed fo r  mole- 
cu la r  weights corresponding to  So2 o r  HaS--even though t h e  parent  
coa ls  contain s i g n i f i c a n t  su l fu r .  

both AG and TAS a r e  suppl ied  a s  e l e c t r i c a l  energy and no 

The composition 

1 
I 
1 

Prel iminary proximate ana lys i s  of t h e  

I 

Implicat ions f o r  Hydrogen Production 
The more common approaches t o  s p l i t t i n g  the  water molecule t o  

recover hydrogen have u t i l i z e d  e i t h e r  e l e c t r i c a l  energy alone o r  f o s s i l  
f u e l  i n  combination w i t h  thermal energy. I t  appears t h a t  t h e  production 
of  hydrogen by t h e  combined use of f o s s i l  f u e l  and e l e c t r i c a l  energy 
as we repor t  has  no t  previously been inves t iga t ed  o r  appl ied.  I n  t h e  
following t h e  e f f i c i ency  of H production by our new process("Coa1- 
Consuming Water Elec t ro1ys is" f  is  compared with ordinary water e l e c t r o l -  
y s i s .  I n  water e l e c t r o l y s i s  t h e  energy requi red  t o  s p l i t  t h e  water I 

molecule is  suppl ied  s o l e l y  by e l e c t r i c i t y ,  whereas i n  our  new process 
t h e  required energy i s  suppl ied only i n  p a r t  by e l e c t r i c i t y  with the  
balance a r i s i n g  by way of the concomitant anodic oxida t ion  of coal .  
The following q u a n t i t a t i v e  development g ives  a f i r s t  o rder  approximation I of how much energy comes from each such source and thereby provides a 
rough f ee l ing  f o r  e f f ic iency .  The energy consumed by conventional water ( 
e l e c t r o l y s i s  conducted a t  a p o t e n t i a l  of E2 t o  produce NH 
is 2WH F E2 whereas t h e  energy required by t h e  present  pgocess under 
investZgat ion ope ra t ing  a t  a p o t e n t i a l  of E i s :  

1 moles of H2 

t 
0 

E / id t  t N, ( - A H )  6) 

where E is t h e  p o t e n t i a l  appl ied across  t h e  c e l l ,  i i s  the  cur ren t  and 
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t is time. 
the enthalpy of combustion of carbon to C02. 

operating potential E, and noting that: 

and NC = 1 / 2  NH2 8) 
where F, the Faraday constant, is 96,500 coulombs/equivalent. 

by our process becomes: 

Nc is the number of moles of carbon consumed and AH is 

The foregoing expression can be simplified by assuming a constant 

N H ~  = fidt/2F 7) 
0 

t 
0 

Eliminating Jidt and Nc the expression for total energy consumption 

2FN E i- 1/2 NH (-AH) 
HZ 2 

The relatxve energy usage (REU) is accordingly: 
Ordinary 10) Electrolysis 

Assisted 

= E2/(E t IAH1/4F) 

Inserting lAH( = 94,100 x 4.18 joules/mole and the value of F gives: 

Practical values of E2 for conventional electrolysis are about 1.8- 
2.0V whereas values of E observed in the present work have ranged 
from about 0.8 to about 1.0 volt at room temperature. This means 
that, per unit of hydrogen produced, the total energy consumption 
is about the same (REU = 1) for ordinary water electrolysis and for 
coal-assisted water electrolysis conducted in the experiments near 
room temperature reported here. In the case of electrochemical gas- 
ification to hydrogen, however, about half the required energy comes 
directly from coal and half from electricity. We expect that the 
total energy requirement for coal-assisted water electrolysis can be 
lowered further by conducting it at higher temperatures thereby per- 
mitting operation at lower potentials (E) than 0 . 8  - 1.0 volt. A 
detailed economic analysis reported elsewhere [5 ]  shows that coal- 
assisted electrolysis has its most favorable effect when electricity 
costs are high because cheaper coal energy is substituted for more 
costly electrical energy. The greatest effect (a 27% reduction in 
hydrogen cost) is evident for application with SPE technology at 
"normal" power costs of $0.027/kw.hr.: the corresponding cost reduc- 
tion for conventional electrolysis is 18%. For off-peak power at 
$O.Ol/kw.hr. it is seen that direct incorporation of coal into the 
electrolysis process seems to offer no particular advantage. 

Implications for Electrowinning of Metals 

winning of metals by substituting the half cell reaction 3)  
consumes coal) for the half-cell reaction of oxygen evolution which 
ordinarily takes place during conventional electrowinning of metals 
from aqueous solutions of their salts. 
the total overall cell potential of the resulting metal electrowinning 
process is lowered by about l.lOV with a corresponding significant 
reduction in the consumption of electrical energy. As a test case Cu 
was deposited on a platinum mesh cathode (separated from the anode by 
a fritted glass barrier) from aqueous electrolyte (0.125 M CuSO4 in 
0 . 5  M H SO at 6OoC, at two different galvanostatic rates; 5.9 mA 
and 12 &.4)The corresponding change in cell potential is plotted in 
Figure 5. It is evident that the conventional copper electrowinning 

REU = E2/(E + 1.02) 11) 

Electrochemical coal gasification can be extended to the electro- 
(which 

By this coal-based innovation 
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r eac t ions  took p l a c e  a t  c e l l  p o t e n t i a l s  o f  about 1.65V and 1.73V 
re spec t ive ly .  Also p l o t t e d  i n  Figure 5 are t h e  r e s u l t s  ob ta ined  

t h e  coal w a s  simultaneously oxidized a t  t h e  anode according t o  
equation 3 )  while Cu ca t ions  were reduced a t  t he  cathode. I n  
t h e s e  l a t t e r  experiments, North Dakota l i g n i t e  (NDL) c o a l  s l u r r y  
(0.15 qm/cm3)  w a s  introduced i n t o  t h e  anode compartment of t h e  ce l l  

i n  p a r a l l e l  experiments conducted i n  i d e n t i c a l  fash ion  except t h a t  ! 

and was anod ica l ly  oxidized while copper deposited on t h e  cathode 
under i d e n t i c a l  ga lvanos ta t i c  experimental condi t ions .  A s  a r e s u l t  
of t h e  oxida t ion  or g a s i f i c a t i o n  of the  c o a l  a t  t h e  anode, t h e  over- 
a l l  c e l l  p o t e n t i a l  w a s  lowered by about 1 . 1 V ,  compared t o  t h e  con- 
vent iona l  process.  This i s  ev ident  from t h e  comparative d a t a  p l o t t e d  
i n  Figure 5. 

Concluding Remarks 
I t  has  been shown i n  t h i s  study t h a t  
(i) d i f f e r e n t  c o a l s  have d i f f e r e n t  r e a c t i v i t i e s  f o r  e l ec t ro -  

chemical g a s i f i c a t i o n  and i n  each case t h e  r e a c t i v i t y  of  
t h e  p a r t i c u l a r  coa l  f a l l s  gradually as  t h e  r eac t ion  advances. 

(ii) t h e  o r i g i n a l  r e a c t i v i t y  of t h e  coal samples can be r e s t o r e d  
by acetone washing and hea t ing  a t  temperatures between 

( iv )  t w o  d i f f e r e n t  c o a l  ox ida t ion  mechanisms appear t o  occur i n  
t w o  correspondingly d i f f e r e n t  p o t e n t i a l  r eg ions  of oxida t ion .  

(v) hydrogen production and electrowinning of meta ls  from aqueous 
e l e c t r o l y t e s  a r e  the  processes where electrochemical coa l  
g a s i f i c a t i o n  may f ind  app l i ca t ion .  

Mass balance ca l cu la t ions ,  high temperature r e a c t i o n  and use o f  

200' - 600'C. 
(iii) high  temperature operation promises s e v e r a l  advantages. 

anodes o t h e r  than platinum a r e  cu r ren t ly  i n  progress.  
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2. Oxidation Rate of Differen t  Samples A t  1.OV as  t h e  Reaction 
Proceeds 

(S lur ry  Conc.: 0.069 gm/cm3; P a r t i c l e  S ize :  44pm and below; 
E lec t ro ly t e :  5.6M H2SO4; Po ten t i a l :  1.OV; Anode area:  
96.5 cm2 (geometrical)  ; Temp. 114OC.  

E l e c t r o l y s i s  discont inued a f t e r :  
Curve 1: 
Curve 2: 
Curve 3: 
Curve 4:  

343 hours and 16.36% consumed 
353 hours and 29.2% consumed 
1 1 0  hours and about 2.56% consumed 
78 hours and 3.2% consumed 
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THE FLASH HYDROPYROLYSIS OF LIGNITE AND SUB-BITUMINOUS 
COALS TO BOTH LIQUID AND GASEOUS HYDROCARBON PRODUCTS 

P .  T. Fa l lon ,  B. Bhat t ,  and M. Steinberg 

Brookhaven National Laboratory,  Upton, New York 11973 I 
May 1979 

In t roduct ion  
I 

Flash Hydropyrolysis (FHP) is a s h o r t  res idence  time (1 t o  10 s e c )  gas phase non- 
c a t a l y t i c  coal hydrogenation process i n  which coa l  i s  converted d i r e c t l y  t o  l i q u i d  and 
gaseous hydrocarbon products .  Pulverized coa l  i s  contacted wi th  hydrogen a t  e leva ted  
pressure  and hea ted  a t  average r a t e s  of 20,000 t o  30 ,OOO°C/sec causing thermally-induced 
f r a c t u r e s  i n  t h e  po lycyc l i c  s t r u c t u r e  of t he  coa l  molecule. The f r e e  r a d i c a l s  formed 
r ead i ly  add on hydrogen thus  inc reas ing  t h e  hydrogen t o  carbon r a t i o  of 0.8 i n  t he  feed  
coa l  to approximately 1 t o  4 depending upon whether l i q u i d  o r  gaseous hydrocarbons are 
formed. The products  a r e  then r a p i d l y  quenched t o  te rmina te  t h e  r eac t ion  and .to prevent 
any decomposition o r  recombination. The purpose of t h i s  work i s  t o  provide da t a  on 
the  process chemistry of t h e  r e a c t i o n  by studying the  l i q u i d  and gaseous products formed 
as they vary  wi th  such ope ra t ing  parameters a s  temperature,  p ressure ,  and residence t i m e .  
These r e s u l t s  are a l s o  appl ied  t o  a k i n e t i c  model and an economic eva lua t ion  of a l a r g e  
s c a l e  in t eg ra t ed  c o a l  convers ion  process ing  p l a n t .  Experiments using c a t a l y s t s  and 
much lower  hea t ing  r a t e s  were conducted by Hitsche et a 1  (1) i n  the l a t e  1950's.  Small- 
s c a l e  non-ca ta ly t ic ,  d i r e c t  hydrogenation experiments were conducted by Graff et  a1 (2) 
as f u r t h e r  background informat ion  f o r  the work repor ted  here.  

Experimental Equipment and Procedure 

A schematic of the  experimental  equipment is shown i n  F igure  1 and a de t a i l ed  
desc r ip t ion  is repor t ed  elsewhere.(3,4) The system u t i l i z e s  a 1-in.  I . D .  en t ra ined  
down-flow tubular  r e a c t o r  w i th  coa l  fed  by g rav i ty  from above. Preheated hydrogen en- 
ters j u s t  above t h e  8 f t  heated r e a c t i o n  zone and a 3 f t  cooling s e c t i o n  and char t r a p  
a r e  below. The products  formed i n  the  r eac to r  a r e  kept in t he  gas phase a t  approximately 
25OOC and r eac to r  p r e s s u r e  u n t i l  reaching the two l i q u i d  product condensers,  one water 
cooled and the o t h e r  cooled by a r e f r i g e r a n t .  The gaseous products and excess hydrogen 
a r e  then reduced t o  atmospheric pressure  and passed through a p o s i t i v e  displacement 
i n t e g r a t i n g  gas meter be fo re  being vented. The maximum opera t ing  condi t ions  of the 
system (4000 p s i  and 800°C or 2500 p s i  and 900OC) a r e  l imi ted  by the 10,000 h r  rupture  
l i f e  of t h e  Xnconel 617 r e a c t o r .  Problems unre la ted  t o  the  mechanics of the system, 
mainly r e a c t o r  plugging a t  h igh  hydrogen p res su res ,  even when us ing  non-caking coal ,  
has l imi t ed  most experiments t o  a maximum of 2500 p s i .  

A t  t h e  beginning of each experiment,  the coa l  feeder  is charged wi th  approximately 
t h r e e  pounds of c o a l  ground t o  minus 100 mesh (< 15011). 
of about two hour du ra t ion  and c o a l  and hydrogen a r e  f ed  a t  approximately 1 l b / h r  each. 
Product samples a r e  taken every 8 minutes from one of fou r  sample t aps  loca ted  every 
2 f t  along the l eng th  of t h e  r e a c t o r .  An on-line programmable gas chromatograph i s  
used fo r  de te rmina t ion  of CO, C02, CH4, 
The heavier  l i q u i d  hydrocarbon products @$) a r e  co l l ec t ed  and measured a t  t h e  end 
of t h e  experiment. 

'the y i e lds  and d i s t r i b u t i o n  of products a s  a func t ion  of gas and coa l  p a r t i c l e  r e s i -  
dence time. There is  a l s o  another  sample t o p  loca ted  down stream of t h e  product con- 
denser  which provides  informat ion  a s  t o  t h e i r  e f f i c i e n c y .  

The experiments a re  genera l ly  

BTX (benzene, to luene ,  xy lene)  and H20. 

The use  of t he  r e a c t o r  sample t aps  provide information on both 

52 
i 



J 

I 

Experimental Resul t s  

Product Yields and D i s t r i b u t i o n  

The process chemistry of two coa l s  are p resen t ly  be ing  s tud ied ,  a North Dakota 
l i g n i t e  and a New Mexico sub-bituminous. The u l t ima te  ana lyses  of t hese  c o a l s  a r e  
given i n  Table 1. 
completed, more experimental  d a t a  is  a v a i l a b l e  us ing  t h e  l i g n i t e .  F igure  2 shows a 
summary of t h e  BTX y i e l d s  from the  l i g n i t e  a t  hydrogen p res su res  of 500 to 2000 p s i  
and r eac to r  temperatures of 7000 t o  8OOOC. 
because of t h e i r  g rea t  number (% 50). The y i e l d  is expressed a s  f r a c t i o n  of carbon 
i n  feed  c o a l  converted t o  t h e  hydrocarbon product.  
observed between 775O and 8OOOC except a t  t h e  h ighes t  p re s su re  (2500 p s i )  s tud ied  i n  
d e t a i l  where the  y i e l d  w a s  approximately cons t an t  a t  9% a t  temperatures between 725O 
and 775OC. A s i g n i f i c a n t  i n c r e s e  i n  y i e ld  is seen a s  t h e  p re s su re  i s  increased  from 
500 t o  1000 ps i .  LiXe y i e l d  inc reases  from 4.5 t o  7%.  Fur the r  i n c r e a s e s  i n  p re s su re  
above 1000 p s i  show less s i g n i f i c a n t  i nc reases  i n  y i e l d ,  t h e  inc rease  maximum y i e l d  
going from 7 t o  9% as t h e  p re s su re  i s  increased  t o  2000 p s i .  As t h e  p re s su re  i s  
f u r t h e r  increased  t o  2500 p s i ,  no apprec i ab le  inc rease  i n  y i e l d  above 9% i s  observed; 
on ly  a reduct ion  i n  temperature a t  which t h e  maximum occurs .  Although a t  2500 p s i  
t he  maximum y i e l d  w a s  e s s e n t i a l l y  cons tan t  over a broad range  o f  tempera tures ,  t he  
c o a l  res idence  t i m e  a t  which t h i s  maximum was observed decreased from a maximum of 
approximately 9 sec  a t  725OC t o  a minimum of 2 sec a t  85OoC as shown i n  F igure  3. 
res idence  t i m e s  g r e a t e r  than  requi red  t o  produce t h e  maximum y i e l d ,  s i g n i f i c a n t  de- 
composition of t he  BTX w a s  observed. For example, i n  F igure  4 ,  t he  r e s u l t s  of an 
experiment conducted a t  2500 p s i  and 825OC, t h e  BTX i s  seen  t o  dec rease  from the  
maximum observed of 8% a t  2.5 s ec  t o  approximately 0 a t  9.5 sec .  

Since t h e  d e t a i l e d  s tudy  of t h e  sub-bituminous c o a l  is n o t  ye t  

The experimental  po in t s  were n o t  inc luded  

Maximum y i e l d s  were gene ra l ly  

A t  

Since p re sen t ly  t h e  minimum res idence  t h a t  can be measured is approximately 2 s e c ,  
i t  i s  poss ib l e  t h a t  s l i g h t l y  h igher  BTX may exist a t  s h o r t e r  r e s idence  t i m e .  This looks 
t o  b e  the  case when cons ider ing  t h e  i n i t i a l  s t e e p  g rad ien t  of t h e  BTX curve  i n  F igure  4. 
The l i q u i d  hydrocarbon products  of molecular weight g r e a t e r  than  xylene  cannot be  
measured wi th  the  on-line gas  chromatograph because they tend  t o  condense i n  the  sample 
l i n e s .  For t h i s  reason ,  they are no t  inc luded  i n  t h e  c o r r e l a t i o n s  given i n  F igure  4 
which e x h i b i t  t he  e f f e c t  of res idence  t i m e  on the  product d i s t r i b u t i o n .  These l i q u i d s  
are co l l ec t ed  i n  t h e  condenser t r a p s  and measured and analyzed v i a  gas chromatography 
a t  t h e  end of each experiment. Generally,  t hese  heav ie r  l i q u i d s  have been found t o  be 
exc lus ive ly  polynuclear aromatic hydrocarbons (PNA), approximately 40% of which i s  
naphthalene.  A t y p i c a l  composition of t h i s  l i q u i d  is g iven  i n  Table 2 .  Only on very  
rare occasions has any phenols been found and then only  i n  t r a c e  amounts. The maximum 
y i e l d  of t hese  heavier  l i q u i d s  i s  gene ra l ly  of t h e  same orde r  as t h a t  of t h e  BTX though 
obtained a t  a lower temperature.  For example, i n  F igure  5 which shows t h e  t o t a l  y i e l d  
of l i q u i d  hydrocarbon products from l i g n i t e  a t  a hydrogen p res su re  of 2,000 p s i ,  t h e  
l i q u i d s  of > C g  are seen t o  maximize a t  approximately 9% y i e l d  at  a temperature of 75OoC 
whi le  the  BTX maximum of approximately 10% occurs a t  8OO0C. These heav ie r  li u i d s  are 
a l s o  seen t o  decompose very r a p i d l y  a s  t h e  temperature i s  increased  above 750 C t o  t h e  
ex ten t  t h a t  a t  85OoC only  approximately 0.5% y i e l d  remains.  Since t h e  y i e l d  of BTX 
wi th  temperature i s  shown t o  b e  much more uniform than t h e  heavier  l i q u i d s  wi th in  t h e  
temperature range shown, t h e  t o t a l  y i e l d  of l i q u i d s  i s  seen  t o  peak a t  18% and occurs  
a t  t h e  same temperature a t  which t h e  heav ie r  l i q u i d s  peak ( 7 5 0 ' 0 .  

a 

Although t h e  y i e l d s  obta ined  from sub-bituminous c o a l  is st i l l  be ing  inves t iga t ed ,  
a s i g n i f i c a n t  amount of in format ion  has  been accumulated. 
of BTX is shown t o  b e  as h igh  as approximately 15% a t  2000 t o  2500 p s i  and decreases  
only t o  approximately 1 2 %  as t h e  pressure  i s  reduced t o  1000 p s i .  
at which t h e  maximum y i e l d s  a r e  obta ined  decrease  wi th  increased  p res su re ,  going from 
825OC a t  1000 p s i  t o  775OC a t  2500 ps i .  
formed (CH 

In F igu re  6 ,  t h e  maximum yie ld  

Also,  t h e  temperatures 

When these  y i e l d s  p l u s  t h e  gaseous hydrocarbons 
+ C 2 H 6 )  are compared t o  t h e  same products  from lignite as shown i n  F igure  7 ,  

4 
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a cons tan t  incrementa l  y i e l d  of approximately 5% f o r  both t h e  BTX and gaseous hydro- 
carbons is ohserved f o r  t h e  sub-bituminous coa l .  This  r e s u l t s  i n  an  o v e r a l l  10% 
inc rease  i n  y i e l d  of hydrocarbon products f o r  the  sub-bituminous c o a l  compared t o  t h e  
l i g n i t e .  
no t  completely inves t iga t ed ,  appears t o  be much lower than t h a t  ob ta ined  from l i g n i t e ,  
ranging  from 4.5 to  1.5% o r  less. 
however, t h e  t o t a l  l i q u i d  y i e l d  is on the  average equal  t o  o r  g r e a t e r  than t h a t  from 
l igni te .  

The y i e l d  of heav ie r  l i q u i d  products  (L C9) from t h e  sub-bituminous, although 

When t h i s  i s  added t o  t h e  maximum y i e l d s  of BTX, 

A t  temperatures of 85OoC and g r e a t e r ,  the l i q u i d  hydrocarbons a r e  seen  to  decompose 
almost e n t i r e l y  t o  produce gaseous hydrocarbons, p r i n c i p a l l y  methane and ethane. This 
p lus  the a d d i t i o n a l  gaseous products formed d i r e c t l y  from t h e  c o a l  r e s u l t  i n  maximum gase- 
ous y i e lds  ( C H  + C 2 H 6 )  shown i n  F igure  8. The format ion  of these  products appear t o  be 
a d i r e c t  func t ion  of t h e  hydrogen p res su re ,  i nc reas ing  a t  t h e  r a t e  of 18% conversion f o r  
each 500 psi i nc rease  i n  p re s su re .  
c o a l  feed r a t i o  of approximately 1 l b / l b  and a t  c o a l  res idence  t i m e s  between 2.4 and 
7 seconds. It was found t h a t  a t  s h o r t e r  r e s idence  times t h e  r eac t ion  has  no t  reached 
completion and a t  l onge r  r e s idence  t i m e s ,  decomposition of t h e  methane reduced t o t a l  
y i e l d s .  Also,  s i n c e  h ighe r  temperatures a c c e l e r a t e  t h e  decomposition, t h e  competing 
r eac t ions  of format ion  and decomposition a t  2000 t o  2500 p s i  r e s u l t  i n  t he  maximum 
y i e l d  occurr ing  a t  t empera tures  lower than t h e  maximum s tud ied  (900OC). 
ver s ion  of 88% to  CH4 and C2H6 was obta ined  a t  875OC and 2500 p s i  pressure .  

4 

These y i e l d s  w e r e  a l l  produced a t  a hydrogen t o  

A t o t a l  con- 

When t h e  hydrogen t o  c o a l  feed r a t i o  i s  reduced by approximately 4 t o  a r a t i o  of 
0 . 2 5 ,  some reduc t ion  in gaseous products is  observed (Figure 9 ) .  Some o r  a l l  of t h i s  
reduct ion  could  be a t t r i b u t e d  t o  a r educ t ion  i n  hydrogen p a r t i a l  p re s su re  caused by 
h ighe r  concen t r a t ions  of product i n  t h e  process  stream. 

The s tudy  of t h e  New Mexico sub-bituminous c o a l  i s  s t i l l  i n  progress .  The in- 
formation t o  da t e  i n d i c a t e s  i t  behaves s i m i l a r l y  t o  l i g n i t e  i n  g a s i f i c a t i o n  except 
t h a t  g rea t e r  y i e l d s  are ob ta ined  a t  lower p re s su re ,  as shown i n  F igure  10. 
t h e  l i g n i t e  y i e l d s  approximately 35% gaseous products  and the sub-bituminous 55%, an  
almost 60% i n c r e a s e  over  t h e  l i g n i t e .  
t o  produce maximum gaseous products  were approximately the same. 

A t  1000 p s i  

The temperatures and r e s idence  t i m e s  necessary 

Sulfur and Nitrogen 

To da te ,  most of t he  d e t a i l e d  de te rmina t ions  of s u l f u r  d i s t r i b u t i o n s  i n  the  
products and e f f l u e n t s  have been made on experiments us ing  l i g n i t e .  The d i s t r i b u t i o n  
of t h e  s u l f u r  among t h e  v a r i o u s  forms i n  l i g n i t e  i s  g iven  i n  Table 3 and a summary of 
t h e  d i s p o s i t i o n  of t h i s  s u l f u r  a f t e r  hydropyro lys is  i s  g iven  i n  Table 4 .  
t hese  t ab le s ,  i t  should  be  noted  t h a t  i n  most experiments g r e a t e r  than 50% of the  
s u l f u r  i n  t h e  feed l i g n i t e  is re t a ined  i n  t h e  spen t  char.  Approximately 64% of the  
s u l f u r  i n  t h e  lignite is in t h e  organic  form whi le  90% of t h e  s u l f u r  i n  t h e  char was 
found to  be  i n  the o rgan ic  form. A l s o ,  t h e  l i q u i d  hydrocarbon products  contained 
much less than  the 0.3% s u l f u r  considered t o  be t h e  maximum a l lowable  f o r  f u r t h e r  
hydro t rea t ing .  The s u l f u r  d i sso lved  i n  t h e  water produced is  probably l imi t ed  by 
the  s o l u b i l i t y  of H2S which i s  approximately 0.66 w t %  a t  t h e  temperatures (%O°C) a t  
which the water i s  c o l l e c t e d .  

I n  comparing 

The n i t rogen  ba lance  shown i n  Table 5 fo l lows  very  c l o s e l y  t h e  same d i s t r i b u t i o n  
a5 t h e  s u l f u r ,  aga in  t h e  l a r g e s t  s i n g l e  po r t ion  remaining i n  the  cha r .  In t h i s  case ,  
t h e  n i t rogen  d i s so lved  i n  t h e  water produced i s  n o t  s o l u b i l i t y  l i m i t e d  s i n c e  it i s  
assumed t o  be  i n  the form of ammonia which can be as high as 47 wtX a t  O°C. 

Reaction Scheme and Kine t i c  Model 

In  o rde r  t o  deve lop  a r eac t ion  scheme and a k i n e t i c  model, t h e  following assumptions 
were made: 
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1) 
2) 
3) Only hydrocarbons and no t  oxides of carbon considered. . 
4) 

5) 
6 )  

The r eac t ion  scheme purposed is as fo l lows:  

Isothermal condi t ions  exist along t h e  l eng th  of t h e  r e a c t o r .  
Chemical r eac t ions  a r e  t h e  r a t e  determining s t e p s .  

Methane and e thane  from decomposition of BTX are small compared t o  t h a t  

Free  carbon formed from decomposition of products  has  n e g l i g i b l e  r e a c t i v i t y .  
Liquids heavier  than  BTX a r e  in t e rmed ia t e  spec ie s .  

produced from coa l .  

K K 
Coal + H~ +.I BTX + H~ 2 C H ~  + C ~ H ~  

Coal + H~ +. C H ~  -+3 C H ~  4 c + H~ 

Coal + H2 +5C2H6 9 C + H2 
Real iz ing  t h i s  scheme t o  be  a f i r s t  approximation o f  t h e  t r u e  r e a c t i o n  mechanism, 

a k i n e t i c  model w a s  developed and t h e  appropr i a t e  ra te  cons tan ts  ca l cu la t ed .  Only those  
r e s u l t s  from experiments us ing  l i g n i t e  and i n  which s u f f i c i e n t  r e s idence  time d a t a  was 
a v a i l a b l e  were used. me r e s u l t s  are shown i n  Table 6 .  As can b e  seen from the  calcu- 
l a t e d  a c t i v a t i o n  energ ies ,  a l l  r eac t ions  a r e  chemical r e a c t i o n  ra te  l i m i t i n g  r a t h e r  
than d i f f u s i o n  l imi t ing  except poss ib ly  f o r  the decomposition of methane ( K 4 ) .  

Economic Evaluation 

K K  

K K  

A summary of t h e  r e s u l t s  from the  more r ecen t  economic eva lua t ion  f o r  u t i l i z a t i o n  
of FHP i n  a n  in t eg ra t ed  c o a l  conversion process  (5) i s  g iven  i n  Table 7 .  The feed  coa l  
w a s  assumed t o  be l i g n i t e  s i n c e  a t  t h e  i n i t i a t i o n  of t h e  s tudy  l i t t l e  exper imenta l  da t a  
w a s  a v a i l a b l e  using sub-bituminous coa l .  
(motor gaso l ine  and l i q u i f i e d  petroleum gas-LPG), p i p e l i n e  gas only, and co-products of 
l i q u i d s  and p ipe l ine  gas.  
day of l i g n i t e ,  producing 47,700 bbl/day of motor gaso l ine  in t h e  l i q u i d  process  o r  
395 MM SCFD of p ipe l ine  gas f o r  t h e  gas process .  The n e t  thermal e f f i c i e n c i e s  which 
inc lude  i n t e r n a l  p l a n t  energy needs were ca l cu la t ed  t o  vary  from 61% f o r  t h e  a l l  gas  
s l a t e  t o  72% f o r  t h e  combined product s l a t e  t o  a low of 50% f o r  t h e  a l l  l i q u i d s  slate. 
The reason  f o r  t he  low e f f i c i e n c y  of t he  a l l  l i q u i d s  s l a t e  i s  t h a t  t he  methane produced 
must be performed wi th  steam t o  produce hydrogen. 
d o l l a r s ,  ranged from a low of $839 m i l l i o n  f o r  t h e  a l l  l i q u i d s  p l a n t  t o  a h igh  of $936 
mi l l i on  f o r  t he  a l l  gases  p l a n t .  
were t h e  product s epa ra t ion  from t h e  r ecyc le  gas and the  production of hydrogen. 
t hese  represented  approximately 50% of t h e  c a p i t a l  investment.  
on ly  amounted t o  approximately 5% of the  investment.  
f u e l  o i l  equiva len t  c o s t  of production f o r  t h e  t h r e e  product slates. 
a t  $32.34/bbl i s  the  a l l  l i q u i d s ,  mostly due t o  t h e  low n e t  thermal e f f i c i e n c y  and the  
most a t t r a c t i v e  o r  cheapest a t  $23/bbl is f o r  t h e  mixed products .  

Conclusions 

Three product slates w e r e  assumed, l iqu ids  only  

The p l a n t  capac i ty  i s  assumed t o  b e  25,000 t o  30,000 tons  pe r  

The c a p i t a l  c o s t s ,  based on 1978 

In a l l  cases, t h e  two most c o s t l y  i t e m s  i n  t h e  p l a n t s  
Combined, 

The f l a s h  hydropyrolyzer 

The most expensive 
The l a s t  e n t r y  i n  Table 8 shows the  

The following conclus ions  can be drawn from t h i s  work s o  f a r .  

-The maximum y i e l d  of BTX observed from the FHP of sub-bituminous coa l  is a t  l e a s t  50% 

-The t o t a l  l i q u i d s  y i e l d s  (BTX + 5 C,) are approximately t h e  same f o r  bo th  coa l s  (%18-20%). 
-Both c o a l s  can be  hydrogas i f ied  t o  methane and e thane  up t o  approximately 85% of the  

-The sub-bituminous coa l  y i e l d s  60% more gaseous hydrocarbons a t  1000 p s i  and 875' t o  

-The gaseous y i e l d s  from both  coa ls  is d i r e c t l y  p ropor t iona l  t o  t h e  hydrogen p res su re  

g r e a t e r  than  t h a t  from l i g n i t e  (10% f o r  l i g n i t e  and 15% f o r  sub-bituminous). 

t o t a l  carbon i n  t h e  f u e l  a t  2500 p s i  and 875O t o  900°C. 

900°C than  t h e  l i g n i t e .  

i n  t h e  range of 500 t o  2500 p s i .  

55 



-Negligible q u a n t i t i e s  o f  t h e  s u l f u r  o r  n i t rogen  i n  the  coa l  are found i n  t h e  l i q u i d  

-The FHP r e a c t i o n s  are b a s i c a l l y  chemical rate and n o t  d i f f u s i o n  r a t e d  con t ro l l ed .  
-In t h e  commercial a p p l i c a t i o n  of FHP, a mixed product s l a t e  of l i q u i d s  and gases  i s  

hydrocarhon products.  

t he  most economical. 

References 

1. Hiteschue, R. W . ,  Anderson, R. B., and Schles inger ,  M. D . ,  Hydrogenation of Coal a t  
8OO0C, Ind. Engrg. Chem., 4p, 2008 (1957). 

2.  Gra f f ,  R. A . ,  Dobner, S., and Squi res ,  A. M. ,  F lash  Hydrogenation of Coal. 1. Experi- 
mental  Methods and Pre l iminary  Resu l t s ,  Fue l ,  E, 109 (1976). 

3. S te inberg ,  M., Fa l lon ,  P. T., Doering, R. ,  Farber ,  G . ,  Smith, J . ,  and Woodson, G . ,  
Safe ty  Analysis Report  on t h e  Brookhaven Coal F la sh  Hydropyrolysis Experiment, 
BNL 21919 (October 1976).  

Operation, and I n i t i a l  Resu l t s  of a F lash  Hydropyrolysis Experimental Uni t ,  BNL 
22519 (January 19771, presented  a t  173rd Nat iona l  American Chemical Society Meeting, 
New Orleans,  La. (March 20-25, 1977).  

5. S te inberg ,  M . ,  Fa l lon ,  P., Dang, V., Bhatt ,  B . ,  Z i eg le r ,  E. ,  and Lee, Q . ,  Reaction, 
Process ,  and Cost Engineer ing  f o r  t h e  F lash  Hydropyrolysis (FHP) of Coal, BNL 25232 
(November 1978),  p re sen ted  a t  71st Annual Meeting o f  the  American I n s t i t u t e  of 
Chemical Engineers,  M i a m i  Beach, F lo r ida  (November 12-16, 1978). 

4. Fa l lon ,  P. and S te inbe rg ,  M . ,  F lash  Hydropyrolysis of Coal, The Design, Construction, 

Table 1 

ULTIMATE ANALYSIS (WT PCT DRY) O F  LIGNITE 
AND SUB-BITUMINOUS COALS 

North Dakota New Mexico 
L i g n i t e  Sub-Bituminous 

Carbon 
Hydrogen 
Oxygen* 
Nitrogen 
Su l fu r  
Ash 

59.0 
4.0 

25.5 
0.9 
0.6 

10.0 

59.3 
4.2 

16 .8  
1.2 
0.8 

17.7 

*By d i f f e r e n c e .  
Table 2 

TYPICAL COMPOSITION OF OILS AND HEAVIER LIQUID HYDROCARBON PRODUCT (1. Cg) 
FROM THE FLASH HYDROPYROLYSIS OF LIGNITE 

Naphthalene 
Other 2 r i n g  a romat ics  (methyl naphthalene 

f luo rene ,  e t c . )  
Three r i n g  a romat ics  (phenanthrene, e t c . )  
Four r i n g  a romat i c s  (pyrene, e t c . )  
F ive  r i n g  a romat ics  (chrysene, etc.) 
High b o f l i n g  f r a c t i o n  (asphaltenes) 

38.1 

19.5 
11.1 
5.1 
3.1 

23 .1  

Table 3 

SULFUR DISTRIBUTION I N  NORTH DAKOTA LIGNITE 

Su l fu r  Form % i n  L i g n i t e  % of T o t a l  

SO ( so lub le )  0.089 14 .8  
Fe$ ( p y r i t i c )  0.129 21.6 
Organic 0.382 63.6 
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Table 4 

FLASH HYDROPYROLYSIS OF LIGNITE 
Sul fur  Balance 

Sul fur  Conc. i n  L ign i t e  Feed - 0.6% 

Concent ra t ion  i n  
% Dis t r ibu t ion  Product Stream 

i n  product (ut%) 

Contained i n  l i q u i d  HC 
product 1 

Contained i n  char 48-77 
Dissolved i n  water produced 12-22 
Vented t o  atmosphere 15-25* 

0.09 
0.85-1.7 
0.54-0.73 
0.1-0.15 

* 
By d i f f e rence .  

Table  5 

FLASH HYDROPYROLYSIS OF LIGNITE 
Nitrogen Balance 

Nitrogen Conc. in Lign i t e  Feed - 0.9% N 

Concentration i n  
% D i s t r i b u t i o n  Product Stream 

i n  Product (wt  % ) 

Contained i n  l i q u i d  HC product 4 
Contained i n  cha r  30-55 
Dissolved i n  water produced 15-40 
Vented to atmosphere 21-26* 

0.16 
0.6-1.1 
2.7-5.0 
0.19-0.23 

*By d i f f e rence .  

Table 6 

CALCULATED RATE CONSTANTS 
Pressure  (P 1 1500-2500 p s i  

HZ 
Temperature (T) 973-1173OK 

.004 ~ 7 1 7 0 0 f R T  
k2 = 1.33 x 1014 P 

HZ 

HZ 
4 0.07 e-29700/RT 

k3 = 3.93 x 1 0  P 

-0.043 e-15100/RT 
k = 97.5 P 

4 H2 
-44Q00f RT 

k5 = 1.03 x 10' P 

k6 = 3.30 x 1014 P 

e 
HZ 

H2 

1.17 e-85700/RT 
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Table 7 

FLASH HYDROPYROLYSIS OF COAL 

Manufacturing Cost of Product Fue l  

Main F u e l  Product Made Liquids  L iau ids  and Gases Gases 

Reactor Operating Condit ions 

Pressure,  p s i  
Temperature, OC 

Product Values 

P ipe l ine  gas 
Mot or gaso l ine  
LPG 

2500 (170 ATM) 2000 (136 ATM) 2000 (136 ATM) 
750% (1382OF) 75OoC (1382OF) 825OC (1517'F) 

-0- 159 MM SCFD 395 MM SCFD 
47,700 BBfD 47,700 BB/D -0- 
134 tons/D 134 tons/D 134 tons/D 

Operating Cost $ m / y r  $ m f y r  $ MM/yr 

L ign i t e  @ $20/ton 204.4 212.7 
Catalyst  and chemicals  5.5 5.5 
Power @15 mills/kwh 1.1 6.8 
Ash d i sposa l  2.6 2.8 
Ins. Maint. GA (8% of c a p i t a l )  57.2 71.4 
Operating l abor  8.0 8.0 

T o t a l  ope ra t ing  c o s t  278.8 307.2 
Mortgage 10% 93.4 104.8 
Depreciat ion @5% (20 y r s )  
10% ROI and income tax 
To ta l  

41.9 
167.8 

$581.9 

44.6 
178.4 

$635.0 

212.5 
5.0 
8.3 
2.7 

74.9 
8.0 

311.4 
109.9 

44.8 
187.1 
$653.2 

Se l l ing  P r i c e  (To ta l  FOE) $5.13fMM BTTJ $3.83fMM BTU $4.53fMM BTU 
P ipe l ine  gas ,  $/MSCF) $5.13/MM BTU $3.83/MM BTU $4.53/MM BTU 

Fuel  o i l  equ iva len t  (FOE) $32.34/bbl $23.00/bbl $30.17/bbl 
Motor gaso l ine ,  (90 RON) $0.77/ g a l  $0.54/gal -0- 
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EXPERIMENTAL INVESTIGATION OF PEAT HYDROGASIFICATION 

F. D. Raniere, L. P. Combs, and A. Y. Fa lk  

Energy Systems Group 
Rockwell I n t e r n a t i o n a l  

8900 De Soto Avenue 
Canoga Park, C a l i f o r n i a  91304 

INTRODUCTION 

The a v a i l a b i l i t y  and a c c e s s i b i l i t y  o f  peat as a domestic f o s s i l  resource have been 
w e l l  pub l i c i zed  by  Minnesota Gas (Minnegasco) and the  I n s t i t u t e  o f  Gas Technology 
(IGT) (References 1 and 2) .  I t  has been establ ished t h a t  peat, w i t h  an estimated 
1440 quads ( lo15 Btu)  o f  a v a i l a b l e  energy, i s  second o n l y  t o  coa l  as t h e  most abun- 
dant  f o s s i l  energy resource i n  the  Un i ted  States.  Also, hyd rogas i f i ca t i on  tes ts  a t  
IGT (Reference 1) have shown t h a t ,  due t o  pea t ' s  unique p roper t i es  o f  h igh  vo la -  
t i l i t y  and hydrogen-to-carbon r a t i o ,  peat i s  h i g h l y  r e a c t i v e  y i e l d i n g  good conver- 
s ion  t o  methane. 

Based on these s tud ies  and t h e  concurrent DOE-sponsored* development o f  a sho r t  
residence t ime  coal  h y d r o g a s i f i e r  a t  Rockwell I n te rna t i ona l ,  w i t h  the  C i t i e s  
Service Research and Development Company as a subcontractor,  an add i t i ona l  task  
t o  the  e x i s t i n g  DOE c o n t r a c t  was establ ished t o  f u r n i s h  a p re l im ina ry  performance 
p r o f i l e  f o r  peat i n  t h e  Rockwell hyd rogas i f i e r .  Rockwell and C i t i e s  Service have 
entered i n t o  an agreement t o  develop j o i n t l y  short-residence-t ime, f l a s h  hydro- 
py ro l ys i s  process technology. Acknowledgement i s  g iven  t o  both Louis Jablansky 
and Melvyn.Kopstein o f  DOE f o r  t h e i r  admin i s t ra t i on  o f  t h i s  add-on e f f o r t .  

The background technology and d e t a i l s  o f  development f o r  t h e  Rockwell hyd rogas i f i e r  
reac to r  have been p rev ious l y  repor ted  over t h e  l a s t  few years (References 3, 4, 
and 5 ) .  However, a b r i e f  review i s  necessary t o  es tab l i sh  t h e  cond i t ions  under 
which the  peat  hyd rogas i f i ca t i on  t e s t s  were made. 

The Rockwell r e a c t o r  i s  based on the  a p p l i c a t i o n  o f  rocke t  engine techniques t o  
achieve r a p i d  mix ing-react ion a t  optimum temperature and residence time. Adjustment 
o f  reac tor  cond i t i ons ,  p r i n c i p a l l y  temperature and residence time, a l lows a range o f  
product d i s t r i b u t i o n  from predominant ly l i q u i d s  t o  complete g a s i f i c a t i o n  t o  subs t i -  
t u t e  na tu ra l  gas (SNG). 
byproduct BTX (benzene, to luene, and xy lene) .  

Successful operat ion has been demonstrated a t  engineer ing sca les  from 1/4- t o  1-ton/h 
( tph )  feedrates.  Th is  success was achieved by feed ing  dry,  pu l ve r i zed  carbonaceous 
s o l i d s  ( coa l  o r  peat)  i n t o  the  reac to r  w i t h  a minimum o f  c a r r i e r  gas (dense-phase 
f low) and there ,  ach iev ing  almost instantaneous mix ing and concurrent heat ing  w i th  
a preheated gaseous hydrogen stream. Reactor cond i t ions  were c o n t r o l l e d  t o  produce 
t h e  des i red  products ( l i q u i d s  o r  gas). The cu r ren t  reac to r  development program (DOE 
Contract  ET-78-C-01-3125) w i l l  op t im ize  t h e  i n j e c t o r - r e a c t o r  con f igu ra t i on  a t  4 tph 
and be a f u l l - s c a l e  element f o r  s t ra igh t fo rward ,  mu1 t i -e lement  sca l i ng  t o  commercial- 
s i z e  reac tors .  

In termediate cond i t ions  permi t  maximized y i e l d s  o f  

REACTOR SYSTEM 

A d e s c r i p t i o n  of  t he  dense-phase, d ry -so l i ds  feed system has been presented i n  
previous papers and r e p o r t s  (References 3 and 41. Without mod i f i ca t i on ,  t h i s  

*Hydrogasi f ier  Development f o r  the  Hydrane Process, Contract  EX-77-C-01-2518, 
LOUiS Jablansky, Department o f  Energy (DOE) Program Manager. 
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Proximate Analysis (%)  
Mo i s t u r e  
Ash 
Vol a t i  l e s  
Fixed Carbon 

U l t ima te  Analysis (%) 
Mois ture 
Carbon 
Hydrogen 
Ni t rogen 
Chi o r i n e  
S u l f u r  
Ash 
Oxygen (by d i f f . )  

i 

Heating Value ( B t u / l b )  
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s i o n  and s p e c i f i c  conversion t o  l i q u i d s  
( the d i f f e rence  i s  t he  conversion t o  gas). 
L i q u i d  byproduct can be e l im ina ted  by 

As Dry h igh  temperature (>18OO0F) and longer  
Received residence t ime (12.8 s). Data p o i n t s  a re  

segregated i n t o  two reac to r  exhaust tem- 
9.40 - perature groups. This  graph shows t h a t  

~ i ~ ~ ~ ~ ~ t ~  peat 

16-87 18 62 conversion i s  a f u n c t i o n  o f  residence 
53.76 59'34 t ime and temperature predominantly and 
19.97 22104 e s s e n t i a l l y  independent o f  pressure 

w i t h i n  the  range of 500 t o  1500 ps ig.  

42:44 46-84 shown i n  F igure 4. The t o t a l  carbon 
9 40 - The m i l d  e f f e c t  o f  r e a c t o r  temperature i s  

4-50 4-97 conversion increases s l i g h t l y  as reac to r  
1.60 1 77 tempgrature i s  increased from 1550 t o  
0.03 0'03 1850 F. The apparent e f f e c t  o f  pressure 
0.18 0.20 i n  F igure 4 i s  caused by t h e  concurrent 

16-87 18:62 increase i n  residence t ime as pressure i s  
24.98 27.57 increased i n  a g iven reac to r  con f igu ra t i on .  
7,596 8,328 Two d i f f e r e n t  s i z e  reac to r  tubes were 

used t o  i s o l a t e  the e f f e c t  of pressure 



from residence time. 
Run 54, which had a reac tor  temperature of only-1000 F, a r e  dramatically shown i n  
Figure 4. 

Conversion to  benzene as a function of reactor temperature i s  magnified i n  Figure 5.  
Conversion ranged from 0.0 t o  11.7 w t  % benzene a s  an inverse function of temperature 
and residence time. This graph (Figure 5) i s  useful fo r  defining reactor conditions 
required f o r  elimination of l iqu id  product. One hundred percent s e l ec t iv i ty  to  gases 
w i t h  an overall  carbon conversios o f  84% i s  a t ta inable  in a 3-s residence reactor a t  
reactor temperatures above -1850 F. 
gas composition f o r  peat ind ica te  tha t ,  i n  general, the carbon i s  converted primarily 
to  CH4 and CO a t  a mole r a t i o  of - 2 : l  (CH4 t o  C O ) .  Almost a l l  of the carbon monoxide 
r e su l t s  from the r e l a t ive ly  h i g h  oxygen content o f  the peat. 

The low overall  conversion and Jow conversion to gases of 

As shown in Table 2 ,  analyses of the product 

DISCUSSION 

Using a computerized ana ly t ica l  model of the f lu id  dynamics and spec i f ic  hydrogena- 
t i on  reactions,  previously developed for  coal conversion (Reference 6 ) ,  peat resu l t s  
show consistent agreement w i t h  coal data (see Figure 6 ) .  The model assumes steady- 
s t a t e ,  one-dimensional (plug) flow, which i s  typical of the uniform flow patterns o f  
rocket-type in jec tors  a t  shor t  distances from the in jec tor  face. 

In order to  compare these peat r e su l t s  f o r  the Rockwell hydrogasifier with other peat 
hydrogenation inves t iga t ions ,  the t e s t  data were plotted on a published IGT graph o f  
hydrocarbon gas y i e ld  vs reactor temperature (Reference 1) for s imi la r  peat hydro- 
gas i f ica t ion  t e s t s .  Figure 7 shows t h i s  comparison. The Rockwell data a re  seen t o  
be consistent with extrapolation of the IGT data to  high reactor temperatures, and 
therefore to  higher conversion leve ls .  
peat i n  the unmodified Rockwell coal hydrogasifier, these h i g h  conversion 'levels 
provide encouraging support t o  the concept o f  peat hydrogasification t o  produce SNG. 
A commercial peat SNG p lan t  might d i f f e r  from one based on coal mainly in the more 
s t r ingent  requirements f o r  drying the peat and f o r  methanating the grea te r  quantity 
of carbon monoxide. 

Together with the re la t ive  ease of processing 

CONCLUSIONS 

The resu l t s  of t h i s  experimental investigation c l ea r ly  demonstrate t h a t  the  Rockwell 
Flash Hydrogasifier i s  one of the most ef fec t ive  reactors f o r  converting peat t o  SNG. 
Overall carbon conversions up to  84% with benzene byproduct yield ranging from 0 t o  
nearly 12% were achieved. Both overall  carbon conversion and conversion t o  benzene 
were found t o  be functions of reactor temperature and residence time, but not t o  
depend upon reactor operating pressure. 
as a prime candidate f o r  converting our abundant peat reserves t o  SNG. 

Rapid hydrogasification should be considered 
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Run 
NO. 

44 
45 
46 
47 
48 
49 
50 
51  
52 

Reactor Condi t ions Carbon Conversion Heating 
f % )  Value 

Diameter -p oT TR H /Peat To ta l  CH4 co Benzene* (Hz-Free Basis) 
( i n . )  ( w i g )  ( F) (5) 2 (Btu/scf)  
4.26 1500 16853.7  0.66 8 4 . 9 5 8 . 7 2 3 . 3  2 .1  808 
4.26 1000 1667 2.6 0.61 80.8 49.9 24.0 5.8 778 
4.26 1000 1815 1.8 0.93 83.3 52.7 28.3 1.2 76 1 
4.26 500 1610 1.3 0.53 76.6 39.8 24.8 10.5 731 
4.26 500 1760 1.1 0.84 79.0 42.7 27.1 7.9 732 
4.26 1500 1825 2.8 0.90 84.2 59.3 24.0 0.0 788 
2.83 1500 1847 1.2 0.85 83.8 56.4 25.0 1.5 792 
2.83 1500 1584 1.7 0.60 80.1 43.0 24.4 11.7 752 
2.83 535 1825 0.5 0.57 73.4 38.9 25.3 7.9 726 
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FLASH HYDROGENATION OF LIGNITE AND BITUMINOUS COAL 
I N  AN ENTRAINED FLOW REACTOR 

J .  L.  Beeson 
D .  A .  Duncan 
R .  D. Oberle 

I n s t i t u t e  of Gas Technology 
3424 S.  S t a t e  Street 

Chicago, I l l i n o i s  60616 

In t roduct ion  

This paper  is  a r e p o r t  of some r e c e n t  developments i n  a n  on-going i n v e s t i g a t i o n  
of s h o r t  r e s i d e n c e  time hydrogenolysis  of l i g n i t e  and c o a l  t o  produce f u e l  gases ,  
e thane,  g a s o l i n e  b lending  s t o c k  c o n s t i t u e n t s ,  f u e l  o i l  and s p e n t  char .  The program 
has been underway f o r  t h r e e  y e a r s ,  and i n  a d d i t i o n  t o  t h e  bench-scale u n i t  descr ibed 
h e r e  w i l l  i n c l u d e  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of a process  development u n i t .  I n  
r e s u l t s  ob ta ined  t o  d a t e ,  bo th  l i g n i t e  and bituminous coa l  have been s u c c e s s f u l l y  
processed i n  t h e  bench-scale  u n i t .  I n  a t y p i c a l  run,  approximately 50% of t h e  feed 
carbon is converted to  l i q u i d  and gaseous products ;  as much as 1 5 %  of t h e  feed carbon 
has  been found t o  r e p o r t  to t h e  hydrocarbon l i q u i d  products ,  and 35% t o  carbon oxides ,  
methane, e thane  and minor amounts of propane and propylene.  
duced, a l lowing  t h e  s p e n t  char  to  be  c o l l e c t e d  as a d r y ,  f ree-f lowing m a t e r i a l .  
Approximately 50% of t h e  feed carbon remaining i n  t h e  spent  char  would be  u t i l i z e d  i n  
hydrogen product ion ,  and would be s u f f i c i e n t  f o r  a "balanced p l a n t "  o p e r a t i o n .  

Heavy t a r s  a r e  not  pro- 

Hiteshue, et. (1) observed t h a t  when c o a l  is heated r a p i d l y  i n  t h e  presence 
of hydrogen a t  high p r e s s u r e ,  high y i e l d s  of gaseous and l i q u i d  products  a r e  obta ined .  
Over the  p a s t  s e v e r a l  y e a r s ,  s e v e r a l  development programs (2 ,3 ,4 ,5 ,6 )  have been 
implemented t o  explore  t h e  var ious  a s p e c t s  of rap id  o r  " f lash"  hydropyrolys is  i n  t h e  
l i g h t  of eventua l  commercial izat ion.  The work descr ibed  h e r e  is  in tended ,  i n  g e n e r a l ,  
to  complement t h e  work of o t h e r  i n v e s t i g a t o r s ,  and a l s o  e l u c i d a t e  t h e  behavior of 
r e a c t a n t s  and products  during t h e  course of t h e  p y r o l y s i s .  The e x p l o r a t i o n  of pro- 
cess ing  condi t ions  a p p r o p r i a t e  f o r  the  recovery of maximum p o s s i b l e  y i e l d s  of l i q u i d s  
s u i t a b l e  f o r  u s e  a s  motor f u e l s  i s  an important  a d d i t i o n a l  a s p e c t  of t h e  IGT program. 
Johnson ( 4 )  p o s t u l a t e d  t h a t  t h e  hydrocarbon l i q u i d s  a r e  r e l e a s e d  e a r l y  i n  t h e  pyro lys i s ,  
and a r e  hydrogenated t o  methane and e t h a n e  i n  subsequent r e a c t i o n  s t e p s .  

In t h e  work d e s c r i b e d  h e r e ,  our  d a t a  show t h a t  i n  a d d i t i o n  t o  r e l a t i v e l y  slow 
h y d r o g a s i f i c a t i o n  t o  methane and e thane ,  t h e r e  is c o n s i d e r a b l e  vapor phase dehydroxyl- 
a t i o n  of oxygenated monoaromatics (phenols  + c r e s o l s )  and d e a l k y l a t i o n  of s u b s t i t u t e d  
benzenes which r e s u l t s  i n  s i g n i f i c a n t  changes i n  t h e  d i s t r i b u t i o n  of BTX and oxygenated 
aromatics  i n  the g a s o l i n e  b o i l i n g  range  f r a c t i o n  of t h e  hydrocarbon l i q u i d  products .  
The dehydroxylat ion and d e a l k y l a t i o n  r e a c t i o n s  appear to  be  dependent upon both  
hydrogen p a r t i a l  p r e s s u r e  and temperature  i n  a manner analogous t o  t h e  vapor phase 
d e a l k y l a t i o n  of  to luene  i n  t h e  presence of  hydrogen descr ibed  by S i l s b y  and Sawyer ( 7 ) .  

Equipment 

A f low diagram showing t h e  major equipment i n  t h e  bench-scale u n i t  used i n  t h e  
I n  o p e r a t i o n ,  s o l i d s  charged t o  t h e  feed 

l 

I 
I 

1 

work descirbed h e r e  is shown i n  Figure 1. 
hopper are metered i n t o  a c a r r i e r  stream of  hydrogen; the  hydrogen and en t ra ined  s o l i d s  
a r e  then heated c o c u r r e n t l y  i n  a 1/8- in  I . D .  h e l i c a l  tube  r e a c t o r  which i s  70 f e e t  i n  
length .  
r e a c t o r  by means of 1 2  independently c o n t r o l l e d  r a d i a n t  h e a t e r s .  The e f f l u e n t  from 

A predetermined "temperature p r o f i l e "  is imposed over  t h e  length  of t h e  
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t h e  r e a c t o r  passes  i n t o  t h e  char  t r a p  where t h e  spent  char  is d i s e n t r a i n e d  and co l lec-  
ted ;  t h e  char - f ree  g a s e s  are f u r t h e r  cooled t o  ambient temperature  t o  condense l i q u i d  
products which are c o l l e c t e d  i n  sample bombs. The cooled g a s e s  a r e  then  reduced t o  
e s s e n t i a l l y  ambient p r e s s u r e ,  and passed through a d r y e r  and methanol/dry i c e  f reeze-  
ou t  t r a i n  t o  s t r i p  benzene and o t h e r  condensable m a t e r i a l s  from t h e  make gas .  The 
s t r ipped  gases  a r e  then  metered,  sampled, and vented.  

A power p l a n t  g r i n d  (75% minus 200 mesh) of North Dakota l i g n i t e  was  used a s  
s o l i d s  feed  i n  t h e  work descr ibed  here .  Although feed  gases  can  be preheated p r i o r  to  
mixing wi th  feed  s o l i d s ,  both t h e  f e e d  hydrogen and feed  l i g n i t e  w e r e  introduced i n t o  
t h e  r e a c t o r  a t  ambient temperature .  Runs us ing  preheated hydrogen have been made, bu t  
a n a l y s i s  of d a t a  has  n o t  been completed at t h i s  w r i t i n g ;  t h e  r e s u l t s  of these  runs 
w i l l  be r e p o r t e d  at  a f u t u r e  t i m e .  

Experimental 

I n  t h e  experimental  program descr ibed  h e r e ,  t h e  o b j e c t i v e  was t o  explore  the  
e f f e c t  of  h e a t i n g  r a t e  on t h e  d i s t r i b u t i o n  of feed  carbon among products .  
of temperature  p r o f i l e  (F igure  2)  were used i n  o p e r a t i n g  t h e  equipment. I n  t h e  f i r s t  
tyRe, a l i n e a r  h e a t i n g  rate w a s  imposed on t h e  lower end of t h e  c o i l  r e a c t o r .  Due t o  
a chimney" e f f e c t ,  t h e  upper end of t h e  c o i l  w a s  hea ted  by convect ion from t h e  lower 
s e c t i o n ,  and i d l e d  a t  approximately 700°F. Using t h i s  f i r s t  type  of temperature  pro- 
f i l e ,  t h e  feed  was hea ted  t o  a maximum temperature  of  1500°F and quenched, wi th  no 
apprec iab le  r e s i d e n c e  time a t  1500'F. I n  t h e  second type  of temperature  p r o f i l e ,  t h e  
lower s e c t i o n  of t h e  r e a c t o r  w a s  opera ted  i so thermal ly  a t  1500°F, and a l i n e a r  heat ing 
r a t e  imposed on t h e  upper s e c t i o n  of t h e  c o i l e d  tube  r e a c t o r ,  so t h a t  t h e  r e a c t a n t s  
were held a t  1500°F f o r  t i m e s  which were dependent upon t h e  gas  v e l o c i t y  chosen f o r  a 
p a r t i c u l a r  run.  

Two kinds 

Experimental R e s u l t s  

The o p e r a t i n g  c o n d i t i o n s  and results of t h e  h e a t i n g  rate study are summarized i n  
Table  l w h i c h  shows t h e  d i s t r i b u t i o n  of carbon among products ,  t h e  weight percent  
gaso l ine  b o i l i n g  range l i q u i d s  obta ined  from t h e  recovered l i q u i d s ,  and t h e  weight 
percent  o f  phenols  + c r e s o l s  and naphtha lenes  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range 
l i q u i d s .  Comparing Runs HR-1 and HR-3, i t  i s  apparent  t h a t  wi th  apprec iab le  res idence  
t i m e  at t h e  maximum tempera ture  (15000F), feed  carbon conversion a c t u a l l y  decreased 
wi th  increase  i n  h e a t i n g  r a t e ;  a s i m i l a r  r e s u l t  was descr ibed  by Johnson ( 4 ) .  A t  t h e  
h i g h e r  h e a t i n g  r a t e ,  t h e  l i q u i d  products  were a l s o  more h ighly  oxygenated, a s  measured 
by t h e  amounts of phenols  + c r e s o l s  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s .  

When a r e s i d e n c e  t i m e  a t  1500°F was al lowed,  as i n  Runs HR-4 through HR-7, the 
methane y i e l d s  improved cons iderably ,  and t h e  degree  of oxygenation of t h e  l i q u i d  
products  a s  measured by t h e  phenols  + c r e s o l s  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s  
decreased.  By i n s p e c t i o n ,  however, t h e r e  does n o t  appear  t o  be  any e f f e c t  t h a t  can 
be  a t t r i b u t e d  t o  h e a t i n g  rate a l o n e .  

The i n t e n s i t y  o r  s e v e r i t y  of a time-temperature h i s t o r y  can be measured by t h e  
magnitude of a s e v e r i t y  f u n c t i o n  def ined a s  - 

S e v e r i t y  Funct ion = lt k t  1) 

where k i s  a r e a c t i o n  r a t e  c o n s t a n t  and t is time. Using publ ished d a t a  f o r  t h e  hydro- 
g a s i f i c a t i o n  of an thracene  ( 8 ) ,  t h e  rate c o n s t a n t  can  be  c a l c u l a t e d  from - 
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where ko i s  9.0 X l o 5  and E is 30,700 Kcals per  gram mole. 
time-temperature h i s t o r i e s  used h e r e ,  t h e  v a l u e  of t h e  s e v e r i t y  f u n c t i o n  was obtained 
by d i v i d i n g  t h e  l e n g t h  o f  t h e  c o i l  i n t o  increments  and c a l c u l a t i n g  an incremental  
s e v e r i t y  a t  t h e  average  temperature  of t h e  s e c t i o n .  The value of t h e  s e v e r i t y  
func t ion  was  then  o b t a i n e d  from - 

For t h e  non-isothermal 

n 

i n  S e v e r i t y  Funct ion = Z k A t  3 )  

This  s e v e r i t y  f u n c t i o n ,  based on an thracene  h y d r o g a s i f i c a t i o n  k i n e t i c s  is thus  a n  
a r b i t r a r y  measure t h a t  can  be used t o  c h a r a c t e r i z e  t h e  thermal  t rea tment  under a 
g iven  s e t  of o p e r a t i n g  c o n d i t i o n s .  The d a t a  from t h e  h e a t i n g  r a t e  runs  are p l o t t e d  
a g a i n s t  s e v e r i t y  f u n c t i o n  i n  F igure  3. From t h e  f i g u r e ,  methane + e thane  y i e l d  can 
b e  seen  t o  i n c r e a s e  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ;  whi le  t o t a l  carbon conversion 
passes  through a maximum, suggest ing t h a t  i n  a prolonged t rea tment ,  p roducts  a r e  l o s t  
through thermal  degrada t ion .  
- e t  a l .  ( 6 ) .  

A s i m i l a r  r e s u l t  has  been descr ibed  by Ste inberg ,  
The t o t a l  l i q u i d s  y i e l d  a l s o  appears  t o  decrease  a t  h igh  s e v e r i t y .  

Table  1. OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED I N  HEATING RATE STUDIES WITH NORTH DAKOTA LIGNITE 

Run No. HR-2 HR-1 HR-3 HR-4 HR-5 HR-7 HR-6 
C o i l  O u t l e t  P r e s s u r e  
C o i l  O u t l e t  Temperature 
S e v e r i t y  Funct ion 
Heating Rate, OF/s 
H2/MAF Feed Weight R a t i o  
Carbon D i s t r i b u t i o n ,  % 

Liquids  
Carbon Oxides 
Methane 
Ethane + Light  Gas 
Char 

Gasol ine Boi l ing  Range Liquid,  

Phenols + Cresols  i n  C5-4000F 

Naphthalene i n  C -400°F 

w t  % t o t a l  l i q u i d s  

Liquid 

Liquid 5 

2000 2000 2000 
1500 1500 1500 

0.383 0.315 9.148 
125 152 348 

0.44 0.26 0.48 

12.25 11.03 11 .71  

12.40 10.90 10.59 
7.37 11.36 6.26 

52.20 51.23 58.87 

9.47 9.05 8.18 

51.8 55.2 49.5 

22.7 18.0 31.2 

12.6 15.2 10.8 
w 

No Residence 
Time a t  1500°F 

2000 2000 2000 2000 
1500 1500 1500 1500 

0.767 1.346 1.434 1.954 
412 155 1275 780 

0.43 0.30 0.55 0.45 

13.19 12.44 8.59 7.30 
11.27 9.72 10.35 8.47 
16.34 17.35 19.47 19.69 

8.43 8.33 8.63 8.61 
52.51 52.52 54.55 52.69 

54.1 54.5 67.5 5'8.5 

7 . 1  1 .6  0.2 Tr 

V a s  i a b  1 e 
Residence 

T i m e  a t  1500°F 

Discussion 

Using k i n e t i c s  publ i shed  by S i l s b y  and Sawyer ( 7 ) ,  t h e  change i n  t h e  h a l f - l i f e  of 
t o l u e n e  wi th  temperature  and p r e s s u r e  w a s  eva lua ted ,  and t h e  r e s u l t s  of t h e s e  calcu-  
l a t i o n s  a r e  summarized in Figure  4. From t h e  f i g u r e  it can be  seen  t h a t  t h e  dealky- 
l a t i o n  of t o l u e n e  is a c c e l e r a t e d  by both a n  i n c r e a s e  i-a temperature  and hydrogen 
P a r t i a l  p r e s s u r e .  The observed changes i n  t h e  composition of t h e  g a s o l i n e  b o i l i n g  
range  l i q u i d s  obta ined  from North Dakota l i g n i t e  a l s o  appear  t o  fo l low a n  analogous 
r u l e  i n  which t h e  dehydroxyla t ion  is a c c e l e r a t e d  by i n c r e a s e  i n  hydrogen p a r t i a l  pres- 
s u r e  (Figure 5 ) .  I n  a p r i o r  p o r t i o n  of t h e  i n v e s t i g a t i o n ,  runs  were made i n  t h e  
bench-scale u n i t  a t  system p r e s s u r e s  of  500, 1000, 1500, and 2000 p s i g ,  holding other  
parameters e s s e n t i a l l y  c o n s t a n t .  The f r a c t i o n  of phenols  + c r e s o l s  i n  t h e  gaso l ine  
b o i l i n g  range  l i q u i d s  was observed t o  decrease  wi th  i n c r e a s e  i n  opera t ing  ( e s s e n t i a l l y  
hydrogen) p r e s s u r e  whi le  t h e  f r a c t i o n  of BTX + ethylbenzene was observed t o  increase .  
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I n  the  hea t ing  r a t e  r u n s ,  t h e  phenols + c r e s o l s  f r a c t i o n  of t h e  g a s o l i n e  b o i l i n g  
range l i q u i d s  was found t o  decrease  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ,  a s  shown i n  
F igure  6 wi th  an a t t e n d a n t  i n c r e a s e  i n  BTX. The d i s t r i b u t i o n  of  benzene, to luene ,  
and xylene w a s  observed t o  change a s  shown i n  F igure  7 which shows maxima f o r  both 
to luene  and xylene e a r l y  i n  t h e  p y r o l y s i s  wi th  subsequent  d e a l k y l a t i o n  t o  benzene. 
F i n a l l y ,  l i q u i d s ,  as they a r e  devolved from t h e  l i g n i t e  a t  1200° t o  1300°F, are h ighly  
oxygenated, as shown i n  Table  2 which summarizes d a t a  from some runs  wi th  North Dakota 
1 i g n i t e .  

Table 2 .  OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED AT 1200° AND 1300°F W I T H  NORTH DAKOTA LIGNITE 

Run Number 

Coi l  O u t l e t  P r e s s u r e ,  p s i g  
C o i l  O u t l e t  Temperature, OF 
Sever i ty  Funct ion 
H2/MAF Feed Weight Rat io  

Carbon D i s t r i b u t i o n ,  % 
Liquids 
Carbon Oxides 
Me thane 
Ethane + Light  Gas 
Char 

Analysis  of Gasol ine Boi l ing  Range Liquids  
BTX + Ethylbenzene 
Cg Aromatics 
Indenes f Indans 
Phenols + Cresols  
Naphthalenes 
Not I d e n t i f i e d  

Total  

PS-3 

1500 
1300 

0.334 
0.31 

14.61 
9.46 
9.62 
6.23 

64.51 

22.9 
5.4 
5.1 

52.3 
5.4 
8.9 

100.0 

PS-5 

1500 
1200 

0.217 
0.53 

11.58 
9.23 
5.88 
5.07 

68.33 

8 . 3  
4.0 
4.0 

76.1 
3.3 
4.3 

100.0 

Conclusions 

From t h e  foregoing i t  appears  t h a t  t h e  hydrocarbon l i q u i d s  obta ined  from North 
Dakota l i g n i t e  a r e  h ighly  oxygenated a s  they are devolved from t h e  l i g n i t e ,  and are 
converted t o  BTX i n  t h e  vapor phase by r e a c t i o n  wi th  hydrogen. The conversion of oxy- 
genated compounds t o  BTX e x h i b i t s  a pressure  and temperature  dependency very  similar 
t o  t h e  d e a l k y l a t i o n  of to luene  i n  t h e  presence of hydrogen descr ibed  by S i l s b y  and 
Sawyer ( 7 ) .  The d i s t r i b u t i o n  of feed  carbon among products  and t h e  composi t ion of  the  
g a s o l i n e  b o i l i n g  range l i q u i d s  i s  a func t ion  of s e v e r i t y  of thermal  t rea tment ,  and 
appears  t o  be  independent of hea t ing  rate when h e a t i n g  r a t e s  of 150°F/s o r  h igher  are 
used. 

The p r e s s u r e  dependency of t h e  dehydroxylat ion r e a c t i o n s  would a f f e c t  r e a c t o r  
opera t ions ,  p a r t i c u l a r l y  a t  low hydrogen-to-coal feed  r a t i o s  where t h e  hydrogen p a r t i a l  
p r e s s u r e  would be s u b s t a n t i a l l y  reduced with t h e  r e l e a s e  of  methane, steam, and o t h e r  
r e a c t i o n  products .  A t  t h i s  w r i t i n g ,  t h e  experimental  work i s  be ing  extended t o  t h e  
s tudy  of t h e  e f f e c t s  of us ing  preheated hydrogen. Analys is  of d a t a  has  not  been com- 
p l e t e d ,  however, and t h e  r e s u l t s  of t h e s e  r u n s  w i l l  be r e p o r t e d  a t  a f u t u r e  time. 
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MECHANISM O F  SHORT R E S I D E i j C E  TIME HYOROPYROLYSIS 
REACTION FOR MONTANA ROSEBUD SUBBITUMIiiOUS COAL 

U. M. Oko. J .  A.  Hamshar. G. Cuneo and S.  Kim 
by 

A. Introduction 

i n  progress a t  C i t i e s  Service Research and Development Company s ince  1974. 
More than 150 individual coal runs were performed in this time period using 
a bench-scale r eac to r  recently described (1 ) .  Cost estimates f o r  SilG and 
benzene production were a l so  published ( 2 ) ( 3 ) .  

Some 50 runs were performed on Montana Rosebud Subbituminous coal a t  
various reactor conditions.  
where ( 1 ) ( 4 ) ( 5 ) .  In t h i s  r epor t ,  a k ine t i c  model or ig ina l ly  proposed by .  
Feldmann (6) i s  used t o  ca lcu la te  reac t ion  r a t e  constants f o r  carbon con- 
version f o r  these 50 runs, a t  four d i s t i n c t  temperature zones. Also, the 
e f fec t  of reac tor  conditions a r e  s t a t i s t i c a l l y  cor re la ted  w i t h  gas and l iqu id  
hydrocarbons and the  r e su i t s  of this ana lys i s  i s  reported. 

B. Kinetics of Carbon Conversion 

High heat u p  r a t e s  o f  f ine ly  divided coal pa r t i c l e s  and short residence 
time of less  than 2 seconds a t  500-1500°C under hydrogen atnosphere ( 7 )  were 
shown t o  promote carbon conversion i n t o  gas and l i qu ids .  Several reaction 
models were proposed t o  explain the k ine t ics  of t h i s  phenomenon. 
Russel e t  a1 (8) i l l u s t r a t e d  t h a t  t he  ro l e  of mass t r ans fe r  by b u l k  flow and 
diffusion including k ine t ics  of devola t i l i za t ion  i n  s ing le  pa r t i c l e s  of coal 
can be explained by assuming a f i r s t  order devola t i l i za t ion  reaction w i t h  
instantaneous heatup t o  isothermal s t a t e  and r e l a t i v e l y  long reaction time. 
Their model cons i s t s  of th ree  s e t s  of reac t ions :  primary devo la t i l i za t ion ,  
secondary deposit ion and hydrogenation. This model was shown t o  f i t  data 
generated by Anthony and Howard (9) from hydropyrolysis of s ing le  d i sc re t e  
coal pa r t i c l e s  i n  a batch reac tor .  

For continuously operating reactors a simpler model has been used by 
several inves t iga tors  including Wen, Feldmann, e t  a1 (6 ) (10 ) .  
the ra te  of gas i f i ca t ion  i s  proportional t o  the  hydrogen pa r t i a l  pressure 
and t o  the rap id- ra te  carbon material remaining in  the coal. . For coal 
gas i f ica t ion  i n t o  methane t h i s  simple model can be used by assigning the  
carbon i n  the coal i n t o  three ca tegor ies  ( 6 ) .  Type 1 carbon i s  a highly 
reac t ive  specie which i s  almost instantaneously flashed off during the  rapid 
heatup s tep .  
3 i s  the low reac t iv i ty  char carbon which wi l l  reac t  upon long duration 
exposure ( i n  order of minutes) t o  the  hot hydrogen atmosphere. Type 1 and 2 
carbon a r e  c l a s s i f i e d  "rapid r a t e  carbon" and i n  t h i s  report  a r e  considered 
as a s ing le  specie.  

action follows the r a t e  reaction (6 ) :  

Research in to  sho r t  residence time hy.dropyrolysis of coal has been 

The results of these runs were reported e l se -  

Recently, 

I n  this model 

Type ? i s  the s o l i d  carbon which readi ly  hydrogasifies and type 

For hydrogasification reaction the "rapid r a t e  carbon" and hydrogen in t e r -  

(1 1 dX = k P H ~  (a -X)  

where X i s  the  f r ac t iona l  carbon conversion, PH the hydrogen pa r t i a l  pressure. 
a the f r ac t ion  of carbon ava i lab le  f o r  r e a c t i o i  in the regime of consideration 

and k the reaction r a t e  constant.  Best f i t  f o r  conversion data were found by 
Feldmann (6) (12)  when  a = 1 .  Hence, a t  any given constant temperature: 

a2 



l n (1 -X )  = -k  P H ~  t (3 )  

where t i s  t h e  coal lhydrogen c o n t a c t  t ime  i n  the  r e a c t o r .  
t he  r e a c t i o n  r a t e  constant  k, can be c a l c u l a t e d .  

From equa t ion  3, 

C. P a r t i c l e  Residence Time i n  t h e  Reactors 

The C i t i e s  Serv i ce  R & D.Co. s h o r t  res idence t i m e  bench-scale r e a c t o r  
system shown i n  F igu re  1 was p r e v i o u s l y  desc r ibed  ( 4  ) .  
in terchangeable reac to rs  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  wide spans o f  res idence 
t ime on the  e x t e n t  o f  carbon convers ion i n t o  gas hydrocarbons and l i q u i d  
hydrocarbon products .  When s h o r t  res idence t imes a r e  des i red,  s t r a i g h t  
v e r t i c a l  reac to rs  o f  d i f f e r e n t  d iameters a r e  f i t t e d  i n s i d e  t h e  e l e c t r i c  
furnace c a v i t y .  

I t  can accept  

For  l o n g e r  res idence t imes,  h e l i c a l  r e a c t o r s  can be f i t t e d .  

The problem o f  e s t i m a t i n g ' p a r t i c l e  res idence t ime  i n  v e r t i c a l  e n t r a i n e d  
s t r a i g h t  r e a c t o r s  can be so l ved  by e s t i m a t i n g  t h e  t e r m i n a l  v e l o c i t y  o f  a s i n g l e  
char p a r t i c l e ,  and then  c o r r e c t i n g  t h i s  va lue  f o r  e n t r a i n e d  f l ow .  
was used by Gray e t  a1 (11) who used t h e  equat ion:  

T h i s  method 

t o  es t ima te  the  te rm ina l  s e t t l i n g  v e l o c i t y  (14) .  
a p p l i e d  f o l l o w i n g  Wen and Huebler  (10)  increased t h e  f i n a l  p a r t i c l e  v e l o c i t y  
by a f a c t o r  o f  about 3. 
p a r t i c l e  res idence t ime  i s  f u r t h e r  aggrevated by t h e  a lmost  t o t a l  l a c k  o f  
exper imenta l  o r  t h e o r e t i c a l  data. I n  o u r  work, we met  these shortcomings 
w i t h  g lass  co ld - f l ow  models o f  s t r a i g h t  and h e l i c a l  r e a c t o r s  and measured 
average p a r t i c l e  v e l o c i t i e s  i n  these models. 
exper ienced i n  t h e  bench-scale apparatus were used i n  t h e  model s t u d i e s .  
average average p a r t i c l e  v e l o c i t i e s  were found by feed ing  coa l - cha r  a t  c o n t r o l l e d  
r a t e  f rom feed hoppers l oca ted  above t h e  g lass  model. Coal char  was used 
because i n  most o f  these t e s t s  p a r t i c l e  res idence t i m e  exceeded 0.5 seconds. 
Coal i s  conver ted i n t o  c h a r - l i k e  m a t e r i a l  w i t h i n  0.200 seconds a t  t h e  temperature 
regimes o f  825-1000°C. 

by s imul taneously  c l o s i n g  p l u g  va lves a t  t h e  i n l e t  and e x i t .  The v e l o c i t i e s  
were c a l c u l a t e d  from t h e  we igh t  o f  t h e  s o l i d s  t rapped i n  t h e  s e c t i o n  and t h e  
feed r a t e  t o  t h e  model. Th i s  work was done by Ming-Tsai Shu and C. B. Weinberger 
o f  Drexel  U n i v e s i t y  (15 ) .  

found t h a t  t he  average average p a r t i c l e  v e l o c i t y  i s  ve ry  c l o s e  t o  t h a t  o f  
t he  s u p e r f i c a l  gas v e l o c i t y .  
p a r t i c l e  res idence t imes t: 

C o r r e c t i o n  f a c t o r s  which were 

For h e l i c a l  reac to rs ,  t h e  problem o f  e s t i m a t i n g  

The same f l o w  regimes t h a t  were 
The 

Holdup o f  p a r t i c l e s  i n  t h e  model, a t  cons tan t  f l o w  cond i t i ons ,  was measured 

Wi th  t h e  g lass  model f o r  t h e  v e r t i c a l  s t r a i g h t  r e a c t o r  o f  l e n g t h  L,(4) we 

Th is  g r e a t l y  s i m p l i f i e d  t h e  t a s k  of c a l c u l a t i n g  

t = L/?p(dp) (5)  

where ?p(dp) i s  t h e  average average p a r t i c l e  v e l o c i t y  in' ni/sec. 
reac to rs ,  a t  gas v e l o c i t y  i n  t h e  excess of 6.3 m/sec. t h e  f o l l o w i n g  semi 
e m p i r i c a l  equat ion was d e r i v e d  b y  Shu ( 1 5 )  t o  e s t i m a t e  t h e  average average 
p a r t i c l e  v e l o c i t y :  

For h e l i c a l  
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where f o r  char of Montana Rosebud subbituminous coa l :  

k, = 0.323 
a = 0.139 
b = 0.185 
c = -.lo2 

When ca lcu la t ing  the average average flow velocity of char: 

dp/dp = 1 (7 )  

and t ,  residence time, i s  ca lcu la ted  from equation 5. A p lo t  of the average 
variable s i z e  p a r t i c l e  velocity, f o r  a constant gas ve loc i ty  of 6 . 3  m/sec i s  
shown in Figure 2 .  The p lo t  ind ica tes  t ha t  s e l ec t ive  c l a s s i f i ca t ion  occurs 
i n  the he l ica l  reac tor .  This was a l so  observed v isua l ly .  The la rge  pa r t i c l e s  
tend to  s e t t l e  a t  the  g lass  model wall and because of wall f r i c t i o n  move slower 
than the f i n e  p a r t i c l e s .  Also, when the  feeding r a t e  of pa r t i c l e s  i n t o  the 
model i s  increased, the  average average p a r t i c l e  ve loc i ty  in  i t  decreases. 
This i s  because the  pa r t i c l e s  a r e  not uniformly dispersed and tend t o  concentrate 
a t  the outer periphery of the  he l ix .  

increasingly unre l iab le  and velocity of t he  pa r t i c l e s  must be in te rpola ted  from 
spec i f ic  flow measurements generated by Shu ( 1 5 ) .  
lower velocity the  equation may be used t o  pred ic t  average average p a r t i c l e  
residence times. For example, workers a t  the  University of Utah (17) using 
iron f i l i n g s  as  t r a c e r  i n  coal which was t rea ted  in  a he l ica l  reac tor  i n  hydro- 
gen a t  122 atm. and 482°C reported residence time of 9 seconds. 
was a tube of 0.48 cm in te rna l  diameter, 14.5 meters long which was coiled in to  
a 12.7 cm diameter he l ix .  The gas ve loc i ty  in  t h e i r  t e s t s  was only 5.6 ni/sec. 
Yet even w i t h  t h i s  low ve loc i ty ,  equation 6 pred ic t s  residence time of 10 sec.  

D. b d r o g a s i f i c a t i o n  Kinetics of Montana Rosebud Subbituminous Coal 

When the  super f ica l  gas ve loc i ty  i s  below 6 .3  m/sec, equation 6 becomes 

However, even a t  somewhat 

The reac tor  

F i f ty  subbituminous coal runs were performed ( 4 )  over a range of conditions 
summarized i n  Table 1 .  
from 827°C to  1000°C. 
i n  Figure 3 .  
t he  qua l i ty  of f i t  o f  each as  obtained by regression ana lys i s .  

The data was fur ther  divided in to  four temperature ranges 
P lo t  of - ln ( l -x)  versus P H ~  t i n  sec .  atm i s  displayed 

Table 2 summarizes the  equations of each of the l i n e s  indicating 

A p lo t  of 111 k vs.  1/T on Figure 4 f o r  Montana Rosebud Subbituminous coal 
is compared w i t h  r e su l t s  f o r  Pittsburgh Seam bituminous coal ( 1 1 ) .  
ac t iva t ion  energies .for both coals a r e  r e l a t ive ly  high: 
f o r  the Pit tsburgh seam coal and27 kcal/mole f o r  Montana Rosebud Subbituminous 
coal.  

The Arrhenius 
about 15  kcal/mole 

T h i s  ind ica tes  t h a t  both reactions a re  chemically cont ro l led .  

E. S t a t i s t i c a l  Correlation of Factors Affecting The Formation of Products 

S t a t i s t i c a l  treatment of the  da ta  from the  f i f t y  runs i s  used t o  de t e r -  
mine which of t he  reac tor  variables:  teniperature, pressure,  vapor residence 
time, coal t o  hydrogen r a t i o ,  so l ids  residence time o r  pa r t i c l e  diameter a re  
most l i ke ly  t o  a f f e c t  the degree of carbon conversion. The treatment can be 
extended t o  the e f f e c t s  of conditions on  the  y i e l d  of the various product 



FIGURE 1 

FIGURE 2 
CHAR PARTICLES VELOCITY IN THE 

HELICAL REACTOR AS PREDICTED BY EOUATION 
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TABLE 1 

RANGE O f  OPERATING CONOITIOrlS FOR HYDROGASIFICATION 

OF #ONTANA ROSEBUD SUBBITUMINOUS COAL 

Temperature - "C 825 -1000 

Pressure - atmospheres 34-160 

P a r t i c l e  Residence Time - sec. 0.4-14.0 

Super f i c i a l  Gas Residence Time - sec. 0.3-4.0 

Super f i c i a l  Gas Veloc i ty  m/sec. 5.0-8.0 

Hydrogen to  Coal Weight Rat io  0.1-1.2 

TABLE 2 

DATA SUMMARY FOR EACH TEMPERATURE RANGE 

Temperature 
O C  

827 100 

877 ? 10" 

902 ? 10" 

921 ? 100 

No. o f  
Data 

Points 

15 

19 

8 

8 

Equation of  l i n e  o f  best f it 

ln(1-x)  = 1.483 x 1 0 - ~  P t + :86i 
H2 

.3974 

ln(1-x) = 2.36 x PHZt + .915 
.4036 

ln(1-X) = 4.108 X PHZt .892 
.3668 

ln(1-x) = 3.88 x PHZt t .972 
.3859 

Equation 
atm-' hr-' No. -__ 

.53 (8 )  

.85 (9 )  

1.48 (10) 

1.40 (11) 
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FIGURE 3 
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fractions:  g a s ,  l i q u i d s ,  BTX and methane plus ethane. 
used f o r  the ana lys i s  i s  ava i lab le  from IB19 (16) .  
a stepwise l i nea r  regression followed by a polynomial f i t t i n g  with orthogonal 
polynomials. 
The r e su l t s  of t h e  regression i s  expressed i n  a form of a l i n e a r  equation: 

The computer program 
I t  i s  capable of performing 

With i t ,  i t  i s  possible to  analyze the  e f f e c t  of u p  t o  40 variables.  

y bo + blxl + b2x2 + ...bnxn (12) 

where x i  x ... x n  can be entered as independent transformation functions.  
program se fec t s  the  most e f f ec t ive  functions t o  be f i t t e d  i n t o  the  polynomial 
equation (12) .  In addi t ion ,  i t  presents each dependent var iab le  in  order of 
importance and re -ca lcu la tes  the curve f i t t i n g  cor re la t ion  c o e f f i c i e n t  with 
each variable introduced. The for ty  functions shown in Table 3 were selected 
for each of the  s i x  independent var iab les :  

T - temperature i n  degrees Kelvin 

xg - hydrogen t o  coal r a t i o  - gm/gm 

The 

- hydrogen par.tia1 pressure - atmospheres - residence time of so l id s  i n  the  reac tor  - gaseous - gas residence time in the  reac tor  - msec. 
PHI 

xHdi - mean pa r t i c l e  s i z e  - microns 

and regressed aga ins t  each of t he  dependent variables:  

x - t o t a l  f rac t ion  of carbon converted 
f r ac t ion  o f  carbon converted t o  methane p l u s  ethane 2 1 f r ac t ion  of carbon converted t o  l i qu id  hydrocarbons 

yb  - f r ac t ion  of carbon converted t o  BTX. 

The following equations a n d  cor re la t ion  coef f ic ien ts  .were obtained: 

For t o t a l  f r ac t ion  of carbon converted: 

X = exp [ ?+ .1282 l n t  + 1.7611 r = 0.91 (1 3)  

For f rac t ion  of the carbon conversion in to  methane p l u s  ethane: 

yg = exp C -9428 + .4457 I n  P H ~  + l n t  + 4.633 r = 0.93 (14) 

For f rac t ion  of the  conversion i n t o  l i qu id  hydrocarbons: 

ye = exp [ 0.273 In P H ~  + 0.96 l n t  - 4.3733 r = 0.67 (15) 

For f r ac t ion  of carbon conversion t o  BTX: 

yb = exp [ + .265 1n t  + 2.8991 r = 0.87 (16) 

These r e su l t s  i nd ica t e  t h a t  w i  t h in  1 imi ts of experimental condi ti ons, 
and f o r  the  transformation functions se lec ted  gas residence time, hydrogen- 
to-coal r a t i o  and mean p a r t i c l e  diameter have no apparent e f f e c t  on the 
degree of carbon conversion i n t o  any of t h e  four products x ,  y ye, and yb. 
The two most important variables seem t o  be temperature and soyids residence 
time followed by the e f f e c t s  of pressure.  
mation functions and b e t t e r  modelling may however show t h a t  gas residence 
time may have e f f e c t  on ye. 

Future work  with o the r  t ransfor -  
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I 

Figure 5 i l l u s t r a t e s  the e f f e c t s  of temperatures and so l id s  residence 
As expected, the e f f e c t s  times on the to t a l  f rac t ion  of carbon converted. 

of so l id s  residence time are marginal compared t o  t h a t  of temperature. 
example, in order t o  achieve x = 0.3,  so l id s  residence time of 15 seconds 
i s  required a t  827OC but only 0.5 seconds i f  the  temperature were t o  increase  

For 

1 by 1 5 O O C .  

Figure 6 i l l u s t r a t e s  the e f f e c t  of temperature and pressure on conversion 

i 
of carbon to  methane and ethane. 
steeply w i t h  the temperature b u t  the e f f e c t s  of so l id s  residence time a r e  
somewhat l e s s  pronounced than in  Figure 5. 
r i s e  i n  temperature i s  required t o  drop the required s o l i d s  residence time 
from 15 seconds t o  0.5 seconds. The e f f e c t  of pressure on conversion may 
even be smaller than t h a t  of so l id s  residence time. When the pressure i s  
reduced by about 34 atmospheres, the average reduction in conversion i s  l e s s  
than 10% even a t  the high range of temperature. 
accuracy of gas analysis t h a t  can be claimed f o r  this  da ta .  

pressure of hydrogen and on residence time. 
( X  = .67), which ind ica tes  s c a t t e r  in data and poor modelling, i t  i s  hard 
t o  draw more de f in i t i ve  conclusions. B u t  when viewed w i t h  Figure 6 which 
has s teeper  slopes of carbon conversion t o  gas ,  i t  seems t h a t  optimum y ie ld  
of l iqu id  may be obtained a t  moderate temperatures, say 900°C and a t  hydrogen 
par t ia l  pressures which a re  as high as prac t icable .  

o f  l i qu id  hydrocarbons cracked t o  methane and ethane. 
dence time with increasing temperature, most of the  carbon wi l l  eventually be 
converted t o  gas probably undergoing intermediate l iquefac t ion .  BTX could 
be a product o f  l iqu id  hydrocarbons which crack to  produce methane and ethane. 
T h i s  may explain the pos i t ive  slope of the y i e ld  curves and the  r e l a t i v e l y  
la rge  e f f e c t  of so l ids  residence time on conversion. 

A t  constant pressure.  t h e  conversion r i s e s  

A t  880°C. x = 0.3 and only 60°C 

This i s  w i t h i n  the  overall  

i 

Figure 7 i l l u s t r a t e s  the dependence of l iqu id  y i e lds  on the  pa r t i a l  
Because of poor co r re l a t ion  

Figure 8 suggests t h a t  conversion of carbon t o  BTX depends on the f r ac t ion  
Given long so l id s  r e s i -  

a9 
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G. Nomenclature 

BTX 

dP 

DH 

DT 

9 

k 

L 

LHC 

PH2 
r 

Re 

R 

t 

UT 

9, 

benzene, toluene and xylene 

average pa r t i c l e  diameter - m3 

hel ix  diameter - microns 

he l ix  tube in te rna l  diameter - m 

gravity constant - m/sec2 

reaction r a t e  constant - atm-1 hr-' 

reac tor  length - m 

l iqu id  hydrocarbons produced, including the BTX f rac t ion  as 
analyzed in the gas 

par t ia l  pressure of hydrogen 

cor re la t ion  coe f f i c i en t  of regression of the  l i n e  of best  f i t  
by the root mean square through the  experimental data points 
Reynold's number 

char to  gas  weight r a t i o  

time - sec. 

terminal s e t t l i n g  ve loc i ty  - m/sec. 

average gas velocity - m/sec. 

average average p a r t i c l e  ve loc i ty  - rn/sec. 

f rac t ion  of carbon converted 

gas residence time - msec. 

hydrogen t o  coal r a t i o  gm/gm 

f rac t ion  carbon converted to  methane plus ethane 

f rac t ion  carbon converted t o  LHC 

f rac t ion  carbon converted t o  BTX 

pa r t i c l e  density - kg/m3 

gas density - kg/m3 

f rac t ion  of carbon ava i lab le  f o r  reaction 
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CORRELATION O F  FLASH HYDROGENATION YIELDS 
WITH PETROGRAPHIC PROPERTIES 

By W. men, A. LaCava and R.A. Graff 
Clean Fuels  I n s t i t u t e ,  Department of Chemical Engineering, The City 

College of The C i ty  Universi ty  of New York. New York, N.Y. 10031  

INTRODUCTION 

Recent s tud ie s  ( 1 , 2 )  ind ica ted  t h a t  the rank (as  measured by the 
carbon content)  a lone i s  no t  s u f f i c i e n t  t o  p r e d i c t  the  y i e ld  of vola- 
t i l e s  from a coal  during f l a s h  hydrogenation. The reason i s  t h a t  the 
rank provides only  a gross  means of chemical charac te r iza t ion .  I t  i s  an 
average of d i f f e r e n t  heterogeneous proper t ies  of coa l ,  and does not  ade- 
qua te ly  charac te r ize  the  chemical s t ruc tu re .  

A s  a consequence, two coals  of the  same rank may exh ib i t  markedly 
d i f f e r e n t  chemical p rope r t i e s ,  give d i f f e r e n t  y i e lds  of v o l a t i l e s  and 
present  d i f f e r e n t  product d i s t r i b u t i o n  when subjected t o  f l a sh  
hydrogenation ( 2 ) .  

On the o the r  hand, a given maceral type occurr ing i n  d i f f e r e n t  
coa l s ,  has  been reported t o  exh ib i t  s imi la r  r e a c t i v i t y  (3.4) i n  
d i f f e r e n t  processes. 

Early work by the  Bureau of Mines (5 )  es tab l i shed  the c l ea r  depend- 
ence of the l i que fac t ion  behavior of a coal  on i t s  petrographic  composi- 
t ion .  Also, experimental r e s u l t s  showed t h a t  v i t r i n i t e s  and ex in i t e s  
a r e  t h e  most r ead i ly  l i que f i ed  ( 6 ) .  while f u s i n i t e  is  almost completely 
r e s i s t a n t  t o  l i que fac t ion  ( 7 ) .  

After  the  new method of  c l a s s i f i c a t i o n  of maceral types by the 
r e f l ec t ed  l i g h t  was introduced (8). considerable  information has been 
reported on the e f f e c t  of petrographic  composition on l iquefac t ion  (9-13). 

The objec t ive  of the  present  paper i s  t o  show t h a t  i t  i s  possible 
t o  co r re l a t e  f l a s h  hydrogenation y i e lds  with petrographic  composition of 
t he  coal .  The same type of co r re l a t ion  w i l l  be used t o  p red ic t  product 
d i s t r i b u t i o n  a t  f ixed  reac t ion  condi t ions.  Correlat ions based on the 
petrographic ana lys i s  of coa l ,  can be used consequently, t o  bui ld  k ine t i c  
models of coa l  f l a s h  hydrogenation t h a t  would be appl ied t o  a large 
va r i e ty  of  coals .  

EXPERIMENTAL 

The experimental arrangements used i n  t h i s  study were s imi la r  t o  

Ex- 
those described i n  previous papers (14) .  The ana lys i s  of products was 
performed by on-line mass spectrometry o r  by gas chromatography. 
periments w e r e  c a r r i e d  on a t  100 atm. of hydrogen, a heat ing r a t e  of 
650°C/s., 10 s. of s o l i d s  contac t  time, 0.6 s. of vapor residence time 
and temperatures from 600 t o  1000 c. 0 
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A s u i t e  o f  e i g h t  U . S .  coals  from t h e  Pennsylvania S t a t e  Universi ty  
co l lec t ion ,  from l i g n i t e  t o  HVA, was used f o r  t h i s  study. Their chemi- 
c a l  p roper t ies  and rank a r e  tabulated i n  f igure  1. 

CORRELATION PROCEDURE 

The fundamental assumption used f o r  cor re la t ion  purposes i s  t h a t  
the  t o t a l  v o l a t i l e s  y i e ld  obtained during f l a s h  hydrogenation depends 
l i n e a r l y  on t h e  maceral composition: 

n 
Y =iLlr ixi  

I n  a s imi la r  form, and s ince each one of themacera lscan  give a 
d i f f e r e n t  product d i s t r i b u t i o n ,  t h e  y i e l d  of each one of t h e  products 
can be assumed to  depend l i n e a r l y  on t h e  maceral composition: 

n 
= \T ri jxi  

'j i=l 

From equations (1) and ( 2 )  and i n  order  t o  have a cons i s t en t  set  of 
d e f i n i t i o n s ;  we can deduce t h e  following proper t ies :  

Also, t h e  following co r re l a t ion  was used t o  transform t h e  u n i t s  of  
carbon conversion (% of o r i g i n a l  carbon) and weight l o s s  (% of o r i g i n a l  
dmmf. coa l )  (15) : 

y = 1.14w - 13.7  (4) 

A computer program on mult iple  l i n e a r  regression w a s  used to  f i n d  
Af te r  severa l  tests with combinations 

Consequently, 

t h e  values of ri i n  equation (1). 
of d i f f e r e n t  macerals, it was found t h a t  t h e  t o t a l  y i e ld  was a funct ion 
of the  percentage of v i t r i n i t e  and pseudo-vi t r ini te  only.  
t h e  concentration of these two macerals were used a s  var iab les  i n  a l l  
t h e  cor re la t ions .  

RESULTS 

For comparison purposes, the  da ta  on t o t a l  y i e l d s  was cor re la ted  
The co r re l a t ion  with the  rank of the  coal  (carbon percent  d.m.m.f.). 

was very poor, present ing a c o r r e l a t i o n  coe f f i c i en t  p = 0.979. 

When v i t r i n i t e  and pseudo-vi t r in i te  content  a r e  used as var iab les ,  
t h e  co r re l a t ion  improves considerably.  The cd r re l a t ion  coe f f i c i en t  of 
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the  regression now i s  p = 0.99. Note t h a t  the  number of f r e e  
parameters i n  t he  new co r re l a t ion  is the same a s  i n  the rank case. 

The co r re l a t ion  def ined by equation ( 2 )  was appl ied t o  the  y i e ld  
of ind iv idua l  components during f l a s h  hydrogenation of d i f f e r e n t  coals  
a t  f ixed conditions. Figure 2 shows the r e s u l t s  of the cor re la t ions .  

DISCUSSION AND CONCLUSIONS 

I n  view of the  success of the  attempts of co r re l a t ing  y ie lds  and 
products d i s t r i b u t i o n  with the petrographic  composition of d i f f e r e n t  
coals ,  it is poss ib le  t o  conclude t h a t  t he  maceral content of a coal  
provides more information with respect t o  i t s  r e a c t i v i t y  ( a t  l e a s t  
w i t h  respec t  to f l a s h  hydrogenation) than i t s  rank. This conclusion, 
however, i s  based on a small group of d i f f e r e n t  coa ls  (8 coals  only) 
and should be v e r i f i e d  fu r the r  with a l a r g e r  sample of coals .  

The f a c t  t h a t  t he  y i e l d  o f  ind iv idua l  components can be cor re la ted  
w i t h  the  maceral composition, o f f e r s  exce l l en t  p o s s i b i l i t i e s  fo r  the  
use of maceral content-based co r re l a t ions  i n  the  ana lys i s  of  k i n e t i c  
da t a  from f l a s h  hydrogenation, and possibly f o r  s imi l a r  processes. It  
should be kept  i n  mind t h a t  d i f f e r e n t  macerals can present  d i f f e r e n t  
s e l e c t i v i t i e s  towards ind iv idua l  components. Also, secondary react ions 
of the ind iv idua l  components (e.g., i n  t he  gas phase) could introduce 
deviat ions i n  the  cor re la t ions .  

A s  a f i n a l  conclusion, co r re l a t ions  based on the petrographic com- 
p o s i t i o n  of coa ls  a r e  a promising too l  t h a t  could allow predic t ion  of 
r e a c t i v i t i e s ,  t o t a l  v o l a t i l e  y i e lds  and product d i s t r i b u t i o n  for  any 
coa l  i n  f l a sh  hydrogenation given only i t s  maceral content .  

NOMENCLATURE 

r 

r . . :  r e a c t i v i t y  of t he  ith maceral t o  give the  jth product (dimensionless) 

x : the  maceral content  of the coal  (5) (weight % on dmmf coa l )  

y : t o t a l  v o l a t i l e  y i e l d  (% of  the i n i t i a l  carbon converted) 

yi : yie ld  of ith component (% of i n i t i a l  carbon converted) 

u : standard devia t ion  of the regression def ined from 

: r e a c t i v i t y  of  t he  ith maceral (dimensionless) i 

11 

i 

2 
u2 = f (yi,experim. - yi ,ca lc )  

- ikl  (n-2) 
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Sample 
No. 

PSOC 326 

PSOC 270 

PSOC 284 

PSOC 314 

PSOC 280 

PSOC 248 

B 2  
PSOC 240 

PSOC 246 

Rank 

HVA 

HVA 

HVA 

HVA 

HVC 

5.811. 
A 

5.Blt. 
8 

Lig- 
ni le 

Province Age State 

Eastern Carb. PA 

Eastern Carb. AL 

Interior Carb. IL 

RockyM. Cret. UT 

Interior Carb. IN 

RockyM. Cret. WY 

Pacific Tert. WA 
NorthCr. 
Plains Tert. NO 

V O l S t  

2.21 

1.27 

3.11 

4.08 

11.32 

- 

19.17 

19.73 

34.12 

0 
dmml 

5.56 

4.85 

7.12 

10. 13 

9.51 

17. M 

18.98 

21.22 

M.M, 
direc 

21.18 

17.72 

25.08 

11.55 

18.31 

- 

3.34 

16.47 

10.99 

S 
Dry OAF 

4.36 5.28 

2.34 2 7 7  

5,23 6.70 

0.76 0.84 

3.78 4.50 

0. 64 0.66 

0.50 0.60 

0.65 0.72 

- 
C 

dmml 

84.49 

85.15 

83.71 

81.47 

81.58 

- 

15.44 

73.96 

71.85 

F i g u r e  1. S e l e c t e d  coals for f l a s h  h y d r o g e n a t i o n  s t u d i e s  

C o r r .  v a r i a b l e  C o r r .  c o e f f i c i e n t  a C o m p o n e n t  

M e t h a n e  0 . 1 7 V  + 0 . 5 8 ( P V + E + R )  0 . 9 8 1 1  0 .67% 

E t h a n e  0 . 0 8 V  + 0 . 0 5 ( P V + E + R )  0 . 7 6 6 1  0.52% 

BTX 0 . 0 8 V  + 0 . 1 2 7  (PV+E+R) 0.427 0.92% 

F i g u r e  2: Correlat ions a p p l i e d  t o  i n d i v i d u a l  components 
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THE FORMATION OF BTX BY THE HYDROPYROLYSIS OF COALS 

M.J. Finn, G. Fynes, W.R. Ladner and J.O.H. Newman 

National Coal Board, Coal Research Establishment 
Stoke Orchard, Cheltenham, Glos. GL52 4RZ 

ABSTRACT 

The pyrolysis of British coals has been studied at hydrogen pressures of 50 
to 150 har in single- and two-stage, tube reactors at heating rates of up to 
30 K s-'. In the single stage reactor, hydropyrolysis of a high-volatile coal 
gave up to 4.5% single-ring aromatics; the results suggested that the evolution 
of volatiles and their cracking to benzene were sequential reactions. This was 
confirmed using a two-stage reactor in which the coal was heated at a controlled 
rate and the volatiles cracked in a separate zone at constant temperature. 
Yields of up to 12% benzene were obtained from a high volatile coal in hydrogen 
(similar to the yields obtained by various workers from American coals by flash 
pyrolysis) without very rapid heating of the coal. 
compounds showed that benzene was a major product of the cracking of polynuclear 
aromatics under hydrogen pressure. 

1. INTRODUCTION 

Hydropyrolysis of model 

The carbonisation of coal under hydrogen pressure is known as 'hydro- 
pyrolysis'. 
coal, which involves heating rates of hundreds of K s-l, can give appreciable 
yields of light aromatic hydrocarbons such as benzene, toluene and xylenes 
(BTX). 
two-stage hydropyrolysis of coals aimed at producing single-ring aromatics, 
especially benzene, from coal. In the single-stage reactor the carbonisation 
and cracking zones are heated by the same source, while in the two-stage reactor 
there is independent control of the carbonisation and cracking zones. 

A review of published work1 showed that flash hydropyrolysis of 

The present paper is concerned with studies of both single-stage and 

2. MATERIALS 

2.1. Coals 

The analyses of the coals used for hydropyrolysis are given in Table 1. 
The coals were ground, sized +251 -5OO)m and dried at 373 K in vacuum. 

2.2. Model Compounds 

Hydropyrolysis experiments were also carried out on six aromatic 
hydrocarbons: benzene, toluene, p-xylene, naphthalene, anthracene and 
phenanthrene. Where possible, 'ANALAR' grade chemicals were used without further 
purification. A s  the hydropyrolysis reactor was only suitable for solids, lg of 
compound was either absorbed on or mixed with 9g of active carbon (NCB 
Anthrasorb) . 
3 .  SINGLE-STAGE HYDROPYROLYSIS 

3.1. Experimental 

The design of the reactor is based on that used by Hiteshue and co- 
workers at the USBM'. A 1830 min long x 8 rn ID stainless steel, pressure tube 
in which about log of coal were secured between degreased wire wool plugs was 
heated by passing a large current (up to 1600A) through its wall. The heating 
rate was controlled by switching tappings on a transformer. The pyrolysis 
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vapours were swept o u t  of the  r e a c t i o n  zone by pressurised hydrogen a t  up to  
150 bar ,  some of t h e  l i q u i d  products c o l l e c t i n g  i n  t h e  ice-cooled t r a p .  The 
remaining l i q u i d  products  and gases were reduced to  atmospheric pressure through 
a needle va lve ,  which was  a l s o  used t o  cont ro l  the flow r a t e ,  before  being 
co l lec ted  f o r  a n a l y s i s .  
from t h e  t r a p  and ad jo in ing  tubing with chloroform. 
reac tor  w a s  weighed and analysed. 

3 . 2 .  Product Analysis  

The products i n  the  t r a p  were weighedandthen washed 
The r e s i d u a l  char i n  the 

Both gaseous and l i q u i d  products were analysed by chromatography. The 
hydrocarbon gases  were measured on an alumina column with a flame ionisa t ion  
de tec tor ,  and t h e  permanent gases on a molecular s ieve  5 A  column with a 
katharometer de tec tor .  
with a flame i o n i s a t i o n  de tec tor .  
Fisher reagent .  
char samples. 

The l i q u i d s  were measured using a s i l i c o n e  SCOT column 
Water was est imated by t i t r a t i o n  with Karl 

Proximate and u l t imate  analyses  were car r ied  out  on se lec ted  

3 . 3 .  Resul ts  

The e f f e c t  o f  v a r i a t i o n s  i n  the  f i n a l  heat-treatment temperature and 
i n  the vapour res idence  t i m e  on the  y i e l d s  of s ingle-r ing aromatics  formed by 
hydropyrolysis of h igh-vola t i le  Linby coal  was inves t iga ted  using heat ing r a t e s  
i n  the range 7 t o  30 K s-I, a pressure of 150 bar  and zero s o l i d s  res idence 
time a t  maximum temperature. 

3 . 3 . 1  The e f f e c t  o f  f i n a l  heat-treatment temperature 

The e f f e c t  of the f i n a l  carbonisat ion temperature on the  y i e l d s  of 
benzene, toluene and xylenes (BTX) and phenol, c r e s o l s  and xylenols  (PCX) is 
shown i n  Figure 1, where it can be seen t h a t  f o r  a vapour res idence time of 
approximately 10 s t h e  y i e l d s  of both BTX and PCX passed through a maximum a t  
a temperature of about 1000 K. The maximum y i e l d  of s ingle-r ing aromatics was 
approximately 4.5%, being composed of about equiva len t  amounts of BTX and 
phenolics. 

3 . 3 . 2  The e f f e c t  of vapour res idence t i m e  

The e f f e c t  of vapour res idence on t h e  y i e l d s  of BTX and PCX a t  heat ing 
r a t e s  of 10,  20 and 30 K s-l t o  a f i n a l  heat- t reatment  temperature of 1000 K 
i s  shown i n  Figures  2 a  and b .  
range of res idence times inves t iga ted  and w a s  l i t t l e  a f f e c t e d  by the heat ing 
r a t e .  I n  c o n t r a s t ,  t h e  y i e l d  of PCX passed through a maximum a t  a residence 
time of 3 s and was markedly a f f e c t e d  by the heat ing r a t e ,  at the  two higher 
heat ing r a t e s  the  PCX being almost completely destroyed a f t e r  8 s .  
Dehydroxylation of t h e  PCX t o  BTX a t  the  longer  res idence times only p a r t l y  
explains  the  f a t e  of t h e  PCX s ince  the  decrease i n  PCX i s  considerably 
grea te r  than the i n c r e a s e  i n  BTX. 

The y i e l d  of BTX increased s t e a d i l y  over the  

4 .  TWO-STAGE HYDROPYROLYSIS 

4.1 Modification t o  Apparatus 

The modif icat ion t o  t h e  hydropyrolysis  apparatus  t o  enable  the  
carbonisat ion and cracking zones to  be separated i s  shown i n  Figure 3. The 
upper por t ion  of the s t a i n l e s s  s t e e l  tube r e a c t o r ,  which servedas . the  cracking 
zone, was thermosta t ica l ly  cont ro l led  a t  temperatures up t o  1273 K using two 
muffle furnaces;  the  lower por t ion  which contained t h e  coal  was e l e c t r i c a l l y  
heated a s  previously.  
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4 . 2  Experimental 

The samples (coals, coking coals plus coke and model compounds on active 
carbon) to be pyrolysed were placed, as before, in the lower section of the tube. 
The flow of hydrogen through the reactor was established to give the required 
vapour residence time with the upper section maintained at the cracking 
temperature. Current was then passed through the lower section to heat it and 
the sample to the carbonisation temperature. The products were collected and 
analysed in the same way as with the single-stage reactor. 

4 . 3 .  Results 

4.3 .1  Effect of carbonisation time, temperature and heating rate 

The effect of varying the carbonisation time is shown in Figure 4 .  The 
methane increases monotonically with time and the benzene yield reaches a limit 
of about 11% w/w on d.a.f. coal at 9 minutes. Thus, to achieve optimum benzene 
yield with minimum methane formation, the residence time of the coal should be 
controlled. 

Varying the final carbonisation temperature from 848 to 973 K (at a 
carbonisation time of 9 minutes) while cracking the products at 1123 K gave the 
results plotted in Figure 5. Methane increases monotonically with increase 
in final carbonisation temperature whereas ethane and benzene pass through 
broad maxima at about 9 2 3  K, the benzene yield peaking at 12X w/w on d.a.f. coal 
( 1 3 . 4 %  C on C). 
temperature, some of the benzene is destroyed during the carbonisation stage. 
The volatile matter content of the char decreased from about 16% at a 
carbonisation temperature of 750 K to 5.5% at 923 K. 

The lower benzene yield at 973 K suggests that, at this 

The results of tests on the effect of heating rate show that, at a 
carbonisatiop temperature of 7 5 0  K, increasing the heating rate of the coal from 
1 to 25 K s- 
and ethane yields are reduced by the higher heating rate. 

4.3.2 

has no significant effect on benzene yields, although the methane 

Effect of cracking temperature and residence time 

The yields of gases and liquids were determined after cracking at 
temperatures from 773 to 1223 K using the relatively low carbonisation temperature 
of 750 K and a carbonisation time of 15 minutes. 

The yields of methane, ethane, benzene and tar are given in Figure 6 .  
Above 900 K, increasingly severe cracking of the carbonisation vapours gives 
continuously increasing yields of methane, whereas the ethane and benzene pass 
through broad maxima. The yield of tar decreases with increasing temperature, 
suggesting that tar vapours are the precursors of much of the ethane and benzene, 
themselves being hydrogenated to methane under more extreme conditions. 

The effect of varying the hydrogen flow rate and hence the gaseous 
residence time was also investigated. The carbonisation temperature was 873 K 
and the pressure was 1 5 0  bar. The results are summarised in Figure 7 and show 
that, as the hydrogen flow was increased, the yields of ethane and 
benzene increased and the benzene passed through a broad maximum. 
hydrogen rates, the volatiles were overcracked to give high methane yield The 
lowest hydrogen rate of 0.85g min-' (equivalent to a flow of 0.01 m3 min-'*at 
room temperature and pressure) gave a gaseous residence time of about 7 s in the 
cracking zone at 1 5 0  bar and 1 1 2 3  K. 

At the lower 

101 



4.3.3 E f f e c t  of  pressure  

Tests a t  50, 100 and 150 bar  i n  which t h e  vapour res idence  t i m e  was 
maintained cons tan t  by using a constant  l i n e a r  hydrogen v e l o c i t y  gave t h e  r e s u l t s  
shown i n  F igure  8. 
b u t  the benzene y i e l d  increased less  than propor t iona l ly  to  pressure.  

4.3.4 E f f e c t  of  coal-rank 

Methane and ethane y i e l d s  increased l i n e a r l y  with pressure  

The r e s u l t s  on t h e  e f f e c t  of coal-rank a r e  summarised as y i e l d s  versus  
carbon content  of coa l  i n  Figure 9 and suggest  t h a t  t h e  maximum ethane and 
benzene y i e l d s  a r e  obtained from the CRC 800 coa l s .  
gave l e s s  v o l a t i l e  hydrocarbons, and the  coking coa ls  tended t o  cake i n  the 
carboniser  and would t h e r e f o r e  be d i f f i c u l t  t o  process  continuously. 
v o l a t i l e  brown coal  contained 24.8% oxygen and t h e  oxygen appeared mainly as 
water r a t h e r  than  carbon oxides .  The Lady Vic tor ia  coal  gave comparatively low 
benzene and h igh  methane y i e l d s ,  probably r e f l e c t i n g  t h e  high a l i p h a t i c  content  
of t h i s  coa l .  

4.3.5 Model compounds 

Anthraci te ,  as expected, 

The high 

Table 2 g ives  the  r e s u l t s  of the hydropyrolysis  of t h e  aromatic 
compounds l i s t e d  i n  Sect ion 2 . 2 . ;  only the  aromatic products  a r e  l i s t e d .  
cracking temperature w a s  var ied  from 823 t o  1173 K a t  a constant  vapour res idence 
t i m e  of about 5 s .  A s  might be expected, t he  ex ten t  of decomposition increased 
wi th  increas ing  temperature, and the percentage remaining undecomposed a t  973 K 
was  taken a s  a measure of thermal s t a b i l i t y .  The s t a b i l i t y  sequence i n  order  
of decreasing s t a b i l i t y  was as follows: benzene = naphthalene > phenanthrene 
to luene)  p-xylene > anthracene. It should however be s t r e s s e d  t h a t  t h e  order  
depends on t h e  temperature. Thus, a t  1073 K toluene and p-xylene a r e  less 
s t a b l e  than anthracene.  

The 

The y i e l d  o f  benzene a t  t h ree  temperatures (973, 1073, 1173 K) from the 
model compounds i s  shown as a bar  cha r t  i n  Figure 10. Benzene survives  both 
a s  a feedstock and as a product of the  cracking of  toluene,  p-xylene and 
polynuclear hydrocarbons. I t  i s  i n t e r e s t i n g  t h a t  naphthalene, anthracene and 
phenanthrene g ive  benzene a s  a major product a t  t h e  two higher  cracking 
temperatures. 

5 .  DISCUSSION 

In l i n e  w i t h  the  var ious groups of American  worker^^-^ who have s tudied  
hydropyrolysis ,  t he  carbonisa t ion  of coal  under hydrogen pressure  has  been shown 
t o  give much higher  y i e l d s  of l i g h t  aromatics ,  i n  p a r t i c u l a r  benzene, than a r e  
obtained by convent ional  carbonisa t ion ,  i .e. a t  atmospheric pressure i n  an i n e r t  
atmosphere. 

The r e s u l t s  of t h e  experiments c a r r i e d  ou t  i n  a s ingle-s tage r e a c t o r  s imi l a r  
t o  tha t  used by Hiteshue,  Anderson and Schlesinger2 a r e  i n  good agreement with 
t h e i r  publ ished d a t a  
rates (up t o  30 K s-i) a maximum y i e l d  of 4.5% single-r ing aromatics  can be 
expected from a low-rank coa l .  

With t h i s  apparatus  which employs r e l a t i v e l y  slow heat ing 

In these s ingle-s tage r e a c t o r s  t h e  temperature cyc le  of t h e  r e a c t o r  
together  with the  hydrogen flow r a t e  through i t  determine t h e  condi t ions f o r  both 
t h e  pyro lys i s  of coa l  and the  hydrocracking of t h e  v o l a t i l e s  produced. Thus, 
it i s  impossible t o  opt imise simultaneously both the carbonis ing and cracking 
condi t ions.  However, i n  t he  two-stage hydropyrolysis  r e a c t o r ,  t h e  carbonisat ion 
and cracking processes  have t o  a l a r g e  ex ten t  been separated and i t  i s  therefore  
poss ib le  t o  opt imise s e p a r a t e l y  t h e  condi t ions  f o r  each. 
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The present  work wi th  the two-stage r e a c t o r  shows t h a t  y i e l d s  of over  10% 
benzene can be obtained from a 1 w rank coal  without t he  need f o r  hea t ing  a t  
very high r a t e s  (up t o  1000 K s-'): From t h e  poin t  of view of t he  des ign  of a 
hydropyrolysis p l a n t ,  a process employing a moderate hea t ing  ra te  should be 
preferab le  s ince  it i s  l i k e l y  t o  be d i f f i c u l t  t o  achieve very f a s t  hea t ing  on an 
i n d u s t r i a l  s ca l e .  

6. CONCLUSIONS 

The present  study has: 

( i )  confirmed t h a t  hydropyrolysis of coal  produces appreciable  y i e l d s  of 
s ingle-r ing aromatics ,  e s p e c i a l l y  benzene, and has  shown t h a t  a 
benzene y i e l d  i n  excess of 1OX can be obtained without  hea t ing  t h e  
coal  very r ap id ly ;  I 

( t i )  shown t h a t  the benzene y i e l d  depends on t h e  temperature of  t h e  
cracking zone and t h e  residence times of t h e  v o l a t i l e s  i n  t h i s  zone; 

( i i i )  demonstrated the  p o t e n t i a l  of a two-stage r e a c t o r  whereby t h e  
pyro lys i s  and cracking s tages  can be independently cont ro l led ,  and 
which should make i t  simpler t o  opt imise t h e  y i e l d s  of d e s i r e d  
products. 
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Table 2 :  Yields  of  Aromatics from Two-stage Hydropyrolysis  
of Aromatics 

Condition: Ig  of feeds tock  wi th  9g of  a c t i v e  carbon 
Carbonised a t  750K wi th  15 m i n .  s o l i d s  r e s i d e n c e  t i m e  
Heat ing r a t e  1 K s-1 
8 nun I D  carboniser  a d c racker  
Hydrogen 0.85 g min-' a t  100 bar .  
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EFFECT OF CARRIER GAS ON TAR YIELU AND 
QUALITY OF OCCIDENTAL FLASH PYROLYSIS 

S. C. Che, K .  Duraiswamy, K .  B lecker  
E.W. K n e l l  R .  Zahradnik 

OCCIDENTAL RESEARCH CORPORATION, I R V I N E ,  CA 

ABSTRACT 

Occidental F lash  P y r o l y s i s  employs recyc led  heated char  as heat 
When n i t r o g e n  was used, as c a r r i e r  t o  supply  the  heat  o f  p y r o l y s i s .  

t r a n s p o r t  gas, t a r  y i e l d  decreased due t o  char-cata lyzed t a r  c rack ing  
reac t i ons .  When low sur face area heat c a r r i e r  was used, t a r  c rack ing  
r e a c t i o n s  was prevented and the  t a r  y i e l d  was r a i s e d  back t o  t h e  expected 
l e v e l .  

The t a r  was l i g h t e r  w i t h  lower average molecular  weight .  The 
improvement o f  t a r  y i e l d  and q u a l i t y  was a t t r i b u t e d  t o  t h e  s t a b i l i z a t i o n  
o f  r e a c t i v e  coal fragments by nascent hydrogen produced by char  g a s i f i c a t i o n  
(by  CO2 and steam) and water-gas s h i f t  reac t i ons .  

INTRODUCTION 

Flash P y r o l y s i s  o f  coa l  employs ve ry  r a p i d  hea t ing  t o  d e v o l a t i z e  
p u l v e r i z e d  coal  i n  the absence o f  a i r  t o  p a r t i t i o n  t h e  coa l  i n t o  hydrogen- 
r i c h  t a r  and carbon-r ich char  res idue.  It has been s tud ied  i n  both ba tch  
and continuous reac to rs .  (1 -5)  

Occidental Research Corporat ion (ORC) developed t h i s  concept i n  a 
novel  ent ra ined f l o w  r e a c t o r  i n  which ho t  recyc led  char  prov ides the  heat 
t o  py ro l yze  t h e  c o a l .  The t y p i c a l  t a r  y i e l d s  are aprox imate ly  t w i c e  t h a t  
obta ined from F ischer  Assay t e s t  from t h e  same c o a l .  
d e s c r i p t i o n  o f  ORC process has been prov ided elsewhere.16) 

(PDU), t a r  l o s s  b y  char-cata lyzed t a r  c rack ing  r e a c t i o n s  was uncovered. 
A smal ler  sca le  u n i t ,  1 kg-per-hour bench scale r e a c t o r  (BSR), was used 
t o  s tudy the  e f f e c t s  o f  t ranspor t  gas and heat  c a r r i e r  on t a r  y i e l d .  
React ive gases such as C02 and H20 ins tead  o f  n i t r o g e n  were used t o  
t r a n s p o r t  t h e  char .  Tar l o s s  was prevented when t h e  h igh su r face  area o f  
char  was covered by r e a c t i v e  gases. The t a r  y i e l d  was increased t o  t h e  
same l e v e l  as t h a t  p red ic ted  by t h e  e l e c t r i c a l  hea t ing  cases. When low 
surface area aluminum was used as heat c a r r i e r  t a r  l o s s  was a l so  prevented. 
These r e s u l t s  and h mechanism t o  prevent  t h e  t a r  loss were d iscussed by 
DuraiSwamy e t . a l .  t77 
t h e  t a r  q u a l i t y .  

T e d e t a i l e d  

During t h e  opera t i on  o f  a 3-ton-per-day process development u n i t  

This paper presents  t h e  e f f e c t  o f  c a r r i e r  gas and heat  c a r r i e r  on 
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EXPERIMENTAL 

The experiments f o r  p y r o l y s i s  o f  coa l  were c a r r i e d  ou t  i n  a 1 
kg-per-hour bench sca le  r e a c t o r  as shown i n  F igu re  1. Coal was metered 
by a screw feeder  and c a r r i e d  by t r a n s p o r t  gas i n t o  t h e  r e a c t o r .  
was metered by a second screw feeder  and c a r r i e d  b y  n i t r o g e n  o r  des i red  
t r a n s p o r t  gas. 
i t  mixed wi th t h e  c o a l .  
r e a c t i o n  temperature i n  a few m i l l i seconds .  

char. 
gases were cooled t o  c o l l e c t  t he  l i q u i d  products .  The e f f l u e n t  gases 
were analyzed b y  gas chromatographs. The condensed l i q u i d  product  i s  
d isso lved i n  acetone f o r  easy removal f rom t h e  c o l l e c t i o n  vessels. A f t e r  . 
evaporat ion o f  t h e  acetone under vacuum, t a r  and water are separated b y  
d i s t i l l a t i o n .  

Each o f  t h e  f r a c t i o n s ,  namely acetone, water and t a r ,  are analyzed 
separa te l y  t o  determine water, l i g h t  o i l  and t a r  ( l lO 'C+) .  Tar i n  
condensed water, t a r  l e f t  i n  char, i f  any, as determined by p y r i d i n e  
s o l u b i l i t y  and t a r  adsorbed i n  t h e  a c t i v a t e d  charcoal, as determined b y  
F icsher  Assay a r e  a l l  i nc luded  i n  t h e  t o t a l  t a r  y i e l d .  

was o n l y  c a r r i e d  o u t  on t h e  l lO"C+ f r a c t i o n  m a t e r i a l  which i s  u s u a l l y  
over 90% o f  t h e  " t a r " .  

Char 

The char  was preheated t o  t h e  des i red  temperature be fo re  
Coal p a r t i c l e s  were brought  t o  t h e  p y r o l y s i s  

Coal d i sp ropor t i oned  i n t o  hydrogen-r ich v o l a t i l e s  and ca rbon- r i ch  
The char  was separated i n  a se r ies  o f  cyc lones and t h e  vapors and 

For  t h e  purpose o f  t h i s  study, t h e  c h a r a c t e r i z a t i o n  o f  t a r  p r o p e r t i e s  

The analyses o f  c o a l  and char  are g i ven  i n  Table 1. The molecular  
weight d i s t r i b u t i o n  p r o f i l e s  were determined by us ing  ge l  permeation 
chromatography performed on t a r  samples us ing  a Waters 244 ALC/GPC L i q u i d  
Chromatograph equipped w i t h  a r e f r a c t i v e  index de tec to r .  The columns 
employed were Waters s tyragel -co lumns 30 cm x 7.8 mm I O  c o n s i s t i n g  o f  
l - l O O O A ,  1-500A and 3-100A pore s i z e  packings. Tetrahydrofuran, THF from 
Burdick and Jackson, was used as t h e  so l ven t  a t  a pressure o f  1000 ps ig .  
C a l i b r a t i o n  o f  t h e  i ns t rumen t  used t h e  po lys ty rene  standards rang ing  i n  
molecular  weight  from 100 t o  33,000 AMU. Therefore, t h e  molecular  weight 
l a b e l i n g  o f  GPC chromatograms was f o r  re fe rence  and comparison purpose. 

i n  THF t o  5 m l  THF and f i l t e r i n g  through a 0.65 micron f i l t e r  sample 
s izes were 1 2 5 p 1 .  

The t a r  was subjected t o  a so l ven t  f r a c t i o n a t i o n  procedure t o  y i e l d  
o i l s ,  asphal tenes and preasphaltenes. The s o l u b i l i t y  c lasses  were 
defined as: o i l s  (hexane so lub le ) ,  asphaltenes (hexane inso lub le / to luene  
so lub le )  and preasphal tenes ( to luene  i n s o l u b l e l p y r i d i n e  so lub le ) .  
Separation was ob ta ined  accord ing t o  t h e  procedure descr ibed i n  Ref. 
(6). 

GPC samples were prepared b y  adding 8 drops o f  15% s o l u t i o n  o f  t a r  
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RESULTS AND DISCUSSIONS 

I > 

For t h e  purpose o f  t h i s  study, t h e  i n i t i a l  p y r o l y s i s  experiments 
were performed us ing  subbituminous coal ,  n i t r o g e n  c a r r i e r  gas and e l e c t r i c a l  
heat ing;  i .e . ,  no preheated char  was used. 
1000'F t o  1400°F was c a r r i e d  out .  
these runs are g iven i n  Table 2. 

E f f e c t  o f  Residence Time 

A s e r i e s  of runs ranging from 
The y i e l d s  and p r o p e r t i e s  o f  t a r  f o r  

Tar produced a t  t h e  longer  residence t ime  conta ined a h ighe r  
p ropor t i on  o f  o i l ,  and was a l so  cha rac te r i zed  by a lower s p e c i f i c  g r a v i t y ,  
lower v i s c o s i t y  and lower s u l f u r  content  than t h a t  produced a t  t he  lower 
res idence t ime.  These improved t a r  p r o p e r t i e s  were a t t r i b u t e d  t o  t h e  
a d d i t i o n a l  c rack ing  t h a t  occurs a t  t h e  l onger  res idence time. 

t ime  i s  prov ided by GPC chromatograms, F igu re  2. They show t h a t  a t  
longer  residence t imes, t h e  concen t ra t i ons  o f  h igh  molecular  weight 
spec ies decreased w h i l e  t h e  concen t ra t i ons  o f  lower  molecular  spec ies 
increased . 

The evidence o f  t he  a d d i t i o n a l  t a r  c rack ing  due t o  longer res idence 

The o i l  content  o f  t a r  was r e l a t i v e l y  independent o f  t he  p y r o l y s i s  
temperature bu t  was a f fec ted  by t h e  res idence t ime as shown i n  F i g u r e  
3. 
t h e  residence t ime increased from 1.5 t o  3 seconds w i t h  a corresponding 
decrease i n  the  preasphaltenes content .  The da ta  suggested t h a t  asphaltenes 
and preasphaltenes underwent c rack ing  a t  longer  residence t imes and thus  
t h e  p ropor t i on  o f  o i l  increased. These r e s u l t s  i n d i c a t e  t h a t  chemical 
t ransformat ions o f  t h e  t a r  which occurred d u r i n g  t h e  process enhanced i t s  
p r o p e r t i e s  w i thou t  s u f f e r i n g  s i g n i f i c a n t  l o s s  i n  y i e l d s .  
these reac t i ons  apparen t l y  occurred over  a p r a c t i c a l  and c o n t r o l l a b l e  
range o f  residence t imes. 

E f f e c t  o f  Heat C a r r i e r :  Char and Alumina 

The o i l  content  increased f rom an average va lue  o f  43% t o  54% when 

More impor tan t l y ,  

When preheated char  was used as heat c a r r i e r ,  t h e  t a r  y i e l d s  
decreased as t h e  r a t i o  o f  char- to-coal  increased, as shown i n  F igu re  4. 
Th is  e f f e c t  has been a t t r i b u t e  o the  char-cata lyzed t a r  c rack ing  
r e a c t i o n  by OuraiSwamy e t .  Due t o  t h e  secondary c rack ing  
reac t i ons ,  t h e  t a r  i s  l i g h t e r  compared t o  t h e  t a r  produced i n  the  
e l e c t r i c a l  hea t ing  mode as shown i n  Table 3. 
to-carbon r a t i o  and o i l  con ten t  were i n d i c a t i o n s  o f  t a r  crack ing.  

c a r r i e r ,  t he  t a r  y i e l d  was h ighe r  than t h e  case which used char  as heat 
c a r r i e r .  The t a r  i s  l i g h t e s t  among t h e  t h r e e  as shown i n  GPC o f  F i g u r e  
5. The t a r  l o s s  r e a c t i o n  by char-cata lyzed c rack ing  was prevented when 
alumina was used as heat c a r r i e r .  However, a d i f f e r e n t  c a t a l y t i c  r e a c t i o n  
might  have taken p lace  on t h e  sur face o f  alumina t o  improve t h e  t a r  
q u a l i t y ,  as shown by t h e  GPC. 

The h ighe r  atomic hydrogen- 

When t h e  low su r face  area (0.23 m2/g) alumina was used as hea t  
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GPC of tar  from the  alumina r u n  showed s igni f icant  reduction of 
heavy species. 
t a r  could not lay  down on the surface of h e a t  ca r r i e r  polymerization or 
condensation t o  form heavy tar was prevented. 
and qua l i ty  can be summerized in the following: 

This could be a t t r ibu ted  t o  a second poss ib l i ty  tha t  the 

The effect  on t a r  y ie ld  

Tar Yield: Electrical  > Alumina > Char 

Tar Qual i ty :  Alumina > Char > Electrical  

Petroleum f lu id  coke was used in PDU t e s t s  instead of alumina and 
i t  was f o u n d  t o  be i n  between alumina and char f o r  i m p r o v i n g  the  t a r  
y i e ld  and qua l i ty .  

Effect of Reactive Carrier Gases 

When d i f f e ren t  kinds of ca r r i e r  gases such as CO, CO2 and steam 
were used, the t a r  produced were l igh ter .  The properties are summerized 
in Table 4 .  
phase osmometric analysis and GPC p rof i les  of Figure 6. The high polymeric 
species such as asphaltenes and preasphaltenes also decreased. 

improvement of t a r  y ie ld  and qua l i ty  were due t o  the  adsorption of 
reac t ive  gases on the  char. 
t a r  vapor wi l l  not get adsorbed and get cracked on the surface of char t o  
form coke and gaes. Additionally by CO2 and steam char gas i f ica t ion  
takes place producing CO and [HI. 

T h e  molecular weights of ta rs  were reduced as  shown by vapor 

The t a r  y i e lds  were as high as the e l ec t r i ca l  heating case.  The 

When the  surface area of char i s  occupied, 

CO2 + C (char)- (CO)* + CO (1) 
H20 + C (char)-----. (CO)*  + 2 [HI ( 2 )  

Where ( C O ) *  i s  surface adsorbed carbon oxides. 
formed on the  surface of  char by water-gas-shift reaction. 

Nascent hydrogen can be 

(CO)* + H20- CO2 + 2 [HI 

When the primary pyrolysis fragments ( f ree  rad ica ls )  are formed, 
they are seeking fo r  s tab i l iza t ion  by e i the r  reacting with the nascent 
hydrogen in the gas  phase or on the char surface or recombining (polymerizing) 
s t ab i l i za t ion  of reactive fragments by nascent hydrogen prevents poly- 
merization reaction t o  form heavy molecular weight species and coke. 

CONCLUSION 

Both c a r r i e r  gas and heat ca r r i e r  were found t o  a f fec t  the t a r  
y ie ld  and t a r  qua l i t y  in the Flash Pyrolysis of coa l .  
high surface a rea  provided adsorption s i t e s  fo r  t a r  vapor. Tar e i the r  
polymerized or cracked on the char t o  form gases and coke thus lowering 
the  t a r  y ie ld .  When low surface area heat ca r r i e r  were used, t a r  loss 
was reduced s igni f icant ly .  
occupied by reac t ive  gases such as C02 and t a r  loss was prevented, and 
the t a r  qua l i t y  was also improved. This improvement was a t t r ibu ted  t o  
the  s t ab i l i za t ion  of pyrolysis f r e e  rad ia l s  by the  nascent hydrogen 
produced from carbon gas i f ica t ion  between char and reac t ive  gases. 

Preheated char of 

When the active s i t e s  of preheated char were 
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T A S E L  
ANALYSES OF FEED COAL AND CHAR 

Feed Coal Feed Char Product Char 

Proximate Analysis, W t . %  

Mois ture 11.59 1.18 0.7 

Ash 5.00 11.40 10.00 

V o l a t i l e  M a t t e r  37.01 7.02 7.88 

F i xed  Carbon 46.40 80.40 81.42 

U l t ima te  Ana lys i s  (Dry), W t . %  

Carbon 69.12 82.27 82.63 

Hydrogen 4.95 1.87 2.13 

Oxygen 18.32 2.52 3.29 

N i t rogen  1.29 1.14 1.11 

S u l f u r  0.66 0.66 0.57 

Ash 5.66 11.54 10.27 

F ischer  Assay, W t . %  

Char 

Water 

Tar  

Gas 

60.4 

21.4 

9.3 

8.9 

/ I  

I 
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TABLE 3 
COMPARISON OF TAR PROPERTIES 

EFFECT OF CHAR HEAT CARRIER 

Run No. 

C a r r i e r  Gas 

Preheater  Temp O F  

P y r o l y s i s  Temp. "F 

Residence Time, Sec. 

Char/Coal R a t i o  

Tar Y i e l d  (wt.%)MAF 

Sp. G r a v i t y ,  6O/6O0F 

g/cc 

U l t i m a t e  Ana lys i s  % W t .  

C 

H 

N 

S 

0 

Atomic H/C 

VPO MW 

Sol u b i  1 i ty  C1 ass i f  i c a t  i on, W t  .% 
Pre-asphal tenes 

Asphal tenes 

O i  1 

175139141 

N2 N.2 N2 

---- 1200 1200 

1200 1255 1255 

2.0 1.2 1.5 

0 3.3 5 
( e l e c t r i c )  (Alumina) 

18.0 9.7 14.1 

1.218 

81.47 

6.32 

1.14 

0.55 

10.52 

0.93 

28 5 

25.6 

33.0 

41.4 

1.191 - 

80.00 76.81 

6.68 6.75 

1.48 1.12 

0.43 0.38 

11.40 14.94 

1.00 1.05 

-- -- 
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TABLE 4 
PROPERTIES OF TARS U-ACTIVE CARRIER GASES 

BSR Run 

Temperatures, O F  

char p reheater  

Reactor 

Char/Coal R a t i o  

C a r r i e r  Gas 

Residence Time, sec 

Tar Y ie ld ,  XMAF coal  

U l t i m a t e  Ana lys is ,  % W t  

C 
H 
N 
S 
0 (by d i f f )  
Ash 

Atomic H/C 

Sp. Grav i ty ,  6O/GO0F 

g/cc 
O A P  I 

VPO MW 

S o l u b i l i t y  C l a s s i -  
f i c a t i o n ,  W t %  

Preasphal tenes 
Asphal tenes 
O i l  (by d i f f )  

176 

1500 

1191 

3 

Steain (5oX) 
CO (50%) 

1.9 

15.2 

80.78 
6.25 
1.47 
0.66 

10.77 
0.07 
0.928 

1.195 
-13.1 

27 5 

177 

1500 

1200 

3 

Steam (10%) 

1.94 

c02 (90%) 

19.2 

81.22 
6.48 
1.43 
0.56 

10.31 - 
0.957 

1.183 
-11.9 

254 

16.9 16.3 
28.6 28.4 
54.5 55.3 

178 

1500 

1200 

3.3 

co2 

2.0 

18.3 

80.15 
6.34 
1.58 
0.61 
1.39 

0.949 

1.183 
1.9 

24 5 

17.4 
27.2 
55.4 
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COAL m o o  1 

FIGUR!3 1 FLOW DIAGRAM OF 1 Kg-FER HOUR BENCH 
SCALE REACTOR 

FIGURE 2 GEL PEMEATION CHROMATOGRAMS OF SUBBITUXINOUS -~ 
COAL TARS PRODUCED AT 1200'F.  
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RESIDENCE TIME 
1.5 (SECONDS1 3.0 

I 

YIELDS. RELATIVELY TEMPERATURE INDEPENDENT. 
WERE AVERAGE0 FROM RUNS AT 1000-1200-I4OO.F 

FIGURE 3 SOLUBILITY CLASSIFICATION OF 
SUBBITUMINOUS COAL TARS 3 .S  A 
FUNCTION OF RESIDENCE TI$!. 

t 
FIGURE 4 EFFECT OF RECYCLED CHAR ON 

TAR YIELD .,., 
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F I G U R E  5 EFFECT O F  S O L I D  HEAT CARRIER ON THE 
MOLECULAR S I Z E  DISTRIBUTIOrJ  O F  TARS. 

FIGURE 6 EFFECT OF CARRIER GASES ON THE 
MOLECULAR S I Z E  D I S T R I B U T I O N  OF 
TARS. 
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ISOTHERMAL FURNACE STUDIES OF THE KINETICS OF LIGNITE PYROLYSIS 

* 
A. W .  Scaroni ,  P. L .  Walker, Jr. and R. H. Essenhigh 

Fuels  and Combustion Laboratory 
The Pennsylvania S t a t e  Univers i ty ,  Univers i ty  Park, PA 16802 

INTRODUCTION 

In p r a c t i c a l  pu lver ized  c o a l  combustors and g a s i f i e r s ,  p y r o l y s i s  occurs  i n  
conjunct ion  wi th  r a p i d  h e a t i n g  o f  t h e  c o a l ;  h e a t i n g  rates i n  excess of l,OOO°C/s 
be ing  common. One apparent  consequence of r a p i d  h e a t i n g  i s  t h a t  c r u c i a l  r e a c t i o n s  
occur  i n  t h e  f i r s t  few seconds o r  even mi l l i seconds  (1-3). This  i s  p a r t i a l l y  
r e s p o n s i b l e  f o r  the  s t r i n g e n t  requirements  a s s o c i a t e d  w i t h  an a c c e p t a b l e  exper i -  
mental  technique f o r  s tudying  t h e  k i n e t i c s  o f  r a p i d  c o a l  p y r o l y s i s .  
ments i n c l u d e  c o n t r o l l e d  r a p i d  hea t ing ,  i so thermal  r e a c t i o n ,  v a r i a t i o n  of r e a c t i o n  
t i m e  and r a p i d  quenching. In essence,  i t  is e s s e n t i a l  t o  have unambiguous r e a c t i o n  
h i s t o r y .  

The r e q u i r e -  

Two of t h e  techniques c u r r e n t l y  i n  use more o r  less s a t i s f y  t h e  requirements .  
One employs e s s e n t i a l l y  monolayer samples heated on a n  e l e c t r i c a l  g r i d  (l), and t h e  
o ther  u t i l i z e s  a f low of coa l  p a r t i c l e s  i n j e c t e d  i n t o  a preheated gas stream ( 2 , 3 ) .  
The latter technique i s  used i n  t h i s  l a b o r a t o r y .  The k i n e t i c s  of p y r o l y s i s  are 
most convenient ly  s t u d i e d  us ing  an i n e r t  atmosphere as t h e  pyrolyzing medium. This  
has  t h e  e f f e c t  of decoupl ing p y r o l y s i s  r e a c t i o n s  from o t h e r  heterogeneous g a s / s o l i d  
r e a c t i o n s  t h a t  occur  when a r e a c t i v e  atmosphere such  as H2 i s  used. 
are f o r  i so thermal  p y r o l y s i s  i n  N2 of a l i g n i t e  from t h e  Darco Seam i n  Texas. 
Temperatures vary from 700 t o  1 , O O O " C  and p a r t i c l e  s i z e  f r a c t i o n s ,  from 60 x 80 t o  
270 t o  400 mesh. 

Present  d a t a  

EXPERIMENTAL 

P y r o l y s i s  i s  performed i n  a n  e n t r a i n e d  flow, i so thermal  furnace  s i m i l a r  t o  
t h a t  descr ibed  by Nsakala and co-workers ( 3 )  which, i n  t u r n ,  i s  based on t h e  d e s i g n  
of Badzioch and Hawksley ( 4 ) .  It i s ,  i n  essence,  a v e r t i c a l  r e a c t o r  heated 
e l e c t r i c a l l y  and f o r  t h e  i n j e c t i o n  of  a d i l u t e  c o a l  s t ream i n t o  t h e  c e n t e r  of  a 
preheated gas stream. The ensuing mixing h e a t s  t h e  i n j e c t e d  s t ream a t  a r a t e  of 
about 10,OOO°C/s. 
c o a l  p a r t i c l e s  t o  t h e  furnace  tube  wal l .  A water-cooled sampling probe,  which i s  
i n s e r t e d  up the  a x i s  of t h e  furnace ,  c o l l e c t s  and r a p i d l y  quenches the  p a r t i c l e  
stream. The r e a c t o r  tube  i s  hea ted  uniformly s o  t h a t  p y r o l y s i s  is e s s e n t i a l l y  
contained i n  an i so thermal  reg ion .  Var iab le  p o s i t i o n i n g  of t h e  sampling probe 
a d j u s t s  t h e  r e a c t i o n  t i m e .  A schematic  of t h e  equipment i s  shown i n  F igure  1 and 
t h e  o p e r a t i n g  condi t ions  are given i n  Table  1. 

The i n j e c t o r  is designed t o  minimize migra t ion  and adherence of  

Weight l o s s  due t o  p y r o l y s i s  i s  determined us ing  proximate ash  as  a tracer. 
Data a r e  cor rec ted  f o r  t h e  e r r o r  a s s o c i a t e d  w i t h  t h i s  technique.  For t h e  Darco 
l i g n i t e  t h e  e r r o r  i s  less than 10% and i s  thought  t o  r e s u l t  from t h e  loss  of s u l f u r  
dur ing  p y r o l y s i s  (5) .  The proximate a n a l y s i s  of t h e  l i g n i t e  i s  given i n  Table 2 .  
P a r t i c l e  s i z e  f r a c t i o n s  are separa ted  by d r y  s i e v i n g  and charac te r ized  by t h e  
Rosin-Rammler technique ( 6 ) .  

*Present  Address: Department o f  Mechanical Engineer ing,  The Ohio S t a t e  U n i v e r s i t y ,  
Columbus, OH 43210 
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TABLE 1. OPERATING CONDITIONS 

-_ G a s  and Wall Temperature, "C 

Coal Feed Rate, g/min 

Mean G a s  Veloc i ty ,  m f s  

SecondaryIPrimary N2 

Coal Loading, w t %  

G a s  Reynolds Number 

700 800 900 

1 .0  1 . 0  1 .0  

1 . 1 2  1 . 1 2  1 . 1 2  

16.7 15.0 13.7 

2.2 2.5 2.7 

458 391 339 

- - -  1,000 

1 .0  

1.12 

12.5 

2.9 

298 

TABLE 2. PROXIMATE ANALYSIS OF THE DARCO LIGNITE 

as-received daf 
Mois ture ,  % 22.4 - - 
Ash, % 12.4 15.9 - 

Volati le Matter, % 33.3 43.0 50.2 

Fixed Carbon, % 31.9 41.1 49.8 

Equi l ibr ium Moisture  = 39.8% 

RESULTS 

A t y p i c a l  weight  loss v e r s u s  t i m e  curve  i s  shown i n  Figure 2 f o r  i so thermal  
p y r o l y s i s  a t  900OC. 
s i z e  over t h e  r a n g e  60 x 80 t o  270 x 400 mesh. 
p a r t i c l e  s i z e  i s  40 t o  200 pm. S imi la r  curves  are obta ined  a t  700, 800 and 1,OOO"C. 

Weight l o s s ,  hence p y r o l y s i s  r a t e ,  is independent of p a r t i c l e  
The corresponding range  i n  mean 

The maximum p o t e n t i a l  weight  l o s s  i n  t h e  i so thermal  furnace  i s  n o t  measurable 
by a s i n g l e  pass  because  of t h e  r e s t r i c t e d  r e s i d e n c e  t i m e .  It i s  c a l c u l a t e d  by 
t h e  method of  Badzioch and Hawksley ( 4 ) .  This  involves  e s t a b l i s h i n g  a r e l a t i o n s h i p  
between t h e  change i n  proximate v o l a t i l e  mat te r  between the  o r i g i n a l  dry-ash-free 
c o a l  and char  and weight  l o s s  due t o  p y r o l y s i s .  The der ived  r e l a t i o n s h i p  is 
linear; i t  is  e s s e n t i a l l y  p a r t i c l e  s i z e  (Figure 3) and temperature  independent 
(F igure  4 )  f o r  t h e  range of  opera t ing  condi t ions .  
of t h e  daf  c o a l ,  r e p r e s e n t i n g  a f r a c t i o n a l  i n c r e a s e  of  1 . 3  over  t h e  proximate 
v o l a t i l e  mat te r .  The weight l o s s  achieved by a s i n g l e  pass  i n  t h e  i so thermal  
furnace  a t  l,OOO°C and a t o t a l  r e s i d e n c e  time of 0 . 4 s i s  50% of t h e  daf  c o a l ,  
i n d i c a t i n g  about  80% completion of  p y r o l y s i s .  

The maximum weight l o s s  i s  66% 

A f i r s t - o r d e r  p l o t  f o r  p y r o l y s i s  a t  900°C i s  shown i n  F igure  5. A f e a t u r e  of 
t h e  curve is t h e  a p p a r e n t  d e l a y  i n  t h e  o n s e t  of  p y r o l y s i s  dur ing  heat-up of t h e  
P a r t i c l e s .  This  is i n  agreement with t h e  f i n d i n g s  of Jcntgen and Van Heek (7) .  
C o r r e l a t i n g  f i r s t - o r d e r  r a t e  c o n s t a n t s  by t h e  Arrhenius  express ion  (Figure 6) 
y i e l d s  a pseudo a c t i v a t i o n  energy of 7.7 kcal /mole and a pre-exponent ia l  f a c t o r  
of  92 s-l. 
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DISCUSSION 

Successfu l  d e s c r i p t i o n  of  t h e  k i n e t i c s  of p y r o l y s i s  up t o  80% completion by 
a s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion  i s  not  i n c o n s i s t e n t  wi th  t h e  need f o r  a 
second equat ion  t o  d e s c r i b e  t h e  completion of p y r o l y s i s  as p o s t u l a t e d  by Nsakala 
and co-workers (3) .  This  d e r i v e s  from t h e  f a c t  t h a t  t h e  second component devola- 
t i l i z a t i o n  i s  assoc ia ted  mainly wi th  H2 l i b e r a t i o n  (E), which on a weight b a s i s  
accounts  f o r  on ly  about  5% of t h e  daf  coa l .  

The r e l a t i v e l y  low pseudo a c t i v a t i o n  energy i s  c o n s i s t e n t  wi th  t h e  d a t a  
presented by Anthony and Howard (9) .  
rate of p y r o l y s i s  f o r  t h e  Darco l i g n i t e  e s s e n t i a l l y  impl ies  t h e  absence of s i g -  
n i f i c a n t  h e a t  and mass t r a n s f e r  e f f e c t s .  
a s s o c i a t e d  wi th  these  p h y s i c a l  f a c t o r s ,  a n  a l t e r n a t i v e  explana t ion  is r e q u i r e d  
here. Howard and co-workers (1,9) provide a probable  explana t ion  i n  terms of a 
d i s t r i b u t i o n  of a c t i v a t i o n  energ ies  f o r  t h e  genera t ion  o f  d i f f e r e n t  v o l a t i l e  
spec ies .  
c o r r e l a t i o n  and about 50 kcal /mole i n  a m u l t i s t e p  model. 

The absence of p a r t i c l e  s i z e  e f f e c t s  on the  

Since low a c t i v a t i o n  energ ies  are u s u a l l y  

They o b t a i n  an a c t i v a t i o n  energy of  about  1 0  k c a l / m l e  i n  a s i n g l e - s t e p  

SUMMARY 

The present  work f u r t h e r  demonstrates  t h e  s u i t a b i l i t y  of t h e  e n t r a i n e d  f low 
i so thermal  furnace  f o r  s tudying  t h e  k i n e t i c s  of l i g n i t e  p y r o l y s i s .  
hea t ing  condi t ions  t h e r e  i s  a de lay  i n  t h e  o n s e t  on s i g n i f i c a n t  p y r o l y s i s  dur ing  
p a r t i c l e  heat-up. For t h e  Darco l i g n i t e ,  p y r o l y s i s  up t o  80% completion fo l lows  a 
s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion;  b u t  a second equat ion  may b e  necessary t o  
d e s c r i b e  t h e  completion o f  p y r o l y s i s .  
than  1 0  kcal /mole and t h e  absence of  s i g n i f i c a n t  p a r t i c l e  s i z e  e f f e c t s  are n o t  
n e c e s s a r i l y  i n c o n s i s t e n t ,  as t h e  former may not n e c e s s a r i l y  i n d i c a t e  p h y s i c a l  
rate c o n t r o l .  

Under r a p i d  

The r e l a t i v e l y  low a c t i v a t i o n  energy of  less 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 
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RATES OF LIGHT GAS PRODUCTION BY 
DEVOLATILIZATION OF COALS AND LIGNITE 

R .  F. Weimer and D. Y. Ngan 

Air Products and Chemicals, Inc.; Allentown, Pennsylvania, 18105 

INTRODUCTION 

The kinetics of coal pyrolysis a r e  important in many coal conversion processes which 
operate under conditions of r e l a t ive ly  moderate temperatures (400° t o  1000°C). Such 
processes range from i n  situ coal gas i f ica t ion  (1) t o  f lash  hydropyrolysis ( 3 ) ,  having 
anticipated coal r e s i z n t i m e s  i n  the  region of pyrolysis temperatures of between 
10-1 and l o 4  seconds - a range of f ive  orders of magnitude. 

Although many models have been postulated fo r  coal devola t i l i za t ion  (4) ,  Howard and 
his co-workers (2,4) have shown t h a t  the use of a s t a t i s t i c a l  d i s t r ibu t ion  of a c t i -  
vation energies can provide "valuable ins ight  i n to  the overall or global k ine t ics  
of the [pyrolysis] process," par t icu lar ly  with,,regard t o  explaining the e f f ec t s  of 
heating r a t e .  For a designer seeking a cor re la t ion  
of devola t i l i za t ion  y i e lds ,  [the d is t r ibu ted  activation energy model] combined with 
a description of secondary reactions i s  presently the best  recommendation." Ciuryla 
e t  a l .  (6 )  have since shown tha t  the parameters (mean ac t iva t ion  energy, standard 
deviation of the energy d is t r ibu t ion ,  and to ta l  potential  vo la t i l i za t ion )  obtained 
by f i t t i n g  to ta l  weight loss  data obtained a t  heating r a t e s  o f  40 and 160°C/min, fo r  
a Montana l i gn i t e  and a P i t t s b u r g h  Seam bituminous coa l ,  a re  close t o  the  values re- 
ported by Anthony and Howard f o r  the same coals a t  heating ra tes  of 100 to  10,OOO°C/sec. 

The d is t r ibu ted  activation energy model has not previously been applied to  data fo r  
the y ie lds  of individual molecular species from coal pyrolysis. I t  has normally been 
assumed ( w i t h  good r e su l t s  for  data obtained over a narrow range of heating r a t e s )  
t ha t  the y i e lds  of individual species can be modelled by a small s e t  of individual 
reactions representing the  major mechanisms fo r  t h e i r  production. However, i t  has 
been recognized ( 2 )  t h a t  the parameters obtained from such models a re  only "ef fec t ive"  
values which may have no fundamental significance.  I t  can be shown ( see  below) tha t  
the values typically obtained from models having a small number of individual reac- 
t ions cannot be applied over a wide range of heating r a t e s .  

They therefore s t a t e  ( 4 )  t ha t ,  

EXPERIMENTAL 

Coal Samples 

The North Dakota l i g n i t e  and I l l i n o i s  No. 6 bituminous coal samples used i n  this study 
were provided by the Pennsylvania S ta te  University. 
and Wyodak subbituminous coal samples were obtained from Commercial Testing and Engi- 
neering Company; these samples were ground under ine r t  atmosphere. Proximate and u l -  
timate analyses of the coals studied a re  given in Table 1. 
samples were used in a l l  runs. 

The Pittsburgh Seam bituminous 

Sized, 40 x 80 mesh, 

Apparatus 

The primary apparatus used i n  obtaining the r e su l t s  reportyd herein was a 6-gram- 
capacity thermobalance bu i l t  spec i f i ca l ly  fo r  Air Products 
Products, Inc. This apparatus i s  e s sen t i a l ly  identical  t o  equipment which was pre- 
viously i n  existence a t  Case-Western Reserve University (5 ) .  
of a cylindrical  basket, containing the coal sample, w h i c h  i s  suspended from a balance 
arm i n t o  an externally heated Haynes 25 superalloy tube. Although the apparatus i s  
capable of operation a t  pressures up to  1500 ps i ,  only r e su l t s  obtained a t  atmospheric 
pressure, in helium, a re  reported here. Heating r a t e s  were monitored by thermocouples 

labora tor ies  by Spectrum 

The apparatus cons is t s  
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on the tube wall ,  and a l so  ins ide  the tube near the basket, i t  having been determined 
(by placing a thermocouple in the basket i t s e l f )  t ha t  the differences between the sam- 
ple temperature and the wall temperature were small. 

Experimental Procedure 

Approximately 3 gms of dry, 40 x 80 mesh, coal were placed ins ide  the  sample basket 
and lowered in to  the  reactor a t  room temperature. 
helium, the reactor was heated. 
cated immediately below the  sample basket, the helium flow ra t e ,  and the sample 
weight were continuously recorded. 
ringes through a septum in  the heated e x i t  l ine.  
analyzed using a Perkin-Elmer Sigma-1 gas chromatograph. 

The helium flow r a t e  was maintained a t  approximately 700 cc/min. 
capacity of the tube and furnace, and t o  heat losses from the furnace, the heating 
r a t e  was not constant d u r i n g  the experiments; however, the observed r a t e s  can be 
approximated by the formula 

After purging theeys tem w i t h  
The temperature, monitored by a thermocouple lo- 

These samples were subsequently 

Due to  the heat 

Gas samples were periodically collected by sy- 

- -  dT - 10.8 -0.00642 . T 
d t  

where T = sample temperature, OC,  and t = time, minutes. 
temperature data were used in the computer analysis of the r e su l t s .  

The actual recorded time/ 

Kinetic Model 

Coal pyrolysis has frequently been assumed to  be described by a s e t  of para l le l  f i r s t -  
order reactions (1,2,4). 
r a t e  i s  

For each reaction, i ,  the corresponding devola t i l i za t ion  

1) 

where ki i s  the preexponential fac tor  and Ei i s  the ac t iva t ion  energy of rea i t ion  i ;  
V i  i s  the amount o f  vo la t i l e  product produced by reaction i u p  t o  time t ;  Vi i s  the 
amount of product which could poten t ia l ly  be produced; T i s  the absolute temperature, 
and R i s  the  gas constant. The to ta l  y ie ld  from reaction i a t  time t i s  therefore 

2)  

For the  case of constant heating r a t e ,  m = dT/dt, i t  has been shown ( 2 )  t h a t ,  since 
Ei/RT>)l f o r  coal pyrolysis reactions,  the solution of Equation 2 i s  

E i  

3)  

( T h i s  equation may be extended t o  include a holding period a t  pyrolysis temperature 
and/or the subsequent cool-down period, a s  shown i n  the Appendix.) 
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Integration of Equation 2 f o r  the case of nonconstant heating r a t e  may eas i ly  be 
done numerically; however, provided tha t  

Equation 3 with m = m ( T )  can be used. 

The d is t r ibu ted  activation energy model assumes t h a t  the ac t iva t ion  energy fo r  pro- 
ducing vo la t i l e  material ( o r  a spec i f ic  vo la t i l e  product) i s  normally d is t r ibu ted  
about a mean value, Eio. with k i  constant. The r e s u l t ,  analogous t o  Equation 3 ,  i s  

c 

where 6 i s  the standard deviation of the energy d i s t r ibu t ion .  
gration from E = 1 kcal/mol t o  E = Eio + 4 6  

The  r a t e  of devola t i l i za t ion  a t  temperature T i s  

( I n  practice,  inte- 
i s  adequate for  analyzing the d a t a . )  

E E 00 

- - 1 dVi = 

Vi* d t  2 6  

RESULTS AND DISCUSSION 

5)  

Figures 1 through 5 present the pyrolysis r a t e  da ta ,  f o r  each of the f ive  coa ls ,  f o r  
the four major noncondensable products of pyrolysis (hydrogen, carbon monoxide, carbon 
dioxide, and methane). The to ta l  weight loss  i s  a l so  shown. The i n i t i a l  appearance 
of these species occurs in the same order fo r  a l l  of the coals:  
followed by CO,  CH4, and, f i n a l l y ,  H2. However, the  maximum ra t e  of CO production 
does n o t  occur unt i l  well a f t e r  t ha t  of methane; the temperature of the maximum r a t e  
of CO production i s  nearly coincident w i t h  t ha t  of the maximum r a t e  of hydrogen pro- 
duction (about 700oC). 
peak a t  about 45OoC and a la rger  peak a t  about 7OO0C, f o r  the low-rank coa ls . )  T h e  
observed peaks fo r  C 2  and C3 hydrocarbons ( n o t  shown) occur a t  the same temperature 
as those f o r  methane. 
CO and C02 produced, which a re ,  of course, related t o  the vastly d i f fe r ing  oxygen 
contents of the feed coals.  

These r e su l t s  a r e  s imi la r  t o  data reported by Campbell (1) fo r  the slow (3.3'C/min) 
pyrolysis of 50-gram samples of 6 x 1 2  mesh Wyodak coa l ,  although his t o t a l  y i e lds  
of l i gh t  hydrocarbons were grea te r  than those reported here. 

The values found by f i t t i n g  the Gaussian d is t r ibu ted  ac t iva t ion  energy model t o  the 
data a re  l i s t ed  on Table 2.  Except fo r  the CO da ta ,  which a re  c lear ly  bimodal, the 
s ingle  Gaussian d is t r ibu t ion  provides a reasonable f i r s t  approximation of the data.  
Except f o r  the Pittsburgh Seam bituminous coal (which yielded very l i t t l e  CO and C O z ) ,  
the mean activation energies increase in the order C02, CO ( f i r s t  peak), C H 4 ,  CO 
(second peak), and H2. The surprising r e s u l t  i s  the close correspondence of the 
values obtained for  b o t h  Eo and 6 f o r  each component from coals of widely d i f fe r ing  
rank .  This sugges t s tha t  the major mechanisms fo r  the production of these materials 
a r e  the same fo r  a l l  of the coals.  

C02 appears f i r s t ,  

(The CO production r a t e  i s  ac tua l ly  bimodal, with a small 

The major differences among the coals a r e  i n  the amounts of 
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Table 3 l i s t s ,  f o r  comparative purposes, the parameters obtained by Campbell by 
f i t t i n g  his data t o  one to  three f i r s t -o rde r  reactions per compound. 
i s  zero in t h i s  model, i t  i s  necessary to  allow k i  f o r  each reaction t o  vary. 
T h e  resu l t  is a set of extremely low values f o r  both ki and E i  f o r  a l l  of the 
reactions. For example, Campbell's value of Ei for  hydrogen production i s  19.5 
kcal/g mole, compared t o  the Eo's of 73 to  75 kcal/mol i n  Table 2 ,  and a typical 
value (1) of 88 kcal/rnol fo r  C-H bond breakage. The small absolute values of k i  
and Ei i n  Campbell's model r e su l t  from f i t t i n g  a y ie ld  d i s t r ibu t ion  which i s  spread 
broadly over temperature w i t h  a small number of reactions.  

The  e f fec t  of temperature on f lash  pyrolysis y i e lds  has been studied by Suuberg 
e t  a l .  ( 2 )  f o r  a Montana l i gn i t e .  Suuberg's resu l t s  (Figures 6 and 7 ) ,  which are 
to t a l  y ie ld  data f o r  heating small (15 mg) samples a t  100CI0C/sec t o  the indicated 
peak temperature, and then cooling immediately a t  a r a t e  of 200°C/sec, show the 
same trends i n  the order of the appearance of the various species as do the slow 
pyrolysis da ta ;  in addition, Suuberg's ult imate y i e lds  of each o f  the l igh t  gases 
a r e  similar t o  those observed upon slow pyrolysis o f  l i g n i t e  and subbituminous coal 
in our experiments. 

Suuberg a l so  f i t  his r e su l t s  using a small number o f  f i r s t -o rde r  reactions t o  de- 
scribe the y ie lds  of each species;  his parameters a re  shown i n  Table 4. Reasonable 
values of Eo were obtained, but the predicted y ie ld  curves, as  shown on Figures 6 
and 7 ,  a r e  notably stepwise i n  appearance. Also plotted on Figures 6 and 7 a re  the 
curves obtained by using the l i g n i t e  pyrolysis parameters of Table 2 ,  a n d  the  dis-  
tr ibuted ac t iva t ion  energy model, to pred ic t  the f lash  pyrolysis y ie lds .  The pre- 
d ic t ions  f i t  the data almost a s  well as  Suuberg's own model, provided only tha t  Vi* 
f o r  each species i s  allowed t o  vary. This i l l u s t r a t e s  the a b i l i t y  of the d is t r ibu ted  
activation energy model to  f i t  both slow and f a s t  pyrolysis data with the same values 
f o r  the ac t iva t ion  energy p a r a m G s .  In con t r a s t ,  the slow pyrolysis p a r s e r s  
reported by Campbell would predict  almost no reaction under Suuberg ' s  conditions, 
since h is  values of k i  a r e  too small t o  permit any s ign i f i can t  reaction i n  a time 
of the order of one second. 

Finally,  the problem inherent in applying Suuberg's model and parameters t o  slow py- 
ro lys i s  r a t e  data i s  i l l u s t r a t e d  - f o r  the case of CO2 formation from l i g n i t e  - by 
Figure 8. The use of a small number of individual equations requires tha t  the products 
appear i n  a few sharply defined peaks (corresponding t o  the steep steps i n  the y ie ld  
curves) in con t r a s t  to  the broadly d i s t r ibu ted  slow pyrolysis data.  

Since Q 

CONCLUSIONS 

A f i r s t -o rde r  model w i t h  d i s t r ibu ted  ac t iva t ion  energies has the potential  f o r  ex- 
plaining the e f f e c t  of heating r a t e  on the  primary production of l i g h t  gases (HE, C O ,  
CO2, CH4) during the  devola t i l i za t ion  of coa l ;  models based on small s e t s  of f i r s t -  
order reactions w i t h  nondistributed ac t iva t ion  energies do not have t h i s  potential .  
The  activation energy d i s t r ibu t ions  f o r  the production of these species obtained from 
atmospheric-pressure pyrolysis,  under i n e r t  atmosphere, a re  remarkably insensit ive t o  
coal rank. 
would be needed t o  confirm the va l id i ty  of th i s  approach t o  understanding pyrolysis 
ki ne t ics .  

Data on identical  samples of coa l ,  over a wide range of heating ra tes ,  
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APPENDIX 

Extens ion o f  Model Beyond Heating Per iod 

The t ime-temperature h i s t o r y  o f  much o f  t h e  pub l i shed  data on coal  p y r o l y s i s  may be 
d i v i d e d  i n t o  three reg ions:  

1. Heat-up a t  a constant  r a t e ,  m i ,  t o  a peak temperature, T i .  

2. Hold ing a t  temperature, TI, f o r  a t ime,  t H .  

3 .  Cool ing a t  a constant  r a t e ,  m3 ( o f t e n  slower than the  hea t ing  r a t e ) ,  u n t i l  t h e  
r e a c t i o n s  a re  quenched. 

Under these cond i t i ons ,  t he  bas i c  f i r s t - o r d e r  r a t e  equat ion f o r  a s i n g l e  r e a c t i o n ,  

may be i n teg ra ted ,  sub jec t  t o  the  approx imat ion E/RT 1, t o  y i e l d  

where V i  i s  now the  t o t a l  y i e l d  from the  r e a c t i o n .  

For t h e  d i s t r i b u t e d  a c t i v a t i o n  energy model, t he  corresponding equat ion i s  

This  l a t t e r  equat ion may be a p p l i e d  t o  t h e  y i e l d  o f  any i n d i v i d u a l  component, p ro -  
v ided  t h a t  t h e  y i e l d  can be approximated by the assumed Gaussian d i s t r i b u t i o n s .  

I n  t h e  event t h a t  a more complex t ime-temperature h i s t o r y  i s  f o l l owed  (e.g., i f  r n l  
and m3 a r e  n o t  constants) ,  then recourse may always be had t o  numerical methods f o r  
c a l c u l a t i n g  the  f i n a l  i n t e g r a t e d  y i e l d  from t he  model. 

133 



1. 

2. 

3. 

4. 

5. 

6. 

REFERENCES 

J. H. Campbell, " P y r o l y s i s  o f  Subbituminous Coal i n  R e l a t i o n  t o  I n  S i t u  Coal 
G a s i f i c a t i o n , "  Fuel 57, 232 (1978). 

E. M. Suuberg e t  a l . ,  "Product Composition and K i n e t i c s  o f  L i g n i t e  Pyro lys is , "  
ACS Nat ional  Meet ing,  New Orleans, March 1977. 

W.  8. Russel l  e t  a l . ,  "The C i t i e s  Serv ice  Model f o r  S h o r t  Residence Time Hydro- 
p y r o l y s i s  o f  Coal," presented a t  70 th  Annual AIChE Meeting, New York City, 
14 November 1977. 

D. 8. Anthony and J. B. Howard, "Coal D e v o l a t i l i z a t i o n  and Hydrogas i f i ca t ion , "  
AIChE Journal  ( 4 ) ,  625 (1976). 

N. Gardner e t  a l . ,  "Catalyzed H y d r o g a s i f i c a t i o n  o f  Coal Chars," Advances i n  
Chemistry Ser ies,  NO. 131, p. 217 (1974). 

V .  T. C i u r y l a  e t  a1 . , "Ambient-Pressure Thermogravimetr ic C h a r a c t e r i z a t i o n  of 
Four D i f f e r e n t  Coals and T h e i r  Chars," m, t o  be pub l ished.  

ASTM Rank 

L i g n i t e  

L i g n i t e  

Subbituminous 

HVC 
Bituminous 

HVA 
Bituminous 

TABLE 1 

ANALYSIS OF COALS 

U l t i m a t e  Ana lys is  (%, D r y )  

S t a t e  - H -  N -  S S  0 
(By Di fFerence) 

ND 61.6 4.1 1.1 0.6 10.0 22.6 

TX 64.5 4.2 1.4 0.9 10.0 19.0 

WY 66.4 4.6 1.0 0.8 6.0 21.2 

I L  66.4 4.6 1.1 4.5 10.6 12.8 

PA 80.5 5.0 1.2 1.1 5.0 7.2 
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Component 

H2 

co 
(1st Peak) 

co 
(2nd Peak) 

Total 
Weight 
Loss 

Parameter+ 

Eo ,  kcal/mol 
6 ,  kcal/mol 
V* 

Eo, kc a 1 /mo 1 

vd.y kcal/mol 

Eo. kcal/mol 
Q ,  kcal/mol 
V* 

Eo,  kcal/mol 
6 , kcal /mol 
V* 

Eo,  kcal/mol 
6 ,  kcal/mol 
V*  

Eo, kcal /mol 
6, kcal/mol 
V* 

TABLE 2 

KINETIC PARAMETERS 

Coals 

North 
Dakota 
Lignite 

72.8 
8.8 
0.010 

51.9 
7.8 
0.025 

70.3 
6.5 
0.043 

48.9 
9.5 
0.134 

57.7 
6.0 
0.016 

52.7 
11 .3  

0.40 

Texas 
Lignite 

76.9 
9.8 
0.009 

52.2 
6.8 
0.018 

72.7 
5.1 
0.036 

53.0 
11.4 

0.123 

60.1 
7.0 
0.021 

52.5 
10.0 

0.40 

Wyoda k 

73.1 
8 .0  
0.009 

50.8 
6.0 
0.022 

71.2 
7.5 
0.053 

50.3 
9.6 
0.100 

58.2 
5.9 
0.021 

53.2 
9.7 
0.41 

I1 1 inoi s 
No. 6 

73.7 
8.6 
0.010 

-- 
-- 
-- 

66.7 
13.4 
0.038 

55.6 
14.2 

0.040 

58.8 
5.8 
0.022 

53.0 
9.3 
0.34 

Pittsburgh 

74.6 
8.2 
0.011 

71.1 
11.6 
0.021 

61.8 
18.1 
0.015 

58.7 
4.8 
0.030 

51.8 
5.7 
0.30 

+ko i s  fixed a t  1015 m i n - l  in a l l  cases. 
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TABLE 3 

CAMPBELL'S PARAMETERS FOR WYOOAK COAL 

v*, g/g coal 1 Component Eo, kcal/rnol kn, min- 

H2 22.3 1200 0.0102 

CO, React ion 1 18.0 3300 0.016 
React ion 2 30.1 1.5 l o 5  0.037 

C02, React ion 1 19.5 3.3 l o 4  0.055 
React ion 2 23.0 1.4 lo4  0.047 

CH4,  React ion 1 31.1 1.0 lo7  0.014 
React ion 2 31.1 1.7 x lo6 0.016 
React ion 3 35.4 1.8 x io6 0.014 

H2 

1 1  

TABLE 4 

SUUBERG'S PARAMETERS FOR NORTH DAKOTA LIGNITE 

Component 

CO, React ion 1 

React ion 2 
React ion 3 

C02, React ion 1 
React ion 2 
React ion 3 

CH4, React ion 1 
React ion 2 

Eo, kcal/mol 

88.8 

44.4 
59.5 
58.4 

36.2 
64.3 
42.0 

51.6 
69.4 

ko, min-' 

9.5 

1.1 
1 . 6  
3.5 x l o l l  

1.3 
3.5 
3.3 x 108 

9.7 
2.8 x io16 

v*, g/g coal 

0.0050 

0.0177 
0.0535 
0.0226 

0.0570 
0.0270 
0.0109 

0.0034 
0.0092 

' I  
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I 

A MODEL FOR COAL PYROLYSIS 

by 

L .  H. Chen and C. Y. Wen 
Department o f  Chemical Engineering 

West Virginia University 
Morgantown, WV 26506 

INTRODUCTION 

Pyrolysis of coal occurs i n  a l l  coal conversion processes and is  
perhaps the most d i f f i c u l t  to  model mathematically. 
on coal pyrolysis  have been proposed during t h e  pas t  several  decades. 
However, very few of  these models address t h e  simultaneous changes i n  
product d i s t r ibu t ion  and p a r t i c l e  weight l o s s  (or  conversion) over a 
wide range of  operat ing conditions. Such a mathematical model which 
could take i n t o  consideration the e f f e c t s  of  residence time, f i n a l  
temperature, heating r a t e  and pressure i s  needed f o r  design and scale-up 
of  coal pyrolysis  and gas i f ica t ion  reactors .  The purpose of t h i s  study 
i s  t o  develop such a mathematical model f o r  simulation of the  pyrolysis  
phenomena o f  a coal p a r t i c l e .  
general enough t o  be appl icable  t o  o ther  pyrolysis  system such as t h e  
pyrolysis  of wood. 

A number of  models 

The model t o  be developed should be 

MODEL DEVELOPMENT 

The assumptions used t o  formulate the  s ing le  p a r t i c l e  model a r e  as 
follows : 

(a) pseudo-steady s t a t e  concentration p r o f i l e s  
(b) 
(c) equal binary d i f f u s i v i t i e s  

This model combines t h e  chemical react ions and the  t ranspor t  processes 

negl ig ib le  increase i n  in te rna l  pressure 

occurring during pyrolysis. 

1. Chemical Reactions : 

Three chemical react ions a re  assumed t o  simultaneously occur within 
a coal p a r t i c l e  which is  undergoing pyrolysis  i n  an i n e r t  atmosphere. 
These a re  devola t i l i za t ion ,  cracking and deposition. For convenience, 
t h e  products of pyrolysis  a re  Categorized as  char ,  t a r  and gas. Char 
i s  defined as  the  u n d i s t i l l a b l e  mater ia l  which remains i n  the  form of  
a s o l i d .  Tar i s  defined as  t h e  d i s t i l l a b l e  l i q u i d  which has a molecular 
weight la rger  than 6 .  
C6, i .e.,  CO, CH4, COz, CzHg, H20, e t c .  
form o f  vapor when coal is pyrolyzed. 
t o  the c a t a l y t i c  cracking of  petroleum(l l ) .  During pyrolysis  a l l  of 
t h e  chemical react ions a r e  assumed t o  be f i r s t  order  with respect  t o  
the  concentration of reac tan ts  and r a t e  constants a r e  expressed i n  
Arrhenius form. The chemical react ions and the  r a t e  expressions f o r  
the  pyrolysis  o f  a coal p a r t i c l e  a re  formulated as follows: 

Gas is defined as  those components l i g h t e r  than 
Both t a r  and gas occur i n  the 

A s imi la r  treatment was appl ied 
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Devolat i l izat ion 

kl Coal __* X T a r  + (1-X ) Char 1 1 

Rate = k I 0  . exp(-E1/TiT) Ccoal 

Cracking 

Tar ---+ Gas k 2  

Rate = k Z 0  * exp(-E2/ET) Ctar 

Deposit ion 

Tar - Char k3 

Rate = k30 . exp(-E3/ET) Ctar 

The n e t  production r a t e s  of  t a r ,  gas and i n e r t  gas can be obtained 

R = k  C gas 2 t a r  

and R. = o  

coal and char  can be obtained a s :  

inert gas 
While the  s o l i d  concentrations, $,and t h e  n e t  production r a t e s  of 

dCi 

d t  1 
_ -  - R. 

where 

i i s  t h e  coal o r  char 

and 

Rcoal = - k C 
1 coal 

2 .  Transport Processes: 

Both mass and heat t r a n s f e r  a f fec t  the pyrolysis  of a s i n g l e  coal 
This i s  par t icu lar ly  s i g n i f i c a n t  f o r  large p a r t i c l e s .  p a r t i c l e .  
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2 - 1 .  Mas t r a n s f e r  

A. Gas phase 

The coal p a r t i c l e  can be considered as  a porous sphere which r e t a i n s  
i t s  i n t e g r i t y  as the  pyrolysis  react ion proceeds. 
equation f o r  the  gaseous species ,  i, t a r ,  gas or  i n e r t  gas, i n s i  e t h e  
p a r t i c l e  having a mass concentration, C i ,  can be formulated 

The conservation 

1 

where 
react ions.  

i s  the r a t e  of  generation of the species i due t o  t h e  chemical 

N i  i s  the mass f l u x  o f  the  species  i and can be expressed as t h e  
sum of the diffusion f l u x  i n  t h e  r a d i a l  d i rec t ion  and the  bulk flow 
through the  pores. Thus 

(4) 

- W., the  weight f rac t ion  of  the  species i i n  the  gas phase, can be 
expres4ed as:  

- w. = c. /x  c .  
1 l j  3 (5) 

B.  Gas f i lm 

?he conservation equation f o r  the  gaseous species ,  i ( t a r ,  gas o r  
i n e r t  gas) across the  gas f i l m  can be wri t ten as: 

where, 

surface and a t  the bulk gas stream outs ide,  respect ively.  

estimafed from an appropriate mass t r a n s f e r  cor re la t ion .  

C i , s  and C i  b a r e  the  concentrations of species  i a t  the  p a r t i c l e  

k i is  t h e  mass t r a n s f e r  coef f ic ien t  acress  the  gas f i lm and can be 

2-2.  Heat t r a n s f e r  

The energy balance equation f o r  the p a r t i c l e  is derived by taking 
i n t o  account convective, rad ia t ive  and conductive heat t r a n s f e r  with the  
heating devices and t h e  heat  of react ion of t h e  pyrolysis  process. 
temperature gradient which occurs ins ide  of  the  p a r t i c l e  due t o  the  
conduction is negl ig ib le  f o r  small p a r t i c l e s  and i s  neglected. 
a 1000 pm p a r t i c l e ,  t h e  maximum temperature gradient i s  2 0 %  a t  0 .5  
s e c  and l e s s  than 5'C a t  1 sec. This i s  the  case, i f  t h e  p a r t i c l e  a t  
room temperature i s  dropped i n t o  a pyrolyzer maintained at  1OOO'C.  
heat ing r a t e  of  the  p a r t i c l e  i s  1000'C/sec which i s  i n  t h e  range usual ly  
encountered i n  pyrolyzers or g a s i f i e r s ) .  

The 

(For  

The 

Accordingly, 
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+ C(-mi)Ri 
i (7) 

where, a represents  the f rac t ion  of  t h e  surface area o f  the  p a r t i c l e  
t h a t  comes in  contact with the  heating elements. 
of  the  heat ing elements and can be character ized by t h e  following equation: 

Tw, i s  the  temperature 

dTw . 
cpw * Pw . - dt - - hov (Tf Tw) 

Since t h e  heating r a t e  of  a heating device i s  spec i f ied  in the experi- 
mental work the wire temperature, Tw! can be obJained by subs t i tu t ing  a 
r e l a t i v e  overa l l  heat  t r a n s f e r  coef f ic ien t ,  hov, i n t o  Equation 8. 

DETERMINATION OF PARAMETERS 

S e n s i t i v i t y  analysis  of  each parameter of the model on the  weight 
loss  of t h e  p a r t i c l e  under d i f fe ren t  operating conditions shows t h a t  the 
value o f  k l  f o r  d i f f e r e n t  types o f  coal can be estimated by comparing 
the weight loss  h i s t o r y ,  the  value of k2 can be estimated based on product 
d i s t r i b u t i o n  of t a r  and gas under d i f fe ren t  temperatures and t h e  value of 
k3 can be estimated based on the pressure e f f e c t  on the  weight loss .  

The pyrolysis  data  of ACp@ony and f o r  bituminous coal 
and those of  Suuberg e t  al .  
the  reac t ion  r a t e  constants f o r  the  devola t i l i za t ion  s t e p  and the  
deposition s tep.  For sub-bituminous coal ,  due t o  the lack of data  on 
weight l o s s  h i s tory  and pressure e f f e c t s ,  an average value between the 
r a t e  constant of bituminous coal and t h a t  of  l i g n i t e  i s  used. The 
cracking react ion r a t e  constants f o r  each type of coal were chosen based 
on the  product d i s t r i b u t i o n  da ta  of  Solomon e t  a l .  (9). 
r a t e  constants  obtained f o r  d i f fe ren t  ranks of  coals a r e  tabulated i n  
Table 1. 

f o r  l i g n i t e  coal were used t o  determine 

'Ihe react ion 

A comparison between t h e  calculated r e s u l t s  and t h e  experimental 
data  f o r  the  weight loss  h i s tory  and t h e  e f f e c t  of pressure on bituminous 
coal  i s  shown i n  Figure 1 and 2 .  The e f f e c t  of pressure on weight loss  
f o r  l i g n i t e  has been reported to  be negl ig ib le  f o r  pressures ranging 
from 0.01 t o  100  atmosphere^(^). Figure 2 a l s o  demonstrates t h i s  trend. 
Figure 3 shows the  e f f e c t  of  the heat ing r a t e  on the weight loss  h i s tory  
f o r  l i g n i t e .  
experimental da ta  ind ica tes  tha t  the proposed model can represent the 
pyrolysis  process successful ly .  
bution of t a r  and gas a r e  shown i n  Figures 4 , 5 ,  and 6 f o r  bituminous, 
sub-bituminous and l i g n i t e  coal, respect ively.  The calculated t a r  yield 
i s  s l i g h t l y  higher than the observed y i e l d  especial ly  i n  the  1ow.tempera- 
t u r e  range. 
predetermined react ion r a t e  constants f o r  bituminous, sub-bituminous 
and l i g n i t e  coal. X , the  amount of t a r  formed i n  the devola t i l i za t ion  s t e p ,  
i s  cor re la ted  with t i e  v o l a t i l e  matter content f o r  each type of  coal and 
is shown i n  Figure 10. 
types of coals  can be seen t o  represent t h i s  value closely f o r  bituminous 
coal. This r e s u l t s  from the  aforementioned lack of  da ta  necessary for  
accurately determining the chemical react ion r a t e  constants. 
of X 1  with v o l a t i l e  matter content (dry ash f r e e  basis)  a re  l i s t e d  below: 

Good agreement between t h e  calculated l i n e s  and the  

The comparisons of t h e  product d i s t r i -  

Figures 7 t o  9 show the  appl icat ion of t h e  model with the 

The cor re la t ion  equations f o r  X1 with d i f fe ren t  

The relat ion 
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(9) 

(10) 

Bituminous 

Lignite 

X1 = 1.3  (V.M.) + 0.025 

X1 = 0.95 ( V . M . )  + 0.025 

DISCUSSION AND CONCLUSIONS 

Although the r a t e  of  heating a f f e c t s  the  weight loss h is tory  of 
l i g n i t e  coal as shown i n  Figure 3,  it appears t h a t  the ul t imate  weight 
loss  i s  not affected by the  heat ing r a t e  over the range between 650 t o  
lo4 'C/sec. However, Badzioch and H a ~ k s l e y ( ~ )  reported the  ul  imate 
weight loss  o f  the p a r t i c l e  a t  a rapid heating r a t e  (>2.5 x loE  'C/sec) 
tay  be 1 . 2  t o  1.4 times higher than t h a t  a t  slow heating r a t e  (i 1/20 

the experimental conditions employed t o  achieve t h e  rapid heating r a t e  by 
use of small p a r t i c l e s  i n  an entrained reactor .  For a slow heat ing r a t e ,  
the ultimate weight l o s s  i s  approximately the  same as the proximate 
v o l a t i l e  matter content of the  coal('). 
t o  c l a r i f y  t h e  e f f e c t  of heat ing r a t e  on the ul t imate  weight loss. 

C/sec). There i s  a concern t h a t  t h e i r  r e s u l t s  might be a t t r i b u t a b l e  t o  

Additional s tudies  a re  needed 

?he estimation of  the amount of  t a r  formed a t  low temperatures based 
on the  model is higher than those observed experimentally. This i s  shown 
i n  Figures 4 t o  6. 
react ion r a t e  constants ,  but t h i s  d id  not improve on the r e s u l t .  
the  model cannot adequately represent the pyrolysis  at low temperatures 
(< 600'C). 

A minor adjustment was attempted i n  the  cracking 
Hence, 

The weight loss  curves a t  d i f f e r e n t  temperatures f o r  bituminous, 
sub-bituminous and l i g n i t e  coals  show tha t  the  calculated weight loss  o f  
the p a r t i c l e  a t  temperatures higher than BOO'C tends t o  peak r a t h e r  than 
continuously increase as  seen i n  some of  the  experimental data .  The 
v a l i d i t y  of t h e  model above 100O'C is  s t i l l  undetermined due t o  t h e  lack 
of experimental da ta  above t h i s  temperature. 

The phenomena of  coal pyrolysis  between bituminous and l i g n i t e  coals  
a r e  apparently qui te  d i f f e r e n t .  Bituminous coal i s  more pressure dependent 
and has a lower proportion of gas i n  the pyrolysis  products than l i g n i t e .  
The e f fec t  o f  pressure on t h e  weight loss ,  according t o  the  model, is 
primarily re la ted  t o  the r a t e  of t a r  deposition. Since t h e  r a t e  of  t a r  
deposition i s  higher f o r  t h e  bituminous coal compared to  t h a t  of l i g n i t e ,  
the e f fec t  o f  pressure on the  weight l o s s  during pyrolysis is a l s o  more 
appreciable f o r  bituminous coal than l i g n i t e .  Furthermore, t h e  r a t i o  of  
the cracking r a t e  t o  the deposition r a t e  has an important e f f e c t  on the 
amount of gas and t a r  formed. Since t h i s  r a t i o  is greater  f o r  l i g n i t e  
than bituminous coal ,  l i g n i t e  produces more gas than bituminous coal 
under similar pyro ly t ic  conditions. This implies tha t  the  f rac t ion  of  
t a r  formed during t h e  devola t i l i za t ion  s t e p ,  X1, i s  smaller f o r  l i g n i t e  
than tha t  f o r  bituminous coal as indicated by Equations 9 and 10. 

The model developedais appl icable  within the  operating range of 
pyrolysis process l i s t e d  below: 

400'C < Temperature < 1000 'C 

25 Dm < P a r t i c l e  s i z e  < 1000 pm 
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1/1SO OC/sec <Heating r a t e  < lo4 OC/scc 

0.01 atm < Pressure < 100 atm 

l o r  l a r g e  p a r t i c l e s  beyond 1000 pm, temperature grad ien t  within t h e  
p a r t i c l e  may not  be rcglected requi r ing  an addi t iona l  term on h e a t  
condi t ion within t h e  p a r t i c l e  t o  be included in Equation 7. 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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MATHEMATICAL MODEL OF BITUMINOUS COAL PYROLYSIS--TAR FORMATION AND EVOLUTION. M.W. 
Zacharias and J.B. Howard. Department of Chemical Engineering, Massachusetts 

Institute of Technology, Cambridge, Massachusetts 02139 

A mathematical model of the rapid pyrolysis of caking coal has been fitted to 
extensive data on a Pittsburgh Seam coal pyrolyzed under wide ranges of conditions in a 
laboratory batch-sample reactor. 
of mass transfer and secondary reactions and offers a means for the prediction of 
pressure effects on product yields. According to the model, a coal particle decomposes 
to form tar, lighter volatiles and char. 
from the particle or undergo secondary reactions leading to lighter volatiles and coke. 
The model is quite successful in predicting tar yields at pressures ranging from vacuum 
t o  69 atm, although the predictions at the highest pressure are lower than the 
experimental yields, particularly at low temperatures. Possible explanations for this 
discrepancy will be presented. Results from application of the model indicate that mass 
transfer limitations are negligible under vacuum conditions. As the pressure is 
increased, tar evolution becomes limited by diffusion into the bulk reactor gas. 

The model includes an improved description of the role 

The primary tar may evaporate and diffuse away 
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EXPERIMENTAL STUDY AND MODELING OF COAL PYROLYSIS AT HIGH TEMPERATURES* 

P. R. Solomon 

United Technologies Research Center ,  East Har t ford ,  CT 06108 

INTRODUCTION 

I n  a r e c e n t  s tudy,  t h e  vacuum p y r o l y s i s  behavior  of a l i g n i t e  and twelve bitumi- 
nous coa ls  was measured over  t h e  range  300 t o  1000°C ( 1 , 2 , 3 ) .  The r e s u l t s  w e r e  
s u c c e s s f u l l y  s imula ted  us ing  a model which p r e d i c t s  t h e  t i m e  and temperature  depen- 
dent  product e v o l u t i o n  from a knowledge of t h e  func t ion  group composition of t h e  c o a l  
and a genera l  s e t  o f  k i n e t i c  rates which vary  wi th  evolved product  bu t  no t  wi th  coa l  
type - 

T h i s  paper r e p o r t s  t h e  ex tens ion  of t h i s  i n v e s t i g a t i o n  t o  temperatures  up to 
1450°C and t o  a wider  number of measured and modeled pyro lys i s  products .  Experiments 
have been performed i n  an appara tus  which employs a Fourier  Transform I n f r a r e d  Spec- 
trometer (FTIR) f o r  on- l ine  a n a l y s i s  of gas  s p e c i e s .  The FTIR a l lows  t h e  d i r e c t  
accumulation of r e l e a s e  rate d a t a  f o r  major s p e c i e s  by monitor ing t h e  gas  concentra- 
t i o n  during a p y r o l y s i s  run.  R e s u l t s  have been obta ined  wi th  a P i t t s b u r g h  seam 
bituminous and a Montana l i g n i t e .  The temperature  dependent e v o l u t i o n  of correspond- 
ing products  a r e  s i m i l a r  f o r  t h e  two c o a l s  i n d i c a t i n g  t h a t  t h e  use  of  c o a l  indepen- 
d e n t  k i n e t i c  rates i s  a p p l i c a b l e  f o r  t h e  a d d i t i o n a l  products  and h igher  temperatures .  
The dominant e f f e c t  observed a t  h igher  temperatures  i s  t h e  t rend  toward increased 
y i e l d s  of hydrogen g a s  and unsa tura ted  compounds ( o l e f i n s ,  a c e t y l e n e  and probably 
soot )  a t  t h e  expense of p a r a f f i n s .  These e f f e c t s  a r e  being modeled by inc luding  
a d d i t i o n a l  p a r a l l e l  r e a c t i o n  p a t h s  f o r  t h e  decomposition of t h e  a l i p h a t i c  content  of 
t h e  coal .  

EXPERIMENTAL 

The  appara tus  i s  i l l u s t r a t e d  i n  Fig.  1. It  c o n s i s t s  of a s m a l l  chamber i n  which 
t h e  coal  i s  p y r o l i z e d  connected through a g l a s s  wool f i l t e r  t o  a l a r g e  gas  c e l l  f o r  
i n f r a r e d  a n a l y s i s .  The c o a l  i s  evenly d i s t r i b u t e d  between t h e  f o l d s  of a s t a i n l e s s  
s t e e l ,  molybdenum o r  tungsten screen  and a c u r r e n t  i s  passed through t h e  s c r e e n  t o  
h e a t  t h e  coa l .  Coal temperatures  of 1450°C and hea t ing  r a t e s  of 2000"C/sec were 
achieved us ing  t h e  tungs ten  screen .  Gas a n a l y s i s  i s  performed wi th  a Nicole t  (FTIR) 
which permits  low r e s o l u t i o n  a n a l y s i s  a t  0 .5  second i n t e r v a l s .  The low r e s o l u t i o n  
a n a l y s i s  can de termine  CO, CO2, H20, CH4,  COS, SO2, CS2, HCN, C2H2, C2H4, C3H6, 
benzene and heavy p a r a f f i n s  and o l e f i n s .  
completion of a run  can determine a l l  of t h e  above p lus  C2H6, C3H8, C4H8, NH3 and 
p o t e n t i a l l y  many o t h e r  s p e c i e s  which have n o t  y e t  been observed.  
by d i f fe rence .  Other  f e a t u r e s  of t h e  appara tus  are s i m i l a r  t o  those  descr ibed pre- 
v ious ly  ( 1 , 2 , 3 ) .  

A h igh  r e s o l u t i o n  a n a l y s i s  made a t  t h e  

H2 i s  determined 

C a l i b r a t i o n  of t h e  FTIR has  been made us ing  pure  gases  o r  prepared gas mixtures .  
Unfortunately,  most of t h e  gases  of i n t e r e s t  show a marked i n c r e a s e  i n  absorbance 
wi th  d i l u t i o n .  The explana t ion  f o r  t h i s  e f f e c t  i s  t h a t  the  absorp t ion  l i n e s  f o r  t h e s e  
g a s e s  a r e  extremely sharp and f o r  moderate concent ra t ions  a l l  t h e  i n f r a r e d  energy i s  

*Work supported by t h e  Department of Energy under Contract  ET-78-C-01-3167 
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absorbed a t  t h e  l i n e  c e n t e r  i n  a pa th  s h o r t e r  than  t h e  absorp t ion  ce l l .  
r e s o l u t i o n  is s u b s t a n t i a l l y  broader  than t h e  l i n e  width s o  t h e  l i n e s  do not  appear  
t o  be t runca ted .  Di lu t ion  of t h e  gas  broadens t h e  l i n e ,  reducing t h e  absorbance a t  
l i n e  c e n t e r  so t h a t  a longer  pa th  c o n t r i b u t e s  t o  t h e  a b s o r p t i v i t y ,  thus  i n c r e a s i n g  t h e  
average absorbance. This  e f f e c t  makes c a l i b r a t i o n  of t h e s e  gases  i n  t h e  p y r o l y s i s  gas  
mixture  d i f f i c u l t .  The s o l u t i o n  has  been t o  d i l u t e  t h e  mixture  wi th  n i t r o g e n  t o  a 
f i x e d  pressure  a t  which c a l i b r a t i o n s  have been made. 

The instrument  

F igure  2 shows t h e  s p e c t r a  obtained a t  s e v e r a l  time i n t e r v a l s  dur ing  an 80 second 
d e v o l a t i l i z a t i o n  run  a t  about 50OOC. 
mined from such scans  as ind ica ted  i n  Fig.  3 which shows t h e  methane y i e l d  and t h e  
p r e s s u r e  rise i n  t h e  system a s  a func t ion  of t i m e .  

Kine t ic  r a t e  d a t a  f o r  major s p e c i e s  can be d e t e r -  

P y r o l y s i s  d a t a  were obta ined  up t o  temperatures  of 1 4 5 0 ° C  f o r  a P i t t s b u r g h  seam 
c o a l  (PSOC 1 7 0 )  and a Montana l i g n i t e .  For  t h e  P i t t s b u r g h  seam c o a l  80 second pyroly-  
sis runs  were made with 2 0 0  mg samples a t  temperatures  from 400 t o  1 0 0 0 ° C .  For these  
condi t ions ,  t h e  temperature  r i s e  takes  on t h e  o r d e r  of two seconds. More r a p i d  hea t -  
ing ( l e s s  than one second) w a s  achieved using smal le r  (50 mg) samples. Ten second 
p y r o l y s i s  runs  were made wi th  50 mg samples f o r  bo th  c o a l s .  

RESULTS 

Using t h e  procedure shown i n  Fig.  3 t h e  methane k i n e t i c  c o n s t a n t s  were determined 
f o r  t h e  10 and 80 runs. These d a t a  a r e  p l o t t e d  i n  Fig.  4 a long  w i t h  a l i n e  f o r  t h e  
temperature  dependent k i n e t i c  r a t e  f o r  methane previous ly  determined ( 2 ) .  A s  can 
be seen t h e  l i g n i t e  and bituminous d a t a  are q u i t e  c l o s e  and a l l  d a t a  are i n  reasonable  
agreement with t h e  prev ious ly  determined l i n e .  The high temperature  p o i n t s  f o r  t h e  
80 second runs  are low because of t h e  slow hea t ing  descr ibed  above and presumably t h e  
s a m e  s o r t  of l i m i t a t i o n s  are a f f e c t i n g  t h e  10 second runs a t  t h e  very  high temperatures .  

P y r o l y s i s  d a t a  f o r  t h e  10 second runs  a r e  p l o t t e d  i n  F ig .  5. Figs  5a and b show 
t h e  product d i s t r i b u t i o n .  Included i n  t h e  l i g h t  gases  a r e  a l l  t h e  s p e c i e s  l i s t e d  
except  f o r  those  heavier  than  C3, which are included wi th  t h e  heavier  hydrocarbons 
(HC) .  An i n t e r e s t i n g  f e a t u r e  of these  d a t a  a r e  t h e  h igh  v o l a t i l e  y i e l d s  obta ined  a t  
h igh  temperatures .  V o l a t i l e  y i e l d s  of up t o  702 were observed as compared wi th  ASTM 
v o l a t i l e  y i e l d s  of 46% and 59% f o r  t h e  bituminous c o a l  and l i g n i t e  r e s p e c t i v e l y .  

Severa l  of t h e  gaseous s p e c i e s  a r e  shown i n  F igs .  5c-E. The s i m i l a r i t y  between 
l i g n i t e  and bituminous c o a l  is apparent  i n  the  temperature  dependence of t h e  e v o l u t i o n  
of each spec ies .  Figs .  c t o  f show r e s u l t s  f o r  H2,  CH4 and C2H2 and heavy o l e f i n s  and 
p a r a f f i n s .  These f i g u r e s  i l l u s t r a t e  t h e  tendency f o r  h igh  temperature  p y r o l y s i s  t o  
favor  molecular hydrogen and unsa tura ted  compounds. F i g u r e s  g and h show t h e  d i s t r i b u -  
t i o n  of oxygen conta in ing  s p e c i e s .  

PYROLYSIS MODEL 

A s u c c e s s f u l  model w a s  developed t o  s imula te  t h e  p y r o l y s i s  behavior  of t h e  t h i r -  
t een  c o a l s  prev ious ly  s t u d i e d  at low temperature  ( 1 , 2 , 3 ) .  The model assumes t h a t  
l a r g e  molecular  fragments ("monomers") a r e  re leased  from t h e  c o a l  "polymer" wi th  only  
minor a l t e r a t i o n  t o  form tar whi le  s imultaneous cracking of t h e  chemical  s t r u c t u r e  
forms t h e  l i g h t  molecules of t h e  gas .  Any chemical component of t h e  c o a l  can, 
t h e r e f o r e ,  evolve as p a r t  of t h e  tar o r  as a s p e c i e s  i n  t h e  gas .  The mathematical  
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d e s c r i p t i o n  presented  i n  d e t a i l  i n  Refs .  2 and 3 r e p r e s e n t s  t h e  c o a l  a s  a rec tangular  
area with x and Y dimensions. The Y dimension is div ided  i n t o  f r a c t i o n s  according 
t o  t h e  chemical  composi t ion of t h e  c o a l .  
p a r t i c u l a r  component (carboxyl ,  aromatic  hyirogen,  e t c )  and 1 Y:=l. The evolu t ion  
of each component i n t o  t h e  gas  (carboxyl  i n t o  C 0 2 ,  a romat ic  hydrogen i n t o  H2,  e t c )  i s  
represented  by t h e  f i r s t  o rder  diminishing of t h e  Yi dimension, Yi=Yy exp(-k i t ) .  The 
X dimension i s  d i v i d e d  i n t o  a p o t e n t i a l  tar forming f r a c t i o n  XO and a non-tar forming 
f r a c t i o n  1-XO w i t h  t h e  e v o l u t i o n  of t h e  tar being represented  by t h e  f i r s t  order  
d iminish ing  o f  t h e  X dimension X=Xo exp(-ktart). 
i n  t h e  c h a r  i s  (l-Xo+X)Yi and t h e  amounts i n  t h e  gas  and tar may be obtained by i n t e -  
g r a t i o n .  
be used f o r  a l l  t h e  c o a l s .  
f e r e n t  mix of chemical  groups ( t h e  Yo's). 
be determined from ult imate and i n f r a r e d  a n a l y s i s .  

Yo r e p r e s e n t s  t h e  i n i t i a l  f r a c t i o n  of a 

The amount of a p a r t i c u l a r  component 

It was found t h a t  a genera l  set of k i n e t i c  c o n s t a n t s  (ki ' s  and ktar)  could 
The d i f f e r e n c e s  among c o a l  r e s u l t s  s o l e l y  from t h e  d i f -  

As  descr ibed  i n  Ref. 3 many of t h e  Y D ' s  may 
i 1 

Modif ica t ions  of t h e  model were made t o  i n c l u d e  t h e  high temperature  product ion 
of unsa tura ted  compounds. An a n  example, t h e  product ion  of ace ty lene  and H2 i s  
assumed t o  be a t h i r d  independent pa th  f o r  the  e v o l u t i o n  of an a l i p h a t i c  component. 
The component is r e p r e s e n t e d  as a volume and t h e  evolu t ion  of a c e t y l e n e  and H2 i s  
represented  by t h e  d iminish ing  of t h e  X dimension, Z=ZO exp(-kact) where Z O = l .  The 
amount of t h e  component i n  t h e  char  i s  then (l-Xo+X)YiZ. 
obtained by i n t e g r a t i o n .  F u r t h e r  competi t ive processes  such a s  t h e  product ion of 
o l e f i n s  p l u s  H2 from p a r a f f i n s  and t h e  product ion  of s o o t  and H2 from a l i p h a t i c s  
were incorporated i n  a l i k e  manner. 

The evolved amounts may be 

The r e s u l t s  are t h e  l i n e s  shown i n  F ig .  5 .  The k i n e t i c  c o n s t a n t s  a r e  t h e  same 
as those used i n  Ref .  2 w i t h  t h e  except ion of :  
k a l  = 750 exp(-8000/T) and t h e  a d d i t i o n  o f :  
k o l  = 2.0 x 107exp(-20000/T), ksOot = 9.5 x 1010 exp(-35000/T). 
reasonable  agreement wi th  experiment f o r  most spec ies .  
The decrease  i n  H20 a t  h igh  tempera tures  has  not  been modeled. 
a steam c h a r  r e a c t i o n  t o  form CO and H2. 
t h e  agreement f o r  CO and H2 a s  w e l l .  

kHZ0 = 45 exp(-4950/T), 
kac = 1 . 9  x 101o exp(-35000/T), 

The model i s  i n  
Exceptions a r e  H20 and H2. 

I n c l u s i o n  of t h i s  r e a c t i o n  would improve 
The e f f e c t  could be 

CON CLU S IONS 

1. Using a hea ted  g r i d  appara tus  wi th  on-l ine gas  a n a l y s i s  by FTIR, d a t a  has  
been obtained f o r  a l a r g e  number of p y r o l y s i s  products  from a l i g n i t e  and a bituminous 
c o a l  a t  tempera tures  up t o  145OOC. 

and bituminous c o a l  vary  i n  magnitude b u t  are o therwise  q u i t e  similar. 

model which u s e s  t h e  same k i n e t i c  r a t e s  f o r  a l l  c o a l s .  Modi f ica t ions  of t h e  model 
w e r e  made t o  i n c l u d e  t h e  h igh  temperature  e v o l u t i o n  of H2 and unsa tura ted  compounds 
( o l e f i n s ,  a c e t y l e n e ,  and s o o t )  from t h e  a l i p h a t i c  material i n  t h e  coa l .  

t i o n  of t h e  coa l .  
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THE GOVERNMENT ROLE I N  FUELS RESEARCH AND DEVELOPMENT. Robert C. Ketcham. U.S. Housd 
o f  Representat ives,  Committee on Science and Technology, Washington, D.C. 20515. 

The seven t ies  have seen the  m u l t i - f o l d  increase i n  fede ra l  suppor t  f o r  non-nuclear 
R&D. A t  t h e  same t ime. major i n s t i t u t i o n a l  changes have occurred w i t h i n  the  Leg is la -  
t i v e  and Execu t i ve  Branches o f  the Federal Government. Th i s  same p e r i o d  has a l s o  w i t -  ' 
nessed t h e  emergence o f  environmental r e g u l a t i o n  and review, which added another dimen- 
s ion t o  d e c i s i o n  making. 1 

The U.S. needs a sense o f  adventure t o  s o l v e  i t s  energy supply  s h o r t f a l l ,  energy 

1 

rough-r iders,  a s  i t  were, t o  focus ou r  techno log ica l  t a l e n t  and b r i n g  together  ou r  
i n d u s t r i a l  and governmental p laye rs .  Some o f  the  key i ng red ien ts  f o r  success re- 
qu i re :  (1) overcoming techno log ica l  t i m i d i t y  by s e t t i n g  goa ls  f o r  programs and com- 
m i  t t i n g  necessary funds; (2) making ha rd  choices between c m p e t i n g  technologies; (3) 
budget suppor t  a t  t h e  t ime  a favored technology requ i res  funding f o r  l a r g e  scale de- 
monstrat ion;  (4) suppor t  f o r  U.S. i ndus t r y ,  p ro f i t -mak ing ,  and aggress ive p u r s u i t  o f  
world markets; and (5) a r e c o g n i t i o n  t h a t  t h e  environment and h e a l t h  and s a f e t y  a r e  
mat ters  t h a t  must n o t  be scaleddown t o  o b t a i n  energy product ion,  b u t  t h e  e x i s t i n g  
weapons used by o b s t r u c t i o n i s t s  must be me l ted  i n t o  plowshares f o r  product ion.  
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1 SYNTHETIC FUELS: LET'S GET ON WITH THE JOB. R . E .  Balzhiser. Electric 
Power Research Institute, P.O. Box 10412, Palo Alto, California 94303. 

The government has been and should continue to be an active funder Of 
fossil fuel research and development, particularly as it relates to syn- 
fuels from coal and shale. Work should continue to be supported in uni- 
versities and industry as well as government facilities, with the princi- 
pal support of pilot scale development work performed and managed by in- 
dustry utilizing the cooperative agreement form of government participa- 
tion. The most urgent need facing the nation rel'ates to the need to 
develop a synthetic fuels production capability. Uncertainties arising 
from past regulatory practices have inhibited industry from making the 
large investments necessary to commercialize these technologies. Govern- 
ment options include: 1)funding demonstration plants, such as the Solvent 
Refined Coal projects; 2)use of loan guarantees and/or tax incentives; 3 )  
establishment of government owned industry operated plants as was done for 
synthetic rubber; 4)government purchase of synfuels output: and 5)gOVern- 
mant mandated production levels with industry selecting the technologies 
and providing funds in lieu of an excess profits tax. While each ap- 
proach has its advocates, I believe the latter best fixes responsibility 
on the government and industry to make those decisions that they are 
institutionally most qualified to make. 

161 



ENVIRONMENTAL REGULATIONS - PRESENT AND FUTURE. S. R. Reznek. U. S. hvi ronmenta l  I 
1 
1 

Protect ion Agency, Off ice  o f  h e r g y ,  Minerals and Industry,  401 M Street, S. w., 
Washington, D. C. 20460 

Three major p i e c e s  of environmental l e g i s l a t i o n  a r e  a f f e c t i n g ,  and w i l l  continue t o  , 
a f f e c t  f o s s i l  f u e l  combustion. These a r e ,  t h e  Clean Air  A c t ,  the  Clean Water Act, and ' 

I t h e  Resource Recovery and Conservation Act. 
e s t a b l i s h e d  f o r  t h e  hvi ronmenta l  Pro tec t ion  Agency by t h i s  l e g i s l a t i o n  and w i l l  d i scuss  I 
t h e  major r e v i s i o n s  to  regula t ions  which w i l l  a f f e c t  f o s s i l  f u e l  combustion f o r  power 
generat ion.  Proposed s tandards t o  reduce a i rborne  emissions from power and u t i l i t y  
b o i l e r s  and t o  reduce t h e  d ischarge  o f  waterborne " toxic"  p o l l u t a n t s  a r e  presented. ?he 
requirements of  t h e  RCRA, a s  they a r e  being appl ied  to u t i l i t y  indus t ry  s ludges,  a r e  a l s o  
discussed.  

This paper  w i l l  summarize the  new goals  
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I 
1 SOME PERSPECTIVES ON THE VIEWS OF COAL PRODUCERS TOWARDS THE ROLE OF THE FEDERAL 

GOVERNMENT I N  COAL M I N I N G  RESEARCH AND DEVELOPMENT. D r .  Joseph J. Yancik, 1130 17th 
S t r ee t ,  Washington, D. C.  20036 

1 The commercial use of s ign i f i can t ly  new o r  improved coal mining technologies requi res  
a long-term commitment from a mine operator.  
t e c h n o l o a  begins with the  i n i t i a l  concept development and from the re  it must proceed i n  
an orderly fashion i n  order t o  culminate i n  a mine-worthy system capable of producing 
coal on a da i ly  bas i s .  
number of fac tors  t h a t  can be grouped under two general headings. 
cludes those considerations which a r e  r e l a t ed  t o  the  complexity and degree of innovation 
involved i n  t h e  new technology. The second grouping involves fac tors  which a re  spec i f i c  
t o  the  mining operation, such as i ts  loca t ion ,  l i f e  cycle and production requirements. 
It is  important t h a t  research and development programs f o r  new mining systems t ake  i n t o  
account t he  unique nature of t h e  re la t ionship  between the  mine s i te  and t h e  ex t rac t ion  
system. Since mining occurs under a wide va r i e ty  of geologic and geographic conditions,  
there  a r e  m a n y  d i f fe ren t  "sets" of requirements f o r  ex t rac t ion  systems. 
discusses t h e  various ro les  which t h e  federa l  government could bes t  assume i n  t h e  
development of new mining systems with spec ia l  emphasis placed on those aspects which 
a re  per t inent  t o  the  unique s i t e  spec i f ic  demands of mining R&D. The paper a l so  o f f e r s  
suggestions on how these  ro l e s  should be planned and implemented t o  conduct cos t  effec- 
t i v e  programs and improve t h e  chances of commercialization. 

The route t o  commercialization of new 

The time span may be from 1 5  t o  30 years depending upon a l a r g e  
The f i r s t  group in- 

This paper 
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! THE ACADEMIC VIEW OF THE GOVERNMENT ROLE I N  FUELS RESEARCH AND DEVELOPMENT 
J. H. Gary. Colorado School o f  Mines, Golden, Colorado 80401 

4 
1 The r o l e  o f  government i n  fue ls  research and development i s  characterized by 

d i v i s i o n  i n t o  three areas: 
ment, and j o i n t  government-industry development. 

The federa l  government should fund basic and appl ied research a t  the un ive rs i t i es  
t o  f i n d  new sources and processes t o  produce l i q u i d  and gaseous fue ls ,  improvements i n  
known react ions and processes, and ways o f  e l im ina t ing  o r  minimizing undesirable re- j 
actions or  features o f  known o r  new methods. I 

ment, bu t  should include monitor ing o f  un i ve rs i t y  basic and applied research. Greater / 
i n te rac t i on  between un ive rs i t y  and federal  laboratory programs w i l l  improve e f f i c iency  
and g ive  b e t t e r  and more t ime ly  resu l t s  by greater u t i l i z a t i o n  o f  the  unique strengths 
o f  each. 

Government-industry e f f o r t s  should be i n  the j o i n t  sponsoring o f  la rge  p i l o t  un i t s  
o r  process development un i t s  a f t e r  research and development work has shown a process 
t o  be s u f f i c i e n t l y  promising. 

It i s  essent ia l  t o  view and finance programs from a program viewpoint and no t  on 
a f i s c a l  year basis. 
t i o n  o f  a given grant. 

un i ve rs i t y  research, federal  laboratory research and develop. 

Federal labora tor ies  should be d i rec ted  mainly t o  p i l o t  p lan t  and f i e l d  develop- 

, 

In-depth annual reviews would decide on cont inuat ion o r  termina- 
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A ROLE FOR THE GOVERNMENT I N  PETROLEUM FUEL R&O 

E. J. Gornowski 
Exxon Research and Engineering Company 

Florham Park, New Jersey 

Deriv ing a nat ional  benef i t  from petroleum fue l  involves many steps: 

0 Finding the resource - Explorat ion 
e Gett ing i t  out o f  the ground - Production 
e Bringing i t  t o  the re f i ne ry  - Transportation 
0 Converting i t  t o  useful products - Ref in ing 
0 Del iver ing  i t  t o  the customer - Marketing 
0 Burning i t  i n  su i tab le  equipment - U t i l i z a t i o n  

as wel l  as the s e t t i n g  o f  standards t h a t  p ro tec t  the nat ional  wel fare.  The 
overa l l  r o l e  o f  petroleum fue l  R&D i s  t o  provide be t te r  ways t o  car ry  out a l l  
these steps--where be t te r "  means cheaper, safer, cleaner, more e f f i c i e n t ,  more 
convenient, more t ime ly  o r  any other pos i t i ve  comparative. 

Who should cont ro l  t h i s  R&D? 

Obviously those who can do i t  i n  the best, t h a t  i s  i n  the cheapest, safest, 
cleanest, most e f f i c i e n t ,  most convenient, most t ime ly  manner. 

I n  t h i s  country, we have bas ica l l y  f ou r  choices: 

0 The Government 
0 The Un ivers i t ies  
0 Non-prof i t  I n s t i t u t e s  
e Private Industry 

and each o f  these fou r  has i t s  pa r t i cu la r  areas o f  expertise, a c t i v i t i e s  i n  which 
i t  i s  "best." 
a way i n  which t o  carve up the R&D func t ion  t o  assure t h a t  the ove ra l l  r e s u l t  i s  
optimal f o r  the country. 

Retrospectively, our p r i va te  and h igh ly  competit ive indus t ry  has funded, performed 
and cont ro l led  by f a r  the greatest  pa r t  o f  petroleum fue l  R&D--with a very ab le  
ass i s t  from the Un ivers i t ies  i n  the basic research area. Pr iva te  indus t ry  has 
car r ied  the b a l l  and has car r ied  i t  we l l .  U.S. technology f o r  a l l  the steps i n -  
volved--from explorat ion through r e f i n i n g  t o  u t i l i za t ion- - tends  t o  be the model 
tha t  other nations s t r i v e  t o  emulate. 

That has been the p i c tu re  i n  the past. 

What o f  the future? 

So we r e a l l y  need a l l  four  and our present goal must be t o  suggest 
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A different factor i s  affecting the desire for new technology, a factor t h a t  
does not necessarily make i t se l f  f e l t  through the marketplace, a factor t h a t  
does n o t  e l i c i t  a prompt R&D response from private industry: 
national security. 

To the extent t h a t  national security considerations override commercial driving 
forces, t o  t h a t  extent governmental intervention in petroleum fuel R&D i s  not 
only warranted b u t  required. Thus i f  production of otherwise commercially un- 
attractive resources such as shale oil or coal liquids i s  considered t o  be a 
national requirement, Government involvement in developing the requisite tech- 
nology i s  called for .  The ideal role here, as we see i t ,  i s  a cooperative one 
where the Government and the private sector combine t o  fund and to  control the 
R&D. 

B u t  what  of the other steps--the steps beyond production? Transportation, 
refining, marketing and utilization of fuel products from synthetic feeds l ike 
shale oil and coal liquids will d i f fe r  from these same operations using "normal" 
crude o i l s .  
technology. 
handle such a change in feedstocks. The driving forces to  make, market and use 
the products will remain the same. We believe that i t  would be unwise to  change 
a competitive innovation system that  has worked well in the past i f  there i s  no 
change in the driving forces. 

Similar reasoning applies wherever any societal factor overrides "normal" market 
forces: government intervention in R&D should parallel government intervention 
t h r u  other mechanisms (penalties, grants, subsidies, tax-re1 ief o r  whatever) t o  
fac i l i t a te  in i t ia t ing  the desired change. Once the new incentives and new 
cr i ter ia  exis t ,  the private sector i s  best able t o  uncover the technology needed 
to optimize meeting the perceived societal goals. 

Of course, we also see other roles that the Government can and should play in 
indirect support of the development of new petroleum fuel technology. 

First, i s  an obligation t o  help in the development of a pool of well-trained 
technical professional personnel. T h i s  i s  a national need. 
good technical people i s  s t i l l  to have them participate in  good research and the 
Universities can hardly be expected to find adequate financing for  meaningful 
research programs on the i r  own. 

The Government i s  also well placed t o  undertake large-scale basic research programs 
which the universities cannot affor t  and t o  build special fac i l i t i es  that can be 
shared by a number of organizations. 

Basically, the role of a l l  R&D i s  t o  find better ways of do ing  t h i n g s  and the 
Government's "things" have been well defined for us: 

0 To establish justice 
0 To ensure domestic tranquility 
0 To provide for the common defense 
0 To promote the general welfare 
0 To secure the blessings of liberty t o  ourselves and our posterity. 

the factor of 

Here we see no need for  Government involvement in developing new 
Private competitive industry has amply illustrated that  i t  can well ' 

The best way to  train 

The appropriateness of any proposed Governmental R&D should be tested against 
those objectives. 
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Government Role i n  Fuels R6D - DOE Perspective. 
Roger W. A. LeGassie. U.S. Department of Energy, 1000 Independence Ave., 

Washington, D.C. 20585 

The Federal government's perspective on the national energy problem and t h e  ro l e  of 
the Department of Energy i n  dealing w i t h  the  problem w i l l  be discussed. 
blem is seen as the  increasing U.S. dependence on foreign o i l  t o  meet i ts  energy demands 
and the  resu l tan t  need t o  reduce U.S. l eve ls  of energy imports. 

The basic pro- 

The Federal government, through the  Department of Energy. has th ree  primary too l s  a t  
its disposal t o  accomplish its energy policy objectives:  
ac t ions ,  and support of R6D. 
su i tab le  mix of these three  too ls .  
technology area. 
w i l l  be  discussed. 

tax incentives,  regulatory 
The problem i n  any pa r t i cu la r  s i t ua t ion  is t o  find the  most 

The mix w i l l  be d i f f e ren t  f o r  each program, fue l ,  and 
The va l id  bases f o r  government involvement in RLD i n  various s i t ua t ions  

Spec i f ic  examples from current DOE fue l sp rograaswi l l  be c i t e d  to  show how the  various 
mixes of these too ls  are being applied and what the  appropriate r o l e  is f o r  Federal s u p  
port of MD i n  each case. 
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FEDERAL FUELS R&D AS AN ARM OF ENERGY POLICY 

Henry R. Linden 

Gas Research Institute 
10 West 35th Street 

Chicago, Illinois 60610 

It would be a truism to state that Federal support or lack thereof of energy 
research, development and demonstration (RD&D) has become one of the key 
elements in the implementation of energy policy. Examples abound. They 
range from the cutback and restructuring of nuclear breeder R&D in line with 
the Administration's non-proliferation policy, to growing support for uncon- 
ventional natural gas R&D in line with the Administration's recognition that 
increased domestic pipeline quality gas supply and use is one of the most 
effective means to constrain oil imports. 

In the fossil fuel or, more generally, the non-nuclear area, the role of 
Federal energy R&D as an energy policy tool is of relatively recent vintage. 
The step-up in the scope and magnitude, and the shift to relatively near-term 
commercialization goals, dates roughly from the consolidation of all eneroy- 
related RD&D programs under the Energy Research and Development Administration 
(ERDA) in January 1975. Prior to that time the technical data base for fossil 
energy policy came largely from private R&D sources. In contrast with nuclear 
energy policy and RD&D, which was under Federal control from its inception, 
most early attempts of major Federal intervention in fossil fuel RD&D 
failed. 
R&D programs successfully bypassed such Federal initiatives as the abortive 
post-World War I1 synthetic fuels effort. Prior to the official recognition 
of an "energy crisis" in 1971 in the form of the first pronouncement of a 
comprehensive energy policy by a U.S. president, only the coal industry 
actively sought Federal support for relatively short-term commercial 
applications-oriented fossil fuel R&D. Some minor exceptions were co- 
operative programs with the gas industry in such areas as nuclear stimulation 
of tight gas formations and the production of pipeline quality gas from coal. 

The coal industry initiative led to the establishment in 1963 of the rela- 
tively small program of the Office of Coal Research in the Department of the 
Interior which became the nucleus of the vastly expanded ERDA and Department 
of Energy (DOE) fossil energy RD&D programs developed with the urging of 
Congress. The blueprint for integrating nuclear and fossil fuel R&D, and 
developing a better balance between the two, was prepared in 1973 under the 
direction of Dixy Lee Ray, the last Chairman of the Atomic Energy Commission 
(AEC). In this blueprint, the,AEC RD&D model was followed closely because of 
its success in moving government-developed technolow into the private sector 

The fossil energy industry with its large and effective in-house 
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following World War 11. Although defense-related and nuclear material supply 
activities continued to be a major share of the Federal nuclear program, 
civilian RD&D by the National Laboratories and industry grew rapidly and 
formed the foundation for the development of commercial nuclear power. 

The expansion of the Federal role in energy RD&D was, of course, greatly 
accelerated by the 1973/74 oil embargo and led to the increase of Federal 
energy RD&D budgets from less than $1 billion to more than $ 3  billion today. 
However. even during the short ERDA days, it became apparent that the AEC 
model could not be successfully applied to fossil fuel FD&D and to non-nuclear 
R&D in general. Nuclear RD&D, nuclear energy policy, and nuclear power com- 
mercialization were always fully integrated under Federal control. This is 
not true in any sense in the fossil fuel area. In fact, with some notable 
exceptions, relationships between the Administration, Congress and industry 
in this area could be better characterized as adversary rather than as 
cooperative. 

Thus, the basic objective of Federal fossil fuel RD&D - commercialization of 
new technologies leading to increased use of domestic resources and a reduc- 
tion of oil imports -has become increasingly elusive. 
far beyond the government/industry interface. Whereas, until the relatively 
recent doubts concerning safety, the goal of nuclear programs was to reduce 
electric power cost and environmental impact while simultaneously relying on 
abundant domestic resources, the goal in much of fossil fuel RD&D has been 
to substitute more costly, environmentally more difficult energy sources for 
conventional oil and natural gas. 
economic or social justifications. 
improved military security and monetary stability, greater freedom to imple- 
ment foreign policy and trade objectives, etc., not cheaper energy. 

The difficulty extends 

The direct benefits often defy conventional 
Rather they are of broad national scope - 

The synthetic fuels program is, of course, the best example of the difficulty 
of applying the lessons of the civilian nuclear reactor program, the wartime 
synthetic rubber program, the civilian air transport program, etc., to com- 
mercialization of Federally developed fossil fuel technology. Various admin- 
istrative, legislative and regulatory approaches so far have either failed 
or have poor prospects. This includes loan guarantees, cost sharing, con- 
struction grants, tax credits, favorable regulatory treatment in case of 
synthetic pipeline gas, and several combinations and permutations of these 
means to compensate the producer, user and investor for higher costs and 
risks. 
and consumer or rate payer assume costs or risks on behalf of the national 
interest which they perceive to be inequitable. Thus, in spite of a lot of 
good R&D and widespread acceptance of the overall goal of increased energy 
self-sufficiency, little progress has been made. Apparently, the model, 
the logic and the entire approach have been faulty. The biggest problem 
is, of course, that synthetic fuels continue to cost about twice as much 
as their fossil fuel counterparts as has been the case since World War 11. 

As an alternative, I would like to propose a plan for new fossil fuel tech- 
nology development and commercialization modeled after the legislatively 

It has been next to impossible to have the stockholder, tax payer 
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mandated automotive fue l  e f f ic iency  standards. Evidence abounds t h a t  they 
have indeed been successful.  Without National Laboratories, any major 
Federal RD&D programs, loan guarantees, spec ia l  tax treatment o r  o ther  
forms of Federal in te rvent ion ,  the  automotive indcstry has r i s e n  t o  the  
challenge and is  indeed f a r  along the  road t o  meeting the e f f ic iency  standards. 
In the process,  they a r e  probably now building domestic automobiles which 
w i l l  again be competitive i n  the  world market. 

This is not an o r ig ina l  idea ,  of course, but why not l e g i s l a t e  t h a t  by 1990, 
say,  5 percent of t o t a l  p ipe l ine  gas and t o t a l  l iqu id  fue l s  marketed must 
cons is t  of the  domestic supplemental source of t he  wholesaler's choice, i -e . ,  
it can be derived from coal,  o i l  shale,  unconventional na tura l  sources, o r  
biomass, by whatever process t h a t  gives the  des i red  r e su l t s .  
enti t lements should be encouraged t o  ensure optimum economy of sca le ,  e tc .  
This would dr ive  t h e  system t o  the  quickest  and lowest cos t  solutions.  I t  
would take government la rge ly  out of the  process of developing and commer- 
c i a l i z ing  synthe t ics  and biomass fue l s ,  a task  a t  which government so f a r  
has an unbroken record of f a i lu re .  I t  would mandate industry,  including 
its regulated u t i l i t y  component, t o  do the  job ins tead ,  under conditions 
which d i s t r ibu te  the  f inanc ia l  burdens and r i sks  equitably,  thereby 
eliminating the  need f o r  complex systems of s e l ec t ive  subsidies.  
through some miracle,  fu r the r  expansion of synthe t ics  and o ther  supplementals 
a f t e r  1990 is  not needed, the  consumer impact of 5 percent of supply a t ,  say, 
double conventional fue l  pr ice ,  would have been marginal. I f ,  as many be- 
l i eve ,  supplementals w i l l  be e s sen t i a l  to the survival of t h e  United S ta tes ,  
then t h i s  investment would have untold benef i t s  a t  r e l a t ive ly  l i t t l e  cost .  

Purchase of 

I f ,  
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GENERAL MOTORS' VIEW ON ALTERNATE FUELS. Alex C .  Mair, GM Research Laboratory, 
Warren. Michigan 48090 

General Motors' outlook regarding utilization of domestic energy resources to 
provide alternative fuels for transportation will be discussed. Alternative 
fuels production is needed to complement energy conservation programs now in 
effect. 
will be addressed. 

The Government's role in spurring production of alternative fuels 



DEFENSE MOBILITY FUELS AND GO\'ERW€NT RED.  D r .  R .  M. Davis, Deputy Under Secre- 
ta ry  of Defense f o r  Research and Advanced Technology, Room 3E114, Pentagon, 
Washington, D.C. 20301 

Our n a t i o n a l  s e c u r i t y  o b j e c t i v e s  can be achieved only  if  we a r e  thoroughly prepared 
t o  meet e s s e n t i a l  m i l i t a r y  energy requirements. 
d e t e r  armed c o n f l i c t ,  t o  produce modern weapon systems, t o  maintain t h e  readiness  of 
our  m i l i t a r y  f o r c e s ,  and t o  support  worldwide commitments on t h e  seas ,  i n  t h e  a i r ,  and 
on t h e  ground depends on energy, p a r t i c u l a r l y  l i q u i d  hydrocarbon f u e l s .  
by t h e  f a c t  t h a t  crude o i l  imports now comprise near ly  50 percent  of t h e  U.S. petroleum 
demand, our most s e r i o u s  near  term energy problem i s  our growing r e l i a n c e  upon foreign 
o i l  t o  compensate for t h e  i n a b i l i t y  o f  domestic energy p r o d u c t i m  t o  keep pace with 
domestic energy demand. Considering t h e  p r a c t i c a l  r e a l i t y  of D O D ' s  continued dependence 
upon l iqu id  hydrocarbon f u e l s ,  t h i s  p a t t e r n  of e v e r  increas ing  dependence upon foreign 
o i l  poses a most s e r i o u s  t h r e a t  t o  our a b i l i t y  t o  guarantee adequate energy suppl ies  t o  
meet essent ia l  m i l i t a r y  requirements ,  p a r t i c u l a r l y  for mobi l i ty  f u e l s .  In response to  
t h i s  cur ren t  and most c r i t i c a l  energy i s s u e ,  t h e  Department of Defense has undertaken 
a s e r i e s  of  a c t i o n s  which a r e  intended t o  provide t h e  b a s i c  framework upon which it can 
formulate a comprehensive, f u l l y  coordinated defense mobi l i ty  f u e l s  s t r a t e g y .  
ac t ions  w i l l  be  d iscussed  with p a r t i c u l a r  emphasis on DOD's e f f o r t s  t o  develop the  
c a p a b i l i t y  t c  t r a n s i t i o n  t o  s y n t h e t i c  mobi l i ty  f u e l s .  

The cont inua t ion  o f  our a b i l i t y  t o  

As evidenced 

These 
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A NEW OUTLOOK ON COAL LIQUEFACTION THROUGH SHORT CONTACT TIME THERMAL 
REACTIONS -- CHEMICAL FACTORS WHICH LEAD TO H I G H  REACTIVITY, D. D. 

w h i t e h u r s t ,  Mobil R e s e a r c h  and Development C o r p o r a t i o n ,  P. 0. Box 1025, 
P r i n c e t o n ,  N e w  J e r s e y  00540 

In  t h e  p r e s e n c e  o f  c e r t a i n  s o l v e n t s  and a t  e l e v a t e d  t e m p e r a t u r e s  
(-4OO0C), c o a l s  can be t r a n s f o r m e d  t o  soluble p r o d u c t s  i n  h i g h  y i e l d s  i n  
less t h a n  5 minutes .  T h i s  o b s e r v a t i o n  h a s  l e d  t o  a number of p o t e n t i a l l y  
new 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 .  

The e a s e  of c o a l  t r a n s f o r m a t i o n  i s  dependent  on t h e  chemica l  and phys- 
i c a l  n a t u r e  of t h e  coal and t h e  chemica l  n a t u r e  o f  t h e  s o l v e n t .  C o n t r a r y  
to  p a s t  r e p o r t s ,  t h e  ra te  of coal s o l u b i l i z a t i o n  w a s  o b s e r v e d  to  b e  de-  
pendent  on t h e  h y d r o a r o m a t i c  c o n t e n t  o f  t h e  s o l v e n t .  With a s o l v e n t  hav- 
i n g  l i m i t e d  h y d r o a r o m a t i c  c o n t e n t ,  maximum c o n v e r s i o n s  were observed f o r  
c o a l s  having  &5% c a r b o n  (maf) .  High c o n v e r s i o n  w a s  a s s o c i a t e d  w i t h  l o w  
hydrogen consumption.  

High r e a c t i v i t y  w a s  found t o  b e  a s s o c i a t e d  w i t h  coals  which s w e l l  w i t h  
s o l v e n t s  or become p l a s t i c  e a s i l y .  The s i g n i f i c a n t  c h e m i c a l  p r o p e r t i e s  of 
h i g h l y  r e a c t i v e  coals w e r e  observed  t o  be an i n t e r m e d i a t e  a r o m a t i c  c a r b o n  
c o n t e n t ,  and t h e  p r e s e n c e  of Ar-CH2-  or ArCHZ-CH2-Ar g roups .  
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POTENTIAL OF FURTHER CONVERSION OF SHORT CONTACT TIME SOLVENT REFINED 
COALS BASED ON CHEMICAL STRUCTURE. M. Farcasiu.  Mobil Research and 

Development Corporation, Central  Research Divis ion,  P. 0. Box 1025, 
Princeton, New J e r s e y  00540. 

Chemical s t r u c t u r e s  p r e s e n t  i n  s h o r t  con tac t  t i m e  so lven t  ref ined coals  
are  d i f f e r e n t  from t h e  corresponding long con tac t  t i m e  l iquefact ion prod- 
u c t s .  The d i f f e rences  w i l l  be presented i n  a comparative way f o r  both 
bituminous and subbituminous coals.  The s h o r t  con tac t  time products con- 
t a i n  comparatively more hydroaromatic s t r u c t u r e s  and phenol ic  groups, bu t  
a r e  s imi l a r  i n  molecular s i z e  t o  the long con tac t  t i m e  products.  The i m -  
p l i ca t ion  of  t hese  s t r u c t u r a l  f ea tu re s  on f u r t h e r  upgrading of  the prod- 
u c t s  and on p o s s i b l e  r eg res s ive  react ions should be considered i n  con- 
nection with choosing t h e  r i g h t  parameters: temperature,  pressure,  sol-  
vent and c a t a l y s t  for f u r t h e r  processing. A discussion of  t h e  thermo- 
dynamic c o n s t r a i n t s  due t o  t h e  chemical structures p r e s e n t  i n  short  con- 
t a c t  time l ique fac t ion  products  w i l l  be a l s o  presented. 
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UPGRADING OF SHORT CONTACT TIME SOLVENT REFINED COAL. R. H. Heck, T. 0. M i t c h e l l ,  
T. R. S t e i n  and M. J. Dabkowski. Mobil Research and Development Corpora t ion ,  C e n t r a l  
Research Div is ion ,  P.  0. Box 1025, P r i n c e t o n ,  New J e r s e y  08540. 

I n  t h e  product ion o f  Solvent  Refined Coal f o r  u s e  as a s o l i d  low s u l f u r  b o i l e r  f u e l ,  
t h e  res idence  time of t h e  c o a l  i n  t h e  d i s s o l v e r  i s  d i c t a t e d  by t h e  d e s i r e d  s u l f u r  con- 
t e n t  of  t h e  SRC product .  The c o a l  can, i n  f a c t ,  be l i q u i f i e d  a t  s i g n i f i c a n t l y  s h o r t e r  
d i s s o l v e r  res idence  t i m e s .  T h i s  s h o r t  c o n t a c t  time (SCT) o p e r a t i o n  r e s u l t s  i n  s i g n i f i -  
c a n t l y  lower gas make and hydrogen consumption f o r  t h e  SRC process .  

SRC from t h e  SCT o p e r a t i o n  c o n t a i n s  more s u l f u r  and oxygen than  convent iona l  SRC from 
t h e  same coal .  
p o l a r  a s p h a l t e n i c  molecules .  
v e s t i g a t e d .  Thermal t r e a t m e n t  r e d u c e s  t h e  molecular  weight ,  f u n c t i o n a l i t y  and he teroa tom 
content ,  but  i s  accompanied by e x c e s s i v e  gas  make and a d e c r e a s e  i n  product  hydorgen con- 
t e n t .  However, c a t a l y t i c  hydroprocess ing  r e s u l t s  i n  a s i g n i f i c a n t l y  h i g h e r  q u a l i t y  
l i q u i d  product  wi th  a minimum of  l i g h t  gas  product ion.  

The use of  a SCT-SRC p r o c e s s  coupled w i t h  hydroprocess ing  of t h e  SRC product  p r o v i d e s  

It a l s o  c o n t a i n s  a much h i g h e r  f r a c t i o n  of  h igh  molecular  weight ,  h i g h l y  
Both thermal  and c a t a l y t i c  upgrading o f  SCT-SRC were in- 

an e f f i c i e n t  r o u t e  f o r  producing h i g h  y i e l d s  of h igh  q u a l i t y  l i q u i d  f u e l s  from c o a l .  
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PROCESSING SHORT CONTACT TIME COAL LIQUEFACTION PRODUCTS. W. C. Rovesti and 
H. E. Lebowitz. E l e c t r i c  Power Research I n s t i t u t e ,  3412 Hillview Avenue, 
Palo Alto, Cal i forn ia  94303 

The au thors  believe t h a t  t h e r e  a r e  s u b s t a n t i a l  p r a c t i c a l  appl ica t ions  t o  the  use of 
t he  primary coa l  l iquefac t ion  products ( i .e. ,  made a t  shor t  contact times) as  an in t e r -  
mediate i n  the  production of c lean  so l id  and l i q u i d  fue ls  from coal. The theme of these 
appl ica t ions  is s e l e c t i v e  treatment of t h e  primary products t o  meet spec i f i c  end-product 
requirements. 
t h e  i n i t i a l  l iquefac t ion ,  product upgrading, and recyc le  media generation i n t o  a s ing le  
reac t ion  step. 

Tradi t iona l  coa l  l i que fac t ion  p r a c t i c e  has tended toward combination of 

A key element i n  t h e  envisioned process  app l i ca t ions  is the  Kerr-MaGee C r i t i c a l  
Solvent Deashing (CSD) Process. The primary l iquefac t ion  e f f luen t  is qu i t e  viscous and 
would be a poor candidate for f i l t r a t i o n .  Fur ther ,  process solvent i s  imbibed i n  the  
products and cannot be recovered f o r  recyc le  by vacuum d i s t i l l a t i o n .  Data a re  presented 
i n  which the  CSD u n i t  has been used t o  recover t h e  ash f r ee  vacuum r e s i d  product and 
imbibed process solvent.  In addi t ion ,  t he  streams have been generated f o r  i n t e rna l  
recycle and c a t a l y t i c  upgrading. 

Continuous bench d a t a  a r e  presented on s h o r t  contac t  time l iquefac t ion  of bituminous 
and subbituminous coals.  P i l o t  p l a n t  d a t a a r e  also presented. . 
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HYDROLIQUEFACTION OF AUSTRALIAN COALS 

N o r b e r t  V.P. K e l v i n  

A u s t r a l i a n  C o a l  I n d u s t r y  R e s e a r c h  L a b o r a t o r i e s  L i m i t e d ,  
Nor th  Ryde, N.S.W. 2113.  A u s t r a l i a .  

I n t r o d u c t i o n  

A u s t r a l i a ,  l i k e  many o t h e r  n a t i o n s ,  f a c e s  a n  i n c r e a s i n g  demand f o r  l i q u i d  
t r a n s p o r t a t i o n  f u e l s  w i t h  d e c r e a s i n g  d o m e s t i c  c r u d e  o i l  p r o d u c t i o n .  A c c o r d i n g l y ,  
e f f o r t s  a r e  now u n d e r  way t o  i n v e s t i g a t e  t h e  l i q u e f a c t i o n  o f  A u s t r a l i a n  c o a l s .  
H y d r o l i q u e f a c t i o n  p r o c e s s e s  a r e  c o n s i d e r e d  t o  be l i k e l y  c a n d i d a t e s  f o r  i n i t i a l  
c o m m e r c i a l  deve lopmen t  b e c a u s e  o f  t h e  a b u n d a n c e  o f  brown a n d  h i g h  v o l a t i l e  b l a c k  
c o a l s  which a r e  good h y d r o l i q u e f a c t i o n  f e e d s t o c k s .  I n i t i a l  work by A C I R L  i n d i c a t e s  
t h a t  a number of A u s t r a l i a n  c o a l s  can  b e  h y d r o g e n a t e d  t o  p r o d u c e  h i g h  l i q u i d  y i e l d s .  

Ba tch  A u t o c l a v e  S c r e e n i n q  Tests 

B a t c h  a u t o c l a v e  t e s t s  were done  o n  s e v e r a l  A u s t r a l i a n  c o a l s  r a n g i n g  from 
l o w - v o l a t i l e  h i g h  r a n k  t o  V i c t o r i a n  brown c o a l s  ( s u b  l i g n i t e s )  (1 -8 ) .  T h e s e  were  
c o n d u c t e d  i n  4 l i t r e  s t i r r e d  a u t o c l a v e s  i n  t e t r a l i n  s o l v e n t  u n d e r  hydrogen  p r e s s u r e  
a t  t h e  f o l l o w i n g  c o n d i t i o n s :  

T o t a l  a u t o c l a v e  volume,  L 3.78 
Coa l  c h a r g e ,  9 500 
T e t r a l i n  c h a r g e ,  9 1 5 0 0  
I n i t i a l  hydrogen  

Max. t e m p e r a t u r e  O C  400 
pressure ( c o l d ) ,  MPa 8 . 3  

Hold t i m e  a t  4OO0C, h 4 

The y i e l d s  o f  t o l u e n e - s o l u b l e  o i l s  a r e  p l o t t e d  a g a i n s t  c o a l  c o m p o s i t i o n  and  
p e t r o g r a p h y  i n  F i g u r e s  1 ,  2 a n d  3. As e x p e c t e d  t h e s e  d a t a  c l e a r l y  show t h a t  c o a l s  
w i t h  h i g h  r e a c t i v e  m a c e r a l  c o n t e n t s ,  h i g h  h y d r o g e n / c a r b o n  r a t i o s  and  h i g h  v o l a t i l e  
m a t t e r  a r e  l i k e l y  t o  g i v e  t h e  h i g h e s t  l i q u i d  y i e l d s .  

Abundance and  ease o f  min ing  o f  t h e  h i g h e s t  l i q u i d  y i e l d i n g  c o a l s  a s  d e t e r m i n e d  
i n  t h e  b a t c h  a u t o c l a v e  tests i n d i c a t e d  t h e  mos t  s u i t a b l e  c o a l s  f o r  f u r t h e r  t e s t i n g  
i n  ACIRL's c o n t i n u o u s  bench  s c a l e  r e a c t o r  u n i t .  

C o n t i n u o u s  R e a c t o r  

ACIRL's c o n t i n u o u s  r e a c t o r  u n i t  h a s  been  d e s c r i b e d  i n  an  ACIRL r e p o r t  ( 8 ) .  
The f l o w  d i a g r a m  o f  t h e  u n i t  i s  shown i n  F i g u r e  4. C o a l - s o l v e n t  s l u r r y  a n d  hydrogen  
a r e  f e d  i n t o  t h e  u n i t  wh ich  p r o d u c e s  a c o o l e d  p r o d u c t  s l u r r y  c o n t a i n i n g  a l l  t h e  
w a t e r  and  l i g h t  o i l  wh ich  i s  t h e n  f l a s h - d i s t i l l e d  i n  4 kg b a t c h e s  i n  s e p a r a t e  g l a s s -  
ware. H i g h - p r e s s u r e  e x i t  g a s e s  a r e  v e n t e d  a t  l ow p r e s s u r e  t h r o u g h  meters a n d  
r e p r e s e n t a t i v e  s a m p l e s  a n a l y s e d  by GC. 

The d i s t i l l a t i o n  i s  c a r r i e d  o u t  i n  s t a g e s  t o  p r o d u c e  l i g h t  o i l ,  w a t e r ,  medium 
( a t m o s p h e r i c )  d i s t i l l a t e ,  vacuum d i s t i l l a t e  a n d  a r e s i d u e  o f  h i g h  b o i l e r s  p l u s  a l l  
t h e  u n c o n v e r t e d  c o a l  s o l i d s .  R e c y c l e  s o l v e n t  i s  made by r e c o m b i n i n g  t h e  medium a n d  
vacuum d i s t i l l a t e s .  F o r  n e a r l y  a l l  r u n s  c o n d u c t e d  s o  f a r ,  s u f f i c i e n t  s o l v e n t  h a s  
been  p roduced  t o  m a i n t a i n  s o l v e n t  b a l a n c e  p lus  a n e t  l i q u i d  y i e l d .  

177 



The a c t u a l  e x c e s s  l i q u i d s  p r o d u c e d  end  u p  as s a m p l e s  f o r  f u r t h e r  a n a l y s i s  
a n d  e v a l u a t i o n .  

The  c o n d i t i o n s  u n d e r  which  t h e  c o n t i n u o u s  r e a c t o r  o p e r a t e s  a r e  : 

S l u r r y  f e e d  r a t e  
Hydrogen f e e d  rats 
5 o l v e n t : c o a l  r a t i o  
Pressure 
T e m p e r a t u r e s  : 
- p r e h e a t e r  
- s t i r r e d  r e a c t o r  

P r e h e a t e r  t u b e  
d i m e n s i o n s  

P r e h e a t e r  volume 
S t i r r e d  r e a c t o r  

l i q u i d  h o l d u p  

0.5 - 3.0 kg/hr  
0 - 300 g / h r  
1.7 - 3.0:l 

1 0  - 21 MPa 

5OODC max. 
425OC max. 

6-20 m x 6 mm I.D. x 9 . 5  mm O.D. 
0.2 - 0.6 L 

1.5 - 3.6 L 

R e s u l t s  

Run c o n d i t i o n s  a n d  y i e l d  d a t a  f r o m  a b a t c h  t e s t  a n d  a series o f  c o n t i n u o u s  
r e c y c l e  r u n s  on  a t y p i c a l  c o a l  s e l e c t e d  f o r  c o n t i n u o u s  t es t s  are p r e s e n t e d  i n  
T a b l e  1 .  A n a l y s e s  o f  t h i s  c o a l  a r e  g i v e n  i n  T a b l e  2 .  

T h e s e  d a t a  i n d i c a t e  t h a t  h y d r o g e n a t i o n  o f  t h i s  c o a l  u n d e r  r e c y c l e  s o l v e n t  
c o n d i t i o n s  w i l l  p r o d u c e  a b o u t  40% d i s t i l l a t e  l i q u i d s  on d r y  a s h - f r e e  c o a l .  

F u r t h e r  work  is b e i n g  c a r r i e d  o u t  now t o  i m p r o v e  t h e s e  y i e l d s  t o  a r o u n d  50% 
or b e t t e r .  The c o n f i g u r a t i o n  of t h e  u n i t  a n d  e q u i p m e n t  l i m i t a t i o n s  ( t e m p e r a t u r e ,  
p r e s s u r e ,  h y d r o g e n  c o m p r e s s o r  c a p a c i t y ,  e t c . )  f o r  t h e  tests r e p o r t e d  h e r e  a r e  
c o n s i d e r e d  t o  be i n  n e e d  o f  u p g r a d i n g  t o  a c h i e v e  t h e  h i g h e r  y i e l d s .  Moreover ,  
some o p e r a t i o n a l  p r o b l e m s  are a l s o  c o n s i d e r e d  t o  c o n t r i b u t e  t o  l o w e r  t h a n  d e s i r e d  
y i e l d s .  T h e s e  p r o b l e m s  are  d i s c u s s e d  be low.  

O p e r a b i l i t y  

A p a r t  f r o m  m e c h a n i c a l  a n d  e l e c t r i c a l  p r o b l e m s  t h a t  h a v e  n o t h i n g  t o  do w i t h  
w h a t  g o e s  t h r o u g h  t h e  system, t h e  m a j o r  p r o b l e m  a r e a s  a r e  - 

1.  L a r g e  losses  r e l a t i v e  t o  t h e  s m a l l  scale of  o p e r a t i o n  

2. D i f f i c u l t y  i n  pumping t h i c k e r  s l u r r i e s  t h a n  2:1 s o 1 v e n t : c o a l  r a t i o  

3. P r e h e a t e r  b l o c k a g e .  
4. 

( m a i n l y  i n  d i s t i l l a t i o n ) .  

a t  t h i s  small  s c a l e .  

H i g h - p r e s s u r e  s l u r r y  le t -down v a l v e  wear. 

Losses 

G e n e r a l l y ,  mater ia l  b a l a n c e s  f r o m  f e e d  t o  p r o d u c t  s l u r r y  a n d  g a s e s  o v e r  t h e  
D i s t i l l a t i o n  losses  of t h e  order o f  5% h i g h - p r e s s u r e  s y s t e m  are g o o d ,  97 - 103%. 

on c o a l  are u s u a l  a n d  almost u n a v o i d a b l e  a t  t h i s  small s c a l e .  T h e s e  losses a r e  
b e l i e v e d  t o  b e  c a u s e d  m a i n l y  by e v a p o r a t i o n  o f  l i g h t  h y d r o c a r b o n s  a n d  w a t e r  f r o m  
c o l l e c t i n g  v e s s e l s  a n d  v a p o r i s a t i o n  a n d  i n a d e q u a t e  t r a p p i n g  o f  medium b o i l i n g  
m a t e r i a l s  d u r i n g  vacuum d i s t i l l a t i o n .  I n  a d d i t i o n ,  some p y r o l y s i s  o c c u r s  a t  t h e  
l a t e r  s t a g e s  ( a t  400 - 4 5 0 O C )  o f  vacuum d i s t i l l a t i o n  r e l e a s i n g  g a s e s  which  are n o t  
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e a s y  t o  meter a n d  a n a l y s e  u n d e r  vacuum c o n d i t i o n s .  

S l u r r v  Pumpinq 

We h a v e  found t h a t  o u r  s l u r r y  c i r c u l a t i n g  g e a r  pumps c a n  o n l y  h a n d l e  s l u r r i e s  
Up t o  35% s o l i d s  l o a d i n g s .  
s c a l e  t h e  l a r g e r  pumping a n d  p i p i n g  r e q u i r e d  would e n t a i l  t o o  much v a r i a b l e  h o l d  up 
of f e e d  s l u r r y  t o  b e  a b l e  t o  o b t a i n  s a t i s f a c t o r y  material b a l a n c e s .  

P r e h e a t e r  B l o c k a q e s  

On a l a r g e r  s c a l e  45% would be  p o s s i b l e .  A t  t h i s  

Our p r e h e a t e r ,  a 20 metre l e n g t h  o f  9.5 m m  O.D. by  6.0 mm I .D .  s t a i n l e s s  
s t e e l  t u b e  wound i n t o  s p i r a l s ,  i s  h e a t e d  i n  a c y l i n d r i c a l  s a n d  b a t h  270 mm d i a m e t e r  
x 300 mm s a n d  d e p t h .  We h a v e  f o u n d  t h a t  p r e h e a t e r  b l o c k a g e  c a n  r e s u l t  from a 
number of f a c t o r s  i n c l u d i n g  : 

( i )  t e m p e r a t u r e s  a b o v e  46OOC. 
(ii) a c c i d e n t a l  p r e s s u r e  r e d u c t i o n  so t h a t  t o o  much s o l v e n t  e v a p o r a t e s .  
( i i i )  s u d d e n  s u r g e s  o f  f e e d  h y d r o g e n  w h i c h  d r y  o u t  t h e  s o l v e n t .  
( i v )  
( v )  a t t e m p t i n g  t o  pump s l u r r y  t h r o u g h  t h e  p r e h e a t e r  when i t s  w h o l e  

s t a g n a n t  s l u r r y  a t  a b o v e  380°C d u e  t o  pumping s t o p p a g e .  

l e n g t h  is a t  360 - 390°C, t h a t  i s  when t h e  p r e h e a t e r  i s  f u l l  
o f  g e l l i n g  s l u r r y .  

S l u r r v  v a l v e  wear  

Wear o f  h i g h  p r e s s u r e  s l u r r y  le t -down v a l v e s  h a s  been  a v e r y  s e r i o u s  problem.  
A f t e r d i s c h a r g i n g a b o u t  20 - 100 kg s l u r r y  f r o m  21 MPa t o  a t m o s p h e r i c  p r e s s u r e  
t h r o u g h  o u r  s l u r r y  le t -down v a l v e s  t h e s e  v a l v e s  a r e  u n a b l e  t o  h o l d  p r e s s u r e  
s a t i s f a c t o r i l y .  A t  o u r  s m a l l  s c a l e ,  t h i s  p r o b l e m  c a n  o n l y  be  s o l v e d  by u s i n g  g a s  
p r e s s u r e  e q u a l i s a t i o n  t o  r e d u c e  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  s l u r r y  v a l v e s .  
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TABLE 1 

Y i e l d  D a t a  f o r  Coal 57 

B a t c h  C o n t i n u o u s  R e a c t o r  Runs 

T e s t  P r o c e s s  P a r a m e t e r s  

2 3  25 26A 26B 
Run time. h 4 83 100 21 6 ( 2 1 6 )  
S o l v e n t  ( T )  
5 o l v e n t : c o a l  r a t i o  3 
Red mud, % c o a l  0 
Feed  H2, % d . a . f .  c o a l  2.6 
P r e s s u r e  MPa d 1 9  
T e m p e r a t u r e s ,  O C  

- p r e h e a t e r  - 
- r e a c t o r  400 

E s t . s l u r r y  h o l d  t i m e , h  4 
S l u r r y  f e e d  r a t e , k g / h  s t a t i c  

R e s u l t s  
P r o d u c t  r e c o v e r y ,  

T o l u e n e  c o n v e r s i o n ,  91 

T o t a l  d i s t i l l a t e  o i l  20 

D i s t i l l a t i o n  r e s i d u e ,  54 

W a t e r  B Gases, ( %  d . a . f ) 2 6  

% o f  f e e d s  z 95 

( %  d . a . f . )  

y i e l d ,  ( %  d . a . f . )  

( %  d . a . f . )  

Losses ( %  d . a . f . 1  ( N )  

E s t .  r e s i d u e  p y r o l y s i s  3 
o i l  y i e l d ,  % d . a . f .  

( R )  
2 
3 

5.5 
21 

425 
425 

2 
1 .o 

1 0 0  
75 

30.4 

61.3 

8.2 
0.1 

3.1 

( R )  
2 
3 

9.6 
21 

440 
425 
3.2 
1 .o 

93  
82 

29.4 

47.9 

9 . 7  
1 3 . 0  

2 . 4  

( R )  
2 
3 

2 7  
21 

425 
400 
4.2 
0.5 

99 
87  

36.8 

41.8 

16.2 
5.2 

2.1 

( R )  
2 
3 

4 3  
2 1  

425 
400 
4.2 
1 .o 

99 
80  

35.1 

54.2 

8 .4  
2 . 3  

2 .1  

T o t a l  e s t i m a t e d  o i l  23 33.5 38.3 41.5 39  .O 
y i e l d ,  % d . a . f .  ( E )  

N o t e s :  ( T I  T e t r a l i n  s o l v e n t  
( R )  

( N )  B a t c h  d a t a  n o r m a l i s e d  t o  100% 
( E )  Sum o f  t o t a l  d i s t i l l a t e  y i e l d ,  50% o f  

R e c y c l e d  d i s t i l l a t e  ( c a .  200 - 600°C 
B . P . )  

losses a n d  e s t i m a t e d  p y r o l y s i s  o i l .  
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TABLE 2 

Ana lyses  o f  Coal 57 

Prox ima te  % 

M o i s t u r e  2.0 
Ash 18.3 
V o l a t i l e  M a t t e r  42.2 
F i x e d  c a r b o n  31.5 

Pet  roq rap  hy V O l .  % 

V i t r i n i t e  67 
S u b e r i n i t e  15 
E x i n i t e  4 
I n e r t i n i t e  4 
M i n e r a l  M a t t e r  15 

Mean maximum r e f l e c t a n c e  of v i t r i n i t e  0.54% 

E lemen ta l  7% d.a.f. 

Carbon 78.7 
Hydrogen 6.38 
N i t r o g e n  1.25 
Su lphur  0.63 
Oxygen 13.0 

( b y  d i f f . )  

Forms of Su lphur  % 
d.a.f. 

P y r i t i c  0.09  
S u l p h a t e  0.01 
Organ ic  0.43 

i 
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The E f f e c t  of So lven t  Q u a l i t y  on Coal Conversion 

C.W. C u r t i s ,  J . A .  Guin, J.F. Jeng  and A.R.  Ta r re r  

Chemical Engineer ing Department 
Auburn Un i v e r  sit y 

Auburn, Alabama 36830 

I n t r o d u c t i o n  

One f a c t o r  governing t h e  s u c c e s s  o r  f a i l u r e  of  a coal l i q u e f a c t i o n  p r o c e s s  
i s  t h e  a b i l i t y  of t h e  p r o c e s s  t o  g e n e r a t e  and s u s t a i n  a n  adequa te  amount of a 
s u f f i c i e n t l y  high q u a l i t y  r e c y c l e  s o l v e n t  f o r  con t inuous  o p e r a t i o n .  To i n s u r e  
con t inued  o p e r a b i l i t y  of t h e  p l a n t  and t o  r e c o g n i z e  when s o l v e n t  q u a l i t y  i s  
d e c l i n i n g  i t  i s  u s e f u l  t o  have a q u a n t i t a t i v e  measure of t h e  solvent 's  a b i l i t y  
to l i q u e f y  some g iven  c o a l  under  a p r e s c r i b e d  set of o p e r a t i n g  c o n d i t i o n s ,  i . e .  
t h e  s o l v e n t  q u a l i t y .  I t  is obv ious  t h a t  t h e s o l v e n t  q u a l i t y  w i l l  depend t o  a 
h i g h  d e g r e e  o n  t h e  s o l v e n t  compos i t ion  - a s  determined by a v a r i e t y  of  tech-  
n i q u e s  - however, t h e  solvent ' s  performance w i l l  a l s o  v a r y  w i t h  c o a l  t y p e  and 
o p e r a t i n g  c o n d i t i o n s .  Tha t  is, t h e  b e s t  s o l v e n t  f o r  c o a l  A w i l l  n o t  n e c e s s a r i l y  
be  t h e  b e s t  s o l v e n t  f o r  c o a l  B. Ex tens ion  of t h i s  i d e a  t o  t empera tu re ,p re s su re ,  
r e s i d e n c e  t i m e ,  e t c .  is obv ious .  Thus, when speak ing  o f  s o l v e n t  q u a l i t y ,  one 
must ,  of n e c e s s i t y  r e f e r  t o  a p r e s c r i b e d  set of c o n d i t i o n s .  I n  g e n e r a l ,  however, 
t h e r e  w i l l  be  some f i n i t e  r ange  of  s o l v e n t  pa rame te r s  which are more b e n e f i c i a l  
f o r  c o a l  conversion f o r  a r a t h e r  wide v a r i e t y  of c o a l s  and p rocess ing  condi-  
t i o n s .  

The purpose of t h i s  s t u d y  i s  to  beg in  t o  d e f i n e  such  a range of s o l v e n t  
pa rame te r s .  While t h i s  set of  pa rame te r s  w i l l  n o t  a p p l y  t o  a l l  s i t u a t i o n s ,  it 
is  hoped t h a t  they w i l l  a l l o w  a d i s t i n c t i o n  t o  be  made between a t r u l y  poor 
s o l v e n t  and one  which i s  s a t i s f a c t o r y  f o r  coal  l i q u e f a c t i o n  o p e r a t i o n s  and per-  
haps  some i n c l i n a t i o n  a s  t o  t h e  e f f i c a c y  of a p a r t i c u l a r  s o l v e n t  under  c e r t a i n  
c o n d i t i o n s .  

Experimental  

Coal  D i s s o l u t i o n  

Coal d i s s o l u t i o n  r e a c t i o n s  were performed i n  a t u b i n g  bomb r e a c t o r  which 
has  p r e v i o u s l y  been d e s c r i b e d .  (1)  These r e a c t i o n s  used Western Kentucky 9/14 
and Amax c o a l s  under t h e  fo l lowing  c o n d i t i o n s :  t empera tu res  - 385OC, 41OoC 
and 45OoC; r e a c t i o n  t ime - t h i r t y  minu tes ;  a g i t a t i o n  ra te  - 1000 rpm; s o l v e n t  
t o  c o a l  r a t i o  - 2 to 1; and a n  a i r  atmosphere.  The conve r s ion  of t h e  c o a l  was 
determined by comparison of t h e  a s h  c o n t e n t  of t h e  c r e s o l  i n s o l u b l e  f i l t e r  c a k e  
w i t h  t h e  o r i g i n a l  a s h  c o n t e n t  of t h e  coa l .  

-. S o l v e n t s  and Solvent  P r e p a r a t i o n  

Four l i g h t  r e c y c l e  o i l s  (LRO) from t h e  SRC p r o c e s s i n g  of Ind iana  V ,  Monterey 
and Amax c o a l s  were ob ta ined  from t h e W i l s o n v i l l e  SRC P i l o t  P l a n t  and were used 
i n  t h i s  s t u d y .  Three d i s t i l l a t i o n  c u t s  were ob ta ined  from Western Kentucky LRO: 
<140°C, 140O-2OO0C, 20Oo-29O0C po t  t empera tu re  a t  1 to r r .  Creoso te  o i l  w a s  
s u c c e s s i v e l y  hydrogenated t o  hydrogen c o n t e n t s  between 7% and 10% i n  a commer- 
c i a l  300 c c  magnedrive a u t o c l a v e  (Autoclave Engineers)  u s i n g  a commercial 
Co-No-A1 c a t a l y s t  and hydrogen p r e s s u r e s  from 1000 t o  3500 p s i  f o r  p e r i o d s  
of t ime r ang ing  from 1 t o  13 hours .Al so ,one  s o l v e n t  w a s  prepared by dehydrogen- 
a t i o n  o f  c r e s o t e  o i l  unde r  n i t r o g e n  atmosphere.  
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Solvent  C h a r a c t e r i z a t i o n  

Carbon and hydrogen pe rcen tages  i n  each s o l v e n t  w e r e  de te rmined  us ing  a Perk in  
E l m e r  240 Elementa l  Analyzer .  The i n f r a r e d  s p e c t r a  of t h e  s o l v e n t s  were, 
ob ta ined  n e a t ,  i n  CCl4 and i n  CS2 us ing  a D i g i l a b  FTSlO F o u r i e r  Transform 
I n f r a r e d  Spec t romete r .  
IF! nmr spectrum of each  s o l v e n t  bo th  nea t  and i n  CC14. 

The s o l v e n t s  were c h a r a c t e r i z e d  us ing  s t anda rd  a n a l y t i c a l  t echniques .  

A Varian  EM390 NMR spec t romete r  w a s  used t o  o b t a i n  t h e  

R e s u l t s  and Di scuss ion  

D i s s o l u t i o n  Behavior of Western Kentucky Coal  

s o l v e n t s  l i s t e d  i n  Tab le  I .  The d i s s o l u t i o n  behavior  i n  each s o l v e n t  is repor t ed  
t o g e t h e r  w i t h  t h e  hydrogen c o n t e n t  of each  s o l v e n t .  
same f o r  a l l  r e a c t i o n s .  Both t h e  c r e o s o t e  o i l  s o l v e n t  series and t h e  l i g h t  
r e c y c l e  o i l s  a r e  l i s t e d  i n  o rde r  of i n c r e a s i n g  conve r s ion .  

The d i s s o l u t i o n  behavior  of Western Kentucky 9/14 c o a l  w a s  examined i n  t h e  

Other  c o n d i t i o n s  were t h e  

Solvent  Charac t e r  

by N?IR and by g a s  chromatographic  a n a l y s i s .  For each  s o l v e n t ,  t h e  i n f r a r e  
a romat ic  C-H s t r e t c h  a t  3 0 5 0 ~ m - ~ ,  methyl asymmetric C-H s t r e t c h  a t  2960cm-'. and 
methylene in-phase s t r e t c h  a t  2925cm-1 were measured. 
r a t i o s  of a r o m a t i c / a l i p h a t i c  (CH3) and a r o m a t i c / a l i p h a t i c  (CH2) were c a l c u l a t e d  
and a r e  g iven  in T a b l e  11. I n  eve  y s o l v e n t ,  excep t  t h e  90-weight petroleum o i l ,  
t h e  a romat ic  a b s o r p t i o n  a t  3050cm-' i s  p r e s e n t .  
is present  i n  both  t h e  c r e o s o t e  o i l  s o l v e n t  series and i n  t h e  l i g h t  r e c y c l e  o i l s .  
The methyl a b s o r p t i o n  a t  2 3 6 0 ~ m - ~  i s  p r e s e n t  i n  t h e  l i g h t  r e c y c l e  o i l s  and i n  t h e  
o r i g i n a l  c r e o s o t e  o i l ,  H C I ,  H C I I  and H C I I I ,  a l l  of which c o n t a i n  7 %  hydrogen or 
less. The methyl a b s o r p t i o n  i s  absen t  i n  t h e  n e a t  s p e c t r a  of t h e  more h i g h l y  
hydrogenated o i l s .  

The s o l v e n t s  u sed  in t h i s  s tudy  were c h a r a c t e r i z e d  by  i n f r a r e d  a n a l y s i s ,  

The i n f r a r e d  absorbance  

The methylene  a b s o r p t i o n  a t  2925cm-1 

The hydrogen d i s t r i b u t i o n  of each s o l v e n t  i s  g i v e n  i n  Table  111. The hydro- 
gen d i s t r i b u t i o n s  r a n g e  from be ing  predominate ly  a romat i c  a s  i n  t h e  c r e o s o t e  o i l  
and H C I  s o l v e n t  t o  be ing  n e a r l y  t o t a l l y  a l i p h a t i c  as  i n  t h e  90-weight petroleum 
o i l .  Average hydrogen v a l u e s  f o r  t h r e e  r a n g e s  of convers ion ,  32.8% t o  48.1% 
(low), 64.2% t o  70.0% (medium) and 79.7% t o  84 .5% (h igh)  a r e  shown i n  Table  I V .  
A t  low convers ion  l e v e l s ,  t h e  a romat i c  hydrogen i s  t h e  g r e a t e s t  compared t o  o t h e r  
convers ion  l e v e l s .  The a and B hydrogens i n c r e a s e  s u b s t a n t i a l l y  from low conver- 
s i o n  t o  h igh  conve r s ion  l e v e l s ;  a s i g n i f i c a n t  i n c r e a s e  is a l s o  seen  f o r  t h e  Y 
hydrogens. C a l c u l a t i o n  of  t h e  ave rage  chemica l  s h i f t  from t h e  i n t e g r a t e d  hydrogen 
d i s t r i b u t i o n  p rov ides  a means for determining  t h e  e f f e c t  of t h e  t o t a l  hydrogen 
d i s t r i b u t i o n  on conve r s ion  as shown i n  F igu re  1. A roughly  normal shaped d i s t r i -  
bu t ion  i s  observed f o r  t h e  hydrogenated c r e o s o t e  s o l v e n t  s e r i e s .  A s  t h e  hydrogen 
d i s t r i b u t i o n  becomes predominate ly  a l i p h a t i c  (low ppm) or a romat i c  (h igh  ppm) coa l  
convers ion  i s  a d v e r s e l y  a f f e c t e d .  

The we igh t  p e r c e n t s  of naphtha lene ,  hydrogenated naph tha lenes  and d e c a l i n ,  
i n  s e l e c t e d  s o l v e n t s  were determined by g a s  chromatographic  a n a l y s i s .  Th i s  com- 
pound s e r i e s  was chosen  t o  provide  a n  i n d i c a t i o n  of t h e  e f f e c t  of deg ree  of 
hydrogenat ion  on  a n  a romat i c  s p e c i e s  t h a t  r e a d i l y  a c c e p t s  hydrogen t o  form 
hydroaromatic and a l i c y c l i c  compounds. I n  t h e  o i l s  s t u d i e d ,  t h e  naphtha lene  
appeared to  produce t h r e e  r e a c t i o n  p roduc t s  

The weight p e r c e n t s  of t h e s e  compounds i n  t h e  s e l e c t e d  o i l s  a r e  shown i n  Table  V .  
The o r i g i n a l  c r e o s o t e  o i l  c o n t a i n s  l l % n a p h t h a l e n e w i t h  no t e t r a l i n  p r e s e n t .  As 

"Retent ion behav io r  s i m u l a r  t o  d ihydronaphtha lene .  Fu r the r  i d e n t i f i c a t i o n  work 
planned. 
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\ t h e  c r e o s o t e  o i l  becomes i n c r e a s i n g l y  hydrogenated ,  t e t r a l i n ,  d e c a l i n  and a com- 
’ pound w i t h  r e t e n t i o n  behavior  s i m i l a r  t o  d ihydronaphtha lene  i s  formed. ( F u r t h e r  

work i s  be ing  conducted t o  i d e n t i f y  t h i s  compound.) The most hydrogenated o i l s ,  
H C I V  and HCIYconta in  a s i g n i f i c a n t  p e r c e n t a g e  of d e c a l i n ,  7 . 6 %  and 5 .7%,  respec-  
t i v e l y .  

Solvent  C h a r a c t e r  and Coal  D i s s o l u t i o n  

Coal  d i s s o l u t i o n  behavior  is a f u n c t i o n  of t h e  c h a r a c t e r  of t h e  s o l v e n t .  
The s o l v e n t s  used i n  t h i s  s t u d y ,  c h a r a c t e r i z e d  by the methods d e s c r i b e d ,  p r o v i d e  
some i n d i c a t i o n  as t o  the t y p e  of s o l v e n t  n e c e s s a r y  f o r  e f f e c t i v e  c o a l  d i s s o l u t i o n .  

The i n f r a r e d  r a t i o s  of t h e  hydrogenated c r e o s o t e  o i l  series o b t a i n e d  from 
s o l u t i o n  s p e c t r a  show t h a t  s o l v e n t s  which produce  c o n v e r s i o n s  in t h e  80% C C 1  

r a n g e  have  I R  a r o m a t i c  t o  a l i p h a t i c  methylene r a t i o s  r a n g i n g  0.42  t o  0.27. 
S o l v e n t s  w i t h  i n f r a r e d  r a t i o s  e i t h e r  g r e a t e r  or less t h a n  t h e s e  v a l u e s  show 
poorer  c o a l  convers ion .  In g e n e r a l ,  t h e  l i g h t  r e c y c l e  o i l s  show lower c o n v e r s i o n s  
t h a n  d o  t h e  hydrogenated c r e o s o t e  o i l s  and have  i n f r a r e d  r a t i o s  o b t a i n e d  from CC14 
s o l u t i o n  s p e c t r a  ranging  from 0.15 ( Indiana  V) t o  0.50 (Western Kentucky 11). 

4 

Through t h e  hydrogen d i s t r i b u t i o n  of t h e  s o l v e n t s ,  t h e  a r o m a t i c  and a l i p h a t i c  
n a t u r e  of t h e  o i l s  can  b e  examined. From F i g u r e  1, i t  i s  a p p a r e n t  t h a t  a n  optimum 
combina t ion  of a r o m a t i c  and a l i p h a t i c  hydrogens e x i s t s  t o  d i s s o l v e  QO% of t h e  ’ Western Kentucky c o a l .  

Brown  and Ladner (2)  determined t h a t  a q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  
hydrogen d i s t r i b u t i o n s  o b t a i n e d  through NEE and t h e  i n f r a r e d  r a t i o s  s u p p o r t s  t h e  
v a l u e  of 0 .5  which they  adopted f o r  t h e  r a t i o  of t h e  e x t i n c t i o n  c o e f f i c i e n t  of 
t h e  a r o m a t i c  C-H s t r e t c h  t o  t h e  a l i p h a t i c  C-H s t r e t c h .  We performed a similar 
c a l c u l a t i o n  u s i n g  I R  absorbance  r a t i o s  o b t a i n e d  from n e a t  s p e c t r a :  

(C-HAR) EAR HAR - - - - 
~ _ _ ~  _ _ _ _ _  

AAR 

ACH2 ‘CH2 (C-HCH2) ‘CH2 H a +  B 
A l l  of t h e  l i g h t  r e c y c l e  o i l s  have e x t i n c t i o n  c o e f f i c i e n t  r a t i o s  ranging  between 
0 . 5 9  and 0.44. Ind iana  V LRO h a s  a h i g h e r  r a t i o  v a l u e  of  0.77. 

Through t h e  s t u d y  of t h e  naphtha lene  * t e t r a l i n  hydrogen donor system, t h e  
e f f e c t  of t h e  l e v e l  of hydrogen donor w i t h i n  one such  s e r i e s  on c o a l  d i s s o l u t i o n  
c a n  b e  examined. The n a p h t h a l e n e - t e t r a l i n  compound s e r i e s  i s  a dynamic system 
w i t h i n  t h e  hydrogenated c r e o s o t e  o i l s  i n  t h a t  t h e  t o t a l  weight  p e r c e n t  of t h e s e  
compounds changes w i t h d e g r e e o f  hydrogenat ion .  The t o t a l  amount p r e s e n t  i n  t h e  
o r i g i n a l  c r e o s o t e  o i l  is 11.3% w h i l e  i n  o i l s  H C I V ,  and H C I X  t h e  t o t a l  w e i g h t  
p r e c e n t  i s  19.78 and 14.95, r e s p e c t i v e l y .  S o l v e n t s  w i t h  h igh  hydrogen c o n t e n t s  
l i k e  HCIV and H C I X  a r e  l i k e l y  forming naphtha lene  from h i g h e r  molecular  weight  
compounds. The hydrogenated c r e o s o t e  o i l s  which showed c o a l  d i s s o l u t i o n  of 
‘1.80% have  a l a r g e r  p o r t i o n  of hydrogen donors  i n  t h e  two r i n g  s e r i e s  than  d o  
t h e  less e f f e c t i v e  s o l v e n t s .  

A p l o t  of c o a l  convers ion  vs. H c o n t e n t  i s  p r e s e n t e d  i n  F i g u r e  2 .  For t h e  
c r e o s o t e  o i l  s e r i e s  t h e r e  i s  a n  optimum i n  t h e  d e g r e e  of hydrogenat ion ,  probably  
c o r r e s p o n d i n g  t o  maximum H-donor c o n t e n t .  Fo r  t h e  LRO s o l v e n t s ,  t h e r e  is no  
c l e a r  optimum and a l l  c o n v e r s i o n s  l i e  below t h o s e  of t h e  hydrogenated c r e o s o t e  
o i l s .  The i m p l i c a t i o n s  of  t h e  optimum range of s o l v e n t  hydrogenat ion  i n  p l a n t  
o p e r a t i o n s  a r e  obvious .  A b a l a n c e  between aromat ic  and a l i p h a t i c  c h a r a c t e r  must 
be  main ta ined  f o r  a c c e p t a b l e  s o l v e n t  q u a l i t y .  
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E f f e c t  of Coal Type and Temperature on Coal D i s s o l u t i o n  Behavior  

th rough a comparison of t h e  d i s s o l u t i o n  behavior  of a slow d i s s o l v i n g  c o a l ,  
h a x ,  and a f a s t e r  d i s s o l v i n g  c o a l ,  Western Kentucky (3 ) .  For t h e  c r e o s o t e  o i l  
s o l v e n t  series, t h e  conve r s ion  of Western Kentucky c o a l  i s  c o n s i s t e n t l y  h ighe r  
t han  f o r  t h e  Amax coal as shown i n  F igu re  2. I n  a d d i t i o n ,  two l i g h t  r e c y c l e  o i l s ,  
Ind iana  V and  Amax, were a l s o  t e s t e d  wi th  t h e  two c o a l s .  Ind iana  V shows essen-  
t i a l l y  t h e  same d i s s o l u t i o n  f o r  b o t h  c o a l s  54.3% f o r  Amax and 53.1% f o r  Western 
Kentucky. Amax LRO, however, w a s  a b e t t e r  so lven t  f o r  Amax c o a l  (44.5% conver- 
s i o n )  than  f o r  Western Kentucky (38.4% conver s ion ) .  

The e f f e c t  of c o a l  t ype  on t h e  d i s s o l u t i o n  behavior  of c o a l  was s tud ied  

Three s o l v e n t s ,  c r e o s o t e  o i l ,  HCIV and H C I X ,  w e r e  used  t o  examine t h e  e f f e c t  
of r e a c t i o n  t empera tu re  on t h e  conve r s ion  behavior  of Amax and Western Kentucky 
c o a l .  F i g u r e  3 shows t h a t  t h e  d i s s o l u t i o n  f o r  bo th  c o a l s  was minimal i n  t h e  
c r e o s o t e  o i l  w i th  maximum conver s ion  o c c u r r i n g  a t  410OC. 
inc reased  w i t h  i n c r e a s i n g  t empera tu res  f o r  bo th  H C I V  and H C I X .  I n  c o n t r a s t ,  
i n  t h e  H C I V  s o l v e n t  Western Kentucky c o a l  shows lower conve r s ion  a t  450OC than  
a t  41OoC. I n  H C I X ,  t h e  conve r s ion  of  Western Kentucky a p p e a r s  t o  l e v e l  ou t  
between 41OoC and 450%. 
t h e  conve r s ion  of b o t h  Amax and Western Kentucky is lower i n  H C I V  a t  t h e  t h r e e  
d i f f e r e n t  t empera tu res  than  HCIX.  The s o l v e n t  c h a r a c t e r  of H C I V  i s  somewhat 
more a l i p h a t i c  t h a n  H C I X  acco rd ing  t o  Tab le  V and f a l l s  o u t s i d e  t h e  optimum 
r a n g e  of a romat i c  and  a l i p h a t i c  hydrogen combina t ions  ( F i g u r e l ) .  

The conve r s ion  of Amax 

Even though HCIV and H V I X  d i f f e r  by o n l y  0 .5% hydrogen, 

Conclus ions  

From t h e  r e s u l t s  p re sen ted  above i t  is  seen  t h a t  so lven t  q u a l i t y  can  be adve r se ly  
a f f e c t e d  by l i m i t e d  o r  excess  hydrogenat ion ,  f o r  example, H C I  v s .  H C I V .  I n  t h e  
hydrogenated c r e o s o t e  o i l  series t h e  d e c a l i n  c o n t e n t  p rov ides  a f a i r l y  good i n d i -  
c a t i o n  of t h e  d e g r e e  of s o l v e n t  hydrogenat ion .  However, t h i s  i s  not a g e n e r a l  
r e s u l t  s i n c e  the  m o s t  hydrogenated l i g h t  r e c y c l e  o i l ,  Ind iana  V ,  c o n t a i n s  no d e c a l i n  
and v i r t u a l l y  none of t h e  two r i n g  sys tem,  i n  c o n t r a s t  t o  t he  o t h e r  l i g h t  r e c y c l e  
o i l s  s tud ied .  S i n c e  Ind iana  V i s  t h e  b e s t  LRO s o l v e n t  f o r  wes te rn  Kentucky c o a l ,  
t h e  absence  of  t h e  two r i n g  system s t r o n g l y  i n d i c a t e s  t h e  probable  p re sence  of 
add it i o n a l  donor s p e c i e s .  

Examination of t h e  v a r i o u s  s o l v e n t  parameters :  hydrogen c o n t e n t ,  i n f r a r e d  
absorbance  r a t i o ,  ave rage  p ro ton  chemica l  s h i f t ,  and p ro ton  d i s t r i b u t i o n  shows 
an  optimum range for maximal conve r s ion  and a r e  g iven  i n  Table  V I .  I t  i s  hoped 
t h a t  t h e s e  ranges  w i l l  p rovide  a means f o r  e v a l u a t i n z  s o l v e n t s  f o r  e f f e c t i v e  coal 
d i s s o l u t i o n .  
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Tab le  I 

Hydrogenated Creoso te  O i l  and L igh t  Recycle  O i l  
D i s s o l u t i o n  Behavior of Western Kentucky Coal i n  Creoso te  O i l ,  

Experimental  Cond i t ions :  Temperature  = 410° Reac t ion  Time = 1 5  minu tes  

Creoso te  O i l  and 
Hydrogenated Creoso te  Oil 

Creoso te  O i l  
HC I a 
HC I1 
H C  111 
HC I V  
HC V 
HC V I  
HC VI?. 
HC VI11 
HC I X  
H C  X 

Hydrogen Content 
of Solven t  

H %  

6.24 0.13 
6.98 5 0.22 
7.20 0.30 

7.78 2 0.07 
8.14 5 0.22 
9.41 5 0.21 
8.34 f. 0.19 

8.00 2 0.22 

6 -14  f. 0.26 

10.00 5 0.22 

9.54 5 0.09 

L i g h t  Recycle  O i l  

Amax 7.97 5 0.10 
Monterey 7.26 & 0.49 
Western Kentucky I 8.74 2 0.09 
Western Kentucky I1 8.31 2 0.40 
I n d i a n a  V 9.72 2 0.26 

Western Kentucky D i s t i l l a t i o n  Cuts  
I. < 140° 8.76 2 0.09 
11. 140° - 200' 8 .08 0.14 
111. 200' - 290' 8.17 2 0.27 

D i s s o l u t i o n  Behavior 
of So lven t  

% Conversion 
32.8 2 2-37  
36.9 5 0.24 
48.1 ? 0 - 9 3  
64.2 5 1 - 8 2  
66.3 2 l-11 
70.0 5 1-11 

81.5 f. 0.94 
82.3 5 0 - 6 1  
82.4 5 0 .63  
84.5 t 0 - 0 6  

79.7 2 0.15 

38.4 2 1.4 
40.0 5 0.55 
44.2 2 0.61 
46.0 2 1.24 
53 .1  5 0.14 

41.0 rf: 0.34 
57.9 f. 0.58 
59.1 t 3.1 

90 - Weight Petroleum O i l  12.47 0.10 28.8 5 1.4 

a) r e a c t e d  under  N 2  a tmosphere b )  po t  t empera tu re ,  1 mm of Hg 
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Tab le  I1 
I n f r a r e d  Absorbance R a t i o s  of t h e  Hydrogenated Creoso te  S o l v e n t s  and the  

L i g h t  Recyc le  S o l v e n t s  i n  o r d e r  of I n c r e a s i n g  D i s s o l u t i o n  

So lven t :  
Aromatic C-H 

Creoso te  Oil and A l i p h a t i c  CH3 
Hydrogenated Creoso te  O i l s e  3050/2960 

C r e o s o t e  Oil 
HC I a 
HC I1 
HC I11 
HC I V  
HC V 
HC V I  
HC V I 1  
HC V I 1 1  
HC I X  
HC X 

f 
L i g h t  Recycle  O i l s  3050/2960 

Amax 0.70 
Mont e r e y  0.59 
Western Kentucky I 0.55 
Western Kentucky I1 0.67 
I n d i a n a  0.38 

D i s t i l l a t i o n  C u t s  
<140° C I 0.56 

140° - 200' C I1 0.52 
200 - 290° c I11 0.43 

90 Weight Petroleum O i l  - 

a) r e a c t e d  under  N atmosphere 

b )  

c) 2960 cm-l is absen t  

d )  

e )  s o l u t i o n  s p e c t r a  i n  C C 1  

f) n e a t  s p e c t r a  

d 

2 

2960 cm-l peak i s  a s h o u l d e r  

3050 c m - I  peak i s  a b s e n t  

4 

I R  Absorbance R a t i o s e  
 ti^ C-H A l i p h a t i c  CH3 
A l i p h a t i c '  CH A l i p h a t i c  CH 

305012925 2960/2925 

1.54 
1.70 
1.24  
0.76 
0.18 
0.62  
0.42 
0.27 
0.36 
0.27 
0.32 

3050/2925 

0.62 
0.54 
0.48 
0.59 
0 .34  

0.51 
0.45 
0.34 

d __ 

0 -68 
0.74 
0.66 

C -- 
-- 
-- 
-- 
-- 
-- 
-- 

0 . 2 4  

296012925 

0.89 
0.90 
0.88 
0.88 
0.88 

0.90 
0.87 
0.79 

0.76 
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Table  I11 
Hydrogen D i s t r i b u t i o n  (% H) of Hydrogenated 

Creosote  S o l v e n t s  and Light  Recycle S o l v e n t s  

Solvent  X Conversion Hvdroaen D i s t r i b u t i o n  
Creosote  O i l  

Hydrogenated Creosote  O i l s  

Creosote  O i l  
HC I 
HC I1 
HC I11 
HC I V  
HC V 
HC V I  
HC V I 1  
HC V I 1 1  
HC I X  
HC X 

Light  Recycle  O i l s  

Amax 
Monterey 
Western Kentucky I 
Western Kentucky I1 
Indiana  

32.8 
36.9 
48.1 
64.2 
66.3 
70 .O 
79.7 
81.5 
82.3 
82.4 
84.5 

38.4 
40.0 
44.2 
46 -0 
53.1 

- -  
Actua l  Hydrogen Content  i n  Each F r a c t i o n  

Hm 
5.0 
4.7 
5.0 
4.5 
2.3 
4.7 
4.3 
2.9 
4.2 
2.6 
3.8 

3.7 
3.6 
3.4 
4.3 
2.4 

Western Kentucky D i s t i l l a t i o n  Cuts  
I 41.0 3.7 
I1 57.9 3.2 
111 59.1 2.5 

90 Weight Petroleum Oil 28.8 0.87 

H B  = 1.0 to 2.0 ppm 

H y =  0.5 to 1.0 ppm 

Hm = 6.0 t o  9.2 ppm 

H = 2.0 to 3.3 ppm 
a 

H a  

0.74 
0.75 
1 .o 
1.2 
2.0 
1.5 
1.6 
2.1 
1.6 
2.3 
1.8 

1.4 
1.3 
1.7 
1.5 
2.4 

1.8 
1.8 
2.2 

0.5 

H B  
0.74 
0.75 
0.70 
1.1 
4.0 
1.2 
1.6 
3.1 
1.8 
3.5 
1.8 

1.8 
1.6 
2.4 
1.8 
3.5 

2.2 
2.5 
2.5 

5.4 

HY 
0.22 
0.13 
0.26 
0.43 
1.6 
0.39 
0.55 
1.2 
0.72 
1.2 
0.59 

0.96 
0.73 
1.1 
0.66 
1.7 

1.1 
0.5 
1.1 

3.6 

Table  I V  
Average Hydrogen D i s t r i b u t i o n s  for  

t h e  Three Conversion Ranges 

Conversion Range Average Hydrogen D i s t r i b u t i o n s  

HAR Ha "B Hv % Conversion 

32.8 t o  48.1 4.9 0.83 0.69 0.20 

64.2 to 70.0 3.8 1.3 1.8 0.81 

79.7 t o  84.5 3.5 1.9 2.4 0.85 
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Table V 
Weight Pe rcen t  of  D e c a l i n ,  T e t r a l i n ,  Naphthalene and a 

Hydrogenerated Naphthalene i n  Creoso te  O i l s  and L igh t  Recycle  O i l s  

C reoso te  O i l  
So lven t  S e r i e s  % Conversion 
C r e s o t e  O i l  32.8 
HC I 36.9 
HC I1 48.0 
HC I11 64.2 
HC I V  66.3 
HC V 70.0 
HC V I 1  81.5 
HC IX 82.4 
HC X 84.5 

Hydrogenated 
Naphthalene Naphthalene 

11.2 0 
10.2 0 

5.7 0.45 
8.4 0.25 
2.4 2.66 
6.9 0.99 
1.92 1.87 
0.082 4.05 
2.67 1 . 4 0  

T e t r a l i n  
0 
0 
0 
1.7 
7.14 
3.2 
7.64 
8.88 
4.01 

Deca l in  
0.11 
0 
0 
0.085 
7.58 
0.093 
5.70 
1.20 
1.40 

Light  Recycle  O i l  

Amax 38.4 18.1 0.438 4.4 0.77 
Monterey 40.0 1 4 . 5  0.43 5.62 1.71 
Western Kentucky I 44.2 12.3 4.8 6.03 0.61 
Western Kentucky I1 46.0 15.8 0.55 5.50 0.83 
I n d i a n a  53 .1  2.81 0 0.093 0 

Tab le  V I  

Optimum Parameter  Ranges f o r  E f f e c t i v e  D i s s o l u t i o n  (Conversions > 80%) 

f o r  t h e  Hydrogenated Creoso te  O i l  So lven t  S e r i e s  

Parameter  

Hydrogen Content  (H%) 

Aromatic Hydrogen (HAR%) 

Alpha Hydrogen (Ha%) 

Beta Hydrogen (H@%) 

Gamma Hydrogen (%%) 
Average Chemical S h i f t  (Hppm) 

I R  Absorbance R a t i o s  ( i n  CC14) 

Range 

8 .00  t o  9 .60 

2.75 t o  4 .3  

h i g h e r  1 . 7  

1 . 6  t o  3.55 

0 .6  t o  1 .25 

3.15 t o  4.55 

0.27 t o  0 .36 
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PRODUCTS OF LIQUEFACTION OF LIGNITE WITH SYNTHESIS 
GAS B Y  PRODUCT SLURRY RECYCLE 

Bruce W .  Farnum, C u r t i s  L. Knudson and Del A. Koch 

Grand Forks Energy  Technology Center, U.  S. Department o f  Energy 
Box 8213 Un ivers i ty  Stat ion, Grand Forks, N D  58202 

Liquefaction o f  l i gn i te  i s  under  s tudy  a t  t h e  Grand Forks  Energy  Technology 
Center us ing  a 5 I b  coal p e r  h o u r  cont inuous processing unit (CPU) w i th  var ious 
reactor  conf igurat ions (1). T h e  objectives o f  t h e  exper iment repor ted  in th i s  
paper were (a) t o  t e s t  CPU operab i l i t y  u n d e r  condi t ions o f  ex tens ive  p r o d u c t  
s l u r r y  recycle w i th  f r e s h  coal addit ion, (b) t o  produce a quant i t y  o f  " l ined out"  
l ign i te  der ived  l iqu ids f o r  analyt ical characterization, a n d  (c) t o  ascertain t h e  
funct ion o f  reaction y ie lds w i th  t h e  degree o f  l ine o u t  o r  number o f  s l u r r y  passes. 
Objectives (a) and (c)  have been discussed a t  a recent  symposium by Willson e t  
al. (2). A one gal lon s t i r r e d  autoclave reactor  was operated a t  46OOC and 4000 
ps ig  w i t h  an average residence time o f  about one hour .  Redist i l led anthracene oi l  
( IBP 296OC a t  10 T o r r . )  was used as a past ing so lvent  f o r  t h e  i n i t i a l  pass. A 30% 
s l u r r y  of high ash Beulah seam l i gn i te  (10.7% ash, 29.6% f i x e d  carbon, 29.5% 
moisture, 30.2% volat i le mat ter )  in past ing solvent was prepared f o r  each pass. 

\ T h e  l i gn i te  had been pu lver ized  t o  100% minus 60 mesh a n d  90% minus 200 mesh. 
Batch recyc l ing  was car r ied  o u t  through 34 cycles us ing  t h e  un f i l te red  p r o d u c t  as 
past ing so lvent  f o r  each subsequent pass. Gases, water and high pressure  
volat i le oi ls were removed d u r i n g  each cycle. A m i x t u r e  of equal p a r t s  o f  carbon 
monoxide and hydrogen was f e d  t h r o u g h  t h e  system a t  a r a t e  o f  1/2 scfm. 

Separation o f  gas and liquid phases at  4000 p s i g  and 3OOOC was car r ied  o u t  in 
t h e  u n i t  a f t e r  t h e  produc ts  ex i ted t h e  reactor  (F igure  1). T h e  gas phase was 
t h e n  cooled and depressur ized produc ing  a water layer, a high pressure  volat i le oi l  
layer, and ta i l  gases. Yields calculated o n  a moisture a n d  mineral f r e e  coal basis 
were: C -C hydrocarbons 19%, high pressure  volat i le o i l s  19%, vacuum dis t i l la te  
3606, T H S  soluble vacuum bottoms 9%, and THF insoluble organic  polymers 11%. 

D u r i n g  Run 27 (64 hours)  a s l i gh t  leak in t h e  autoclave head c losure caused 
loss o f  t h e  gas head in t h e  reactor  w i t h  t h e  r e s u l t  t h a t  t h e  liquid level rose  above 
t h e  level o f  the  l i qu id  removal tube, and the  re la t i ve l y  poor ly  s t i r r e d  liquid 
contacted t h e  overheated wall surfaces. T h e  reactor  f i l l ed  w i t h  coked s l u r r y  
around t h e  space occupied by t h e  s t i r r e r  blade and shaft.  T h e  suspended sol ids 
(minerals and organic polymers) normal ly  p resent  in t h e  p r o d u c t  were  deposited in 
t h e  reactor  by a process o f  polymerization o f  t h e  organic  high molecular weight 
material w i th  inclusion of  t h e  mineral par t ic les.  R u n  27 was terminated a f t e r  t h e  
s ix teenth pass. Operation o f  t h e  CPU was resumed (Run 28) u s i n g  p r o d u c t  f rom 
Run 27 as past ing so lvent  f o r  t h e  f i r s t  cycle. A f t e r  t h e  34th recyc le pass, 
condit ions were changed, doubl ing t h e  s l u r r y  feed rate. Coke was found in t h e  
reactor  a t  t h e  end o f  Run 28 and probab ly  occur red  f o r  the  same reason as in 
Run 27. However, as ind icated in F igure 2 t h e  d ispropor t ionate increase in t h e  
amount o f  T H F  soluble vacuum bottoms was n o t  observed in Run 28, ind ica t ing  t h i s  
cok ing occur red  later in t h e  run. 

I 

4 

F igure  2 depicts o n  an MAF coal basis a summation o f  t h e  y ie lds o f  t h e  
var ious p r o d u c t  f ract ions obtained. Ash concentrat ion in t h e  p r o d u c t  stream 
paral leled t h e  THF insoluble values showing t h e  same inc lus ion o f  inorganic  f rac t ion  
as coke formed in t h e  reactor .  

Gas samples were analyzed by on- l ine gas chromatography. E f f luen t  water 
samples were characterized by s tandard  analyt ical methods f o r  waste water and 
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standard EPA methods (3,4). The average analysis of  f o u r  samples o f  condensate 
water produced u n d e r  l ined o u t  conditions i s  repor ted  in Table 1. 

The aromatic to al iphat ic p ro ton  ra t io  o f  t he  h igh  pressure volati le oils was 
monitored as a func t ion  of recycle pass number by in f ra red  spectrophotometry and 
b y  proton nuclear magnetic resonance spectrometry.  9OMHz pro ton  NMR spectra 
were integrated o v e r  the range 9.7 to  6 . 4  ppm in the  aromatic region (Har), 4.2 
to  1.7 ppm in the  benzyl ic region (Halpha), and 1.7 t o  0.25 ppm in  the  aliphatic 
methy l  and methylene region (Ho). Water and phenolic OH pro ton  signals were 
omitted, and solvent (deuteropyr id ine)  contr ibut ions were subtracted from the  total 
integrated area. Calculation o f  molecular parameters, fa, sigma and Haru/Car were 
car r ied  ou t  as de f ined by Brown and Ladner (5). 

Figure 3 i l l us t ra tes  t h e  approach to  constant composition of  t he  h igh  pressure 
volat i le oils collected d u r i n g  each pass. T h e  d iscont inu i ty  of t he  curves  following 
the  sixteenth pass was caused b y  t h e  operational problem prev ious ly  discussed. 
Agreement o f  the t w o  methods of  analysis was good. A p lo t  of  I R  ra t io  versus 
NMR rat io was l inear  wi th a correlat ion coeff ic ient  o f  0.96. NMR data i s  l isted in 
Tables 2 and 3. Gas chromatographic separation indicated about 269 resolved 
components us ing  a 50 meter OV-101 glass capi l lary column. There were 30 
components p resent  in 1 t o  4% concentration, 23 in 0.5 to  I%, 110 in 0.1 to O.S%, 
and 106 in 0.01 to 0.1% concentrat ion.  Ident i f icat ion of  the  components of  the  
l i gh t  oil i s  in progress and wi l l  be repor ted  a t  a f u t u r e  date. 

Low voltage low resolut ion mass spectrometry provided an indicat ion o f  the  
organic oxygen compound t y p e  d is t r ibu t ion  of t h e  h igh  pressure  volati le oils 
(F igure  4). The b u i l d  u p  o f  phenolic oxygen observed b y  mass spectrometry was 
also observed b y  measuring the  phenolic OH pro ton  concentration b y  NMR. The 
total  oxygen conten t  b y  neut ron  act ivat ion analysis equaled the  organic oxygen 
content f rom LVMS p lus  t h e  water oxygen content measured b y  Kar l  Fischer 
t i t r a t i on  i n  t h e  l ined  ou t  volat i le oil. T h e  computer program f o r  analysis of  mass 
data was or ig ina l l y  developed fo r  analysis o f  gas i f ie r  t a r  (6) and accounted f o r  76% 
o f  t h e  total ion  c u r r e n t .  

Determination o f  the  molecular weight d is t r ibu t ion  (MWD) of  t he  THF soluble 
f rac t ion  of  t h e  p r o d u c t  stream was car r ied  ou t  u s i n g  gel permeation HPLC with uv 
detection a t  365 nm (7) .  T h e  s ta r tup  solvent was mostly replaced b y  l igni te 
der ived  o i l  by pass number 5 (F igure  5). T h e  THF soluble f rac t ion  o f  t he  product 
stream yields an average MW o f  300 re la t i ve  t o  Water's polystyrene standards. 

Gel permeation chromatography o f  t he  non-dist i l lable but THF soluble f ract ion 
of t h e  p r o d u c t  stream indicated an increase in molecular weight during passes 6-14 
which paralleled the  t rend  in percent  vacuum bottoms. Th is  i s  another indication 
t h a t  organic polymerization was t h e  probable cause of  coke formation in the 
reactor.  Temperature was he ld  constant d u r i n g  processing. Reactor temperature 
has been prev ious ly  observed t o  be the predominant fac to r  in lowering molecular 
we igh t  in b o t h  ba tch  autoclave studies (8) and s t i r red  autoclave continuous 
process u n i t  studies (1,Z). Figure 6 i l lustrates t h e  ra t io  of  uv absorbance a t  254 
nm of h i g h  molecular weight t o  low molecular weight materials versus reactor 
temperature in studies ca r r i ed  out w i th  t h e  batch autoclave and the  continuous 
s t i r r e d  autoclave unit. T h e  s t rong temperature dependence o f  t he  MWD between 
400 and 5OOOC is read i l y  observed. T h a t  a CPU yielded similar dependence can 
also b e  noted. 

The ashes obtained f r o m  the  feed s l u r r y ,  p r o d u c t  s l u r r y  and reactor coke 
material have been examined to  determine if the coke contains any  enrichment of 
Ca, Mg, Fe, o r  Na content.  None was observed, suppor t ing  the  hypothesis tha t  
cok ing  was d u e  t o  polymerizat ion of the  organic phase ra ther  than agglomerization 
and deposition of  minerals.  F igure  7 depicts the  locations where samples were 
obtained from coke removed from t h e  reactor a f te r  Run 28. Three d is t inc t  d i f fe r -  
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ent ly  colored regions were observed. T h e  center (83-1) was softer and s l i gh t l y  
s t i cky ,  while the  o ther  areas were h a r d  and b r i t t l e .  Ash and s u l f u r  content 
indicated l i t t le  var iab i l i t y  in composition of  t he  coke from t h e  reactor (Table 4). 
Analysis of  t he  ashes o f  feed s l u r r y ,  p r o d u c t  s l u r r y  and coke samples w i th  an 
induc t ive ly  coupled argon plasma ( ICAP) spectrometer a f te r  d igest ion indicates t h a t  
t he  Ca, Fe, Mg and Na contents a re  essentially ident ical .  T h e  data does indicate 
tha t  no bu i l d  u p  of  calcium carbonate occur red  in the  s t i r red  autoclave reactor t o  
cause reactor p lugg ing  as has been observed in t u b u l a r  reactors (9). T h e  
presence o f  5.7 wt.  percent  carbonate was observed b y  TGA analysis ind ica t ing  
carbonates were present.  Since much o f  t he  sodium and calcium content of  low 
rank  coals i s  dispersed th roughout  the  organic mat r ix  as humate salts, t h e  
formation o f  bicarbonate-carbonate salts i s  expected f rom decarboxylat ion of t h e  
humates ear ly in the  process. High CO and water concentrations in the  reactor 
may account f o r  not observing carbonate Sgglomeration . 

Acknowledgement: We are indebted to  Dr .  Warrack Willson (Liquefact ion Project  
Manager), Gene Baker, Raymond Majkrzak and James T ibbet ts  f o r  operat ion of t he  
CPU and calculation of  y ie ld  data. We also t h a n k  Dr .  Sylv ia Farnum, Dr .  Warren 
Reynolds, William Barton, David Miller, Ed Bitzan, Diane Rindt,  George 
Montgomery and Steven Benson f o r  con t r ibu t ions  o f  data and he lp fu l  discussions. 
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Sample 

27L01 
LO2 
LO3 
LO4 

28L02 
LO4 
LO6 
LO8 
L O 1 0  
LO12 
L O 1 3  
LO14 
LO15 
LO16 
L017A 
LO18 

Table 1 
Ef f luent  Water Compositiona 

(Averages o f  Recycle Passes 21, 24, 29 and 32) 
(Concentrat ions in ppm) 

p H  a t  analysis 
A lka l in i ty  as CaC03  
Ammonia 
Tota l  s u l f u r  
Total carbon 
Inorganic  carbon 
Organic Carbon 
Phenol 
o-cresol 
& p - c r e s o l s  

8.6 
80,400 
27,300 

2,380 
31,200 
12,400 
18,800 

6,430 
579 

1,640 

a. Analys is  car r ied  o u t  u n d e r  cont rac t  by Stearns-Roger, Inc.  

P a s s  No 

0.5  
4 . 2  
8 .7  

13 .6  

18 
20 
22 
24 
26 
28 
29 
30 
31 
32 
33  
34 

%Ha r 

8 . 0  
12.7 
19 .3  
22.6 

21.7 
1 7 . 1  
19 .6  
19.5 
21.9 
20.9 
21.3 
22.6 
21.9 
22.0 
22.5 
18.6 

Table  2 
NMR Analys i s  of  Ligh t  O i l s a  

"%Ha 

13.0 
15 .7  
20.1 
20.9 

23.2 
18.3 
22.0 
18.8 
22.8 
19.5 
19.7 
20.7 
20.7 
20.4 
20.3 
18.9 

Orno 

79 .0  
71 .6  
60.7 
56 .4  

55.1 
64.6 
58 .4  
61.7 
55.2 
59 .6  
59.0 
56.7 
57 .4  
57.5 
57 .2  
62.5 

fa  

0.167 
0.264 
0.387 
0.432 

0.415 
0.346 
0.386 
0.378 
0.406 
0.393 
0.393 
0.406 
0.398 
0.405 
0.410 
0.351 

U 

0.455 
0.416 
0.364 
0.348 

0.393 
0.404 
0.413 
0.380 
0.392 
0.370 
0.373 
0.383 
0.376 
0.384 
0.368 
0.378 

Haru f Car 

1.602 
1.395 
1.191 
1.182 

1.224 
1.230 
1.246 
1.216 
1.282 
1.228 
1.257 
1.286 
1.286 
1.256 
1.244 
1.363 

OJIphenolic 

0 
0.79 
1.84 
2.53 

2.08 
1.72 
2.02 
2.43 
2 .51  
2.49 
2.74 
2.86 
2.63 
2.59 
2.74 
2.07 

a .  Analyses performed on a Varian EM-390 Spectrometer  l o c a t e d  a t  t h e  
U n i v e r s i t y  o f  North Dakota Department o f  Chemistry. 
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Sample 
27-Y1 
27-B2B 
27-B2D 

28-2B 
28-4B 
28-6B 

8B 
10B 
12B 
13B 
14B 
15B 
16B 
17B 
18B 
22B 

Pass No. 
1 
3 
5 

18 
20 
22 
24 
26 
28 
29 
30 
31 
32 
33 
34 
38 

Table 3 
NNR Analysis of  Unfiltered Producta 

“&Ha r %Ha O D 0  fa 
33.4 28.6 38.0 0.650 
35.8 28.5 35.7 0.670 
38.0 28.6 33.5 0.693 

42.6 
43.4 
42.7 
43.1 
43.5 
43.0 
43.9 
43.1 
42.5 
44.1 
41.5 
41.1 
41.6 

28.7 
29.3 
28.8 
28.3 
27.1 
28.6 
27.7 
28.3 
28.0 
28.2 
30.2 
29.3 
30.8 

28.7 
27.3 
28.4 
28.6 
29.5 
28.4 
28.5 
28.6 
29.5 
27.7 
28.3 
29.5 
27.6 

0.730 
0.737 
0.734 
0.735 
0.739 
0.741 
0.746 
0.745 
0.737 
0.753 
0.718 
0.735 
0.745 

U 
0.296 
0.294 
0.304 

0.303 
0.284 
0.287 
0.286 
0.274 
0.289 
0.278 
0.286 
0.291 
0.289 
0.295 
0.317 
0.326 

Ham/ Ca r 
0.762 
0.774 
0.756 

0.750 
0.741 
0.734 
0.741 
0.723 
0.718 
0.713 
0.701 
0.713 
0.697 
0.770 
0.701 
0.687 

a. Analyses performed on a Varian EM-390 Spectrometer located at the University 
of North Dakota Department of Chemistry. 

Table 4 
Analyses of the Feed Slurry (FS), Product Stream (PB) 

and Reactor Coke (CK) by ICAP after High Temperature Ashinga 

Run 28 
Elemenfl 
Sample FS4 FS13 FS15 FS16 FS Ave PB8 PB13 PB15 PB16 PB Ave 

Ca,~lO-~pprn 83.1 80.3 81.6 83.4 82.1 85.0 78.8 83.2 80.7 81.9 
Fe 86.2 84.7 84.5 85.5 85.2 89.0 85.4 89.5 86.2 87.5 
Mg 23.4 22.8 23.0 23.6 24.1 23.0 23.2 23.2 

22.5 22.6 23.2 22.3 22.9 23.6 23.2 23.9 22.9 23.4 
28.7 29.4 30.9 27.1 26.9 31.3 29.7 29.7 
27.9 29.4 30.7 27.3 28’9 27.9 31.2 29.7 29.8 29‘5 

3 
Run 28 Coke 
Element/ 

~ a , x l ~ - ~ p p m  83.9 86.3 
Fe 83.4 87.2 
Mg 23.8 24.2 

22.9 23.7 
29.4 31.3 Na 
24.9 30.6 

SampleC CKBl cm3-4 

Mg2 

Na2 
a .  Determinations. 
b. 
c. 

As an example FS4 = feed slurry on the fourth recycle pass. 
See Figure 7 for locations where coke samples were obtained. 
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S e p a r a t i o n  of  Coal-Derived Liquids  By G e l  Permeation 
Chromatography 

C .  V. P h i l i p  and Rayford G.  Anthony 

Department of Chemical Engineer ing 
Texas A&M U n i v e r s i t y  

Col lege  S t a t i o n ,  Texas 77843 

INTRODUCTION 

C h a r a c t e r i z a t i o n  and es t imat ion  of  components i n  c o a l  der ived  products  are always 
t i m e  consuming and complex due t o  t h e  number o f  v a r i o u s  c o n s t i t u e n t s  present  i n  them. 
Most of t h e  people  working i n  t h i s  a r e a  t r y  t o  s e p a r a t e  coa l  der ived  mixtures  i n t o  
f o u r  or f i v e  f r a c t i o n s  and each f r a c t i o n  i s  enr iched  w i t h  chemical ly  s i m i l a r  spec ies  
(1 t o  7 ) .  The f r a c t i o n a t i o n  i s  achieved by e i t h e r  us ing  the  d i f f e r e n c e  i n  t h e  solu-  
b i l i t y  of  v a r i o u s  components i n  s o l v e n t s  wi th  d i f f e r e n t  chemical a f f i n i t i e s  o r  using 
absorp t ion  chromatography, mainly s i l i c a  g e l  columns o r  v a r i o u s  ion  exchange and ion- 
p a i r  columns. The l a t t e r  ach ieves  a c l e a n e r  s e p a r a t i o n  than t h e  former. The major 
disadvantage of b o t h  techniques  is t h e  l o s s  of m a t e r i a l  balance a t  t h e  end of  the 
s e p a r a t i o n  and t h e  t i m e  consuming s t e p s  involved.  Development of technology on hydro- 
genat ion and s o l v e n t  l i q u e f a c t i o n  of c o a l  r e q u i r e s  a n a l y t i c a l  techniques f o r  t h e  f a s t  
r e l i a b l e  moni tor ing  of c o a l  der ived  f l u i d s .  When s o l v e n t s  l i k e  t e t r a l i n  are used f o r  
t h e  l i q u e f a c t i o n  experiments  t h e  a n a l y s i s  of t h e  c o a l  der ived products  is complex due 
t o  the  l a r g e  excess of t e t r a l i n  and t e t r a l i n - d e r i v e d  products  i n  t h e  l i q u i d  phase of 
t h e  s y s t e m .  The removal of  t h e  s o l v e n t  system by convent ional  s e p a r a t i o n  methods l i k e  
d i s t i l l a t i o n  may r e s u l t  i n  t h e  p a r t i a l  o r  complete l o s s  of a number of coal-derived 
components wi th  b o i l i n g  p o i n t s  c l o s e  t o  t h a t  of  t e t r a l i n .  This  paper d i s c u s s e s  the u s e  
of ge l  permeation chromatography fol lowed by h igh  r e s o l u t i o n  gas  chromatography-mass 
spectrometry f o r  the s e p a r a t i o n  and c h a r a c t e r i z a t i o n  of coa l  der ived  l i q u i d s .  

GEL PERMEATION CHROMATOGRAPHY (GPC) 

Gel Permeat ion Chromatography u s e s  columns packed wi th  swel led polymer p a r t i c l e s  
wi th  c o n t r o l l e d  p o r e  s i z e ,  formed by t h e  copolymerizat ion of s t y r e n e  and divinylbenzene. 
GPC s e p a r a t e s  molecules  according t o  molecular  s i z e  based upon a d i s t r i b u t i o n  between a 
s t a t i o n a r y  phase o f  c o n t r o l l e d  pore  s i z e  d i s t r i b u t i o n  and mobile l i q u i d  phase. 
molecules e l u t e  f a s t e r  than smal le r  molecules  s i n c e  l a r g e r  molecules a r e  less probable  
t o  d i f f u s e  i n t o  t h e  l i q u i d  t rapped i n s i d e  the  pore.  
pore  s i z e  which v a r i e s  from l O O A  t o  1 0 6 ~ ,  the  technique can be used t o  s e p a r a t e  molecules 
over  a wide range of  molecular  s i z e ,  s e v e r a l  m i l l i o n  t o  less than  100 molecular weight. 
The r e t e n t i o n  volume Vr i n  a GPC i s  given by t h e  fo l lowing  equat ion ,  

Larger  

S e l e c t i n g  t h e  columns wi th  proper 

V = Vi +- KV 
P 

where V i  is t h e  column i n t e r s t i t i a l  volume, Vp is t h e  t o t a l  pore  volume and K i s  the  
p a r t i t i o n  c o e f f i c i e n t ,  t h e  r a t i o  of t h e  a c c e s s i b l e  pore volume t o  t h e  t o t a l  pore volume. 
A l l  s o l u t e s  e l u t e  between V i  and V i  + Vp. 
of V i  t o  Vp is i n  t h e  o r d e r  1-1.3. 
be separa ted  on  GPC is l i m i t e d  compared to  o t h e r  modes of LC. 
samples c a n  be s e p a r a t e d  wi thout  s a c r i f i c i n g  much of t h e  r e s o l u t i o n  i n  about 20 

For S t y r a g e l  columns t h e  va lue  of the  r a t i o  
Consequently t h e  t o t a l  number of peaks t h a t  can 

R e l a t i v e l y  l a r g e r  
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to 40 minutes. 
method for fractionating samples according to molecular size. 

Because of its operational simplicity, GPClends itself as an efficient 

EXPERIMENTAL 

In the separation of coal derived liquid we used two separate GPC systems. 
system consists of four 100 A VStyragel columns and THF as the liquid phase, while 
the other system consists of two 100 3 p Styragel columns and toluene phase. 
refractometers (Waters Model R 401 and R404) and a W detector were used for monitoring 
the effluents from the columns. A flow rate in the range of 0.75 to 1 ml was used for 
both systems. The samples were injected into the systems as pure liquids or as a con- 
centrated solution. 
the separation of coal-derived liquids. 
tetralin as hydrogen donor solvent were injected into the columns after filtration us- 
ing micropore filter without any dilution. Syn-Crude from the Pittsburgh Energy 
Center pilot plant was obtained as a very viscous material and it was dissolved in THF 
and injected as a 25% solution after two filtrations using micro-pore filters. Since 
THF is an excellent solvent for coal-derived liquids, samples were dissolved in THF 
and used in the GPC system with tolugne as the mobile liquid phase. A number of com- 
pounds representing various chemical species in coal-derived liquids were obtained from 
commercial sources and these were used without purifLcation for GPC retention volume 
studies. When both THF and toluene GPC systems are used for the separation of a coal- 
derived sample, the fractions from one system were concentrated before injecting into 
the second system. In certain cases, the samples were completely evaporated and redis- 
solved in the solvent of the second system. Most of these sample manipulations were 
conducted under dry anaerobic condition. The final characterization of components in 
various GPC fractions were done using GC and GC-MS. The methodology is expalined in 
earlier works (8 to 12). 

One 

Two 

A sample size of about 250 pls was injected into the column for 
Samples from liquefaction experiments using 

RESULTS AND DISCUSSION 

Resolution and percentage of recovery are the two main issues to be solved in 
order to achieve a successful separation of any complex mixture by chromatographic 
techniques. 
Styragel columns and carrier solvents such as THF and toluene. Figure 1 shows the 
effect of sample size on peak broadening. Four compounds - octadecane, tetradecane, 
phenol and tetralin - used in the study represent three major chemical species found 
in coal-derived products namely straight chain hydrocarbons, phenols and aromatics. 
The precipitation of octadecane from the mixture was prevented by adding THF (about 
15%) to the prepared sample. The use of concentrated or undiluted samples does not 
affect the specific retention volumes or resolutions. When sample size was increased 
from a few milligrams to over a hundred milligrams the observed peak broadening was 
minimal. GPC of a sample with each component over 50 milligram showed unacceptable 
peak broadening. It was also found that when a sample contained a large amount of one 
component and other components are not in the over loading range, the resolution of 
the mhor components were unaffected by the overloading effect of the large component. 

THF resulting in a larger molecular size and a lower retention volume. 
solvents like toluene are used the molecular size is more or less unaffected. The 
retention volume of several compounds in THF and toluene are listed in Tables I and 
11. 
lustratedin Figure 2. 
have smaller molecular sizes(1arger retention volumes) compared to straight chain 
hydrocarbons of similar molecular weights ( 8 ). Phenol hydrogen bonds with THF (1 to 
1 complex) resulting in a molecular size larger than a four ring aromatic hydrocarbon. 
Tetralin, naphthalene and toluene have the same molecular size. 
that the molecular size in a liquid phase gets a substantial contribution from the 

The percentage of recovery is very close to 100% for GPC systems using 

When THF is used as the mobile liquid phase certain species can hydrogen bond with 
When nonpolar 

The effect of solvent on specific retention volumes of various compounds are il- 
It is interesting to note that rigid molecules like aromatics 

It could be inferred 
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f l e x i b l e  p a r t  of t h e  molecules  o r  t h e  bonds w i t h  freedom of r o t a t i o n .  No molecular 
e f f e c t  r e s u l t i n g  from t h e  s o l u t e - a s s o c i a t i o n  w i t h  to luene  was de tec ted .  

coal-der ived l i q u i d s .  Contrary t o  t h e  general. b e l i e f  t h a t  coal-der ived l i q u i d s  are 
extremely complex and are formed of s e v e r a l  thousands of compounds a s imple concept 
t h a t  coal-der ived l i q u i d s  are simple and composed of four  of f i v e  d i s t i n c t  chemical 
s p e c i e s  such as alkanes, ' a s p h a l t e n e s ' ,  phenols  and aromat ics  was used f o r  GPC sepa- 
r a t i o n s .  
l i q u i d s  by GPC system us ing  THF as t h e  mobile l i q u i d  phase w a s  per fec ted .  
shows t h e  GPC of  a sample from a Texas l i g n i t e  l i q u e f a c t i o n  experiment using t e t r a l i n  
as t h e  hydrogen-donor so lvent .  The sample has  about 20% l i g n i t e - d e r i v e d  products  and 
t h e  rest composed of t e t r a l i n  and t e t r a l i n - d e r i v e d  products  such a s  naptha lene  and de- 
c a l i n .  The GPC s e p a r a t e s  t h e  sample i n t o  f i v e  f r a c t i o n s .  The f i r s t  f r a c t i o n  i s  com- 
posed of  c o l l o i d a l  carbons  as w e l l  a s  high molecular  weight spec ies .  
h igh  molecular  weight s p e c i e s  are not  completely c h a r a c t e r i z e d ,  t h e  pre l iminary  t e s t  
shows t h a t  they  are mainly of s a t u r a t e d  hydrocarbon cha ins .  The second f r a c t i o n  is  
composed of hydrocarbon c h a i n s  as w e l l  as a s p h a l t e n e s .  
s a t u r a t e d  hydrocarbons from t h e  n o n - v o l a t i l e  asphal tenes .  
used f o r  a s p e c t r a  of  compounds seen i n  t h e  GPC wi th  a wide molecular  weight d i s t r i -  
bu t ion  but they  are r e l a t i v e l y  n o n - v o l a t i l e  o r  decompose a t  h igh  temperature  so t h a t  
t h e i r  c h a r a c t e r i z a t i o n  by GC-MS o r  MS is so f a r  unsuccessfu l .  
a n a l y s i s  of t h e  a s p h a l t e n e  der ived  from West V i r g i n i a  sub bituminous c o a l ,  can be 
expressed as (C14R15O N S )n,  where v a l u e s  of x ,y  and z a r e  less than  1. 
s p e c t r a  of t h e  a s p h a l t e n e  f r a c t i o n  is similar t o  those  publ ished by o t h e r  workers (1). 
The molecular weight d i s t r i b u t i o n ,  as it is apparent  from t h e  GPC p a t t e r n  resembles t o  
r e p o r t e d  va lues  ( 5 ) .  

The a l i p h a t i c  p o r t i o n  of f r a c t i o n  2 and f r a c t i o n s  3,  4 and 5 were analyzed by GC- 
MS and the  t o t a l  ion g a s  chromatograms of t h e s e  f r a c t i o n s  are shown i n  f i g u r e  4. The 
peaks are i d e n t i f i e d  i n  Tables  111, I V  and V. Since the s e p a r a t i o n  of  f r a c t i o n s  were 
made on an a r b i t a r y  basis, s l i g h t  overlapping of some s p e c i e s  are expected.  The al ipha-  
t i c  f r a c t i o n  is  almost  f r e e  of  any phenols  and aromatics .  A p o r t i o n  of t h e  lower 
members of a lkanes  such  as dodecane and t r i d e c a n e  a r e  p r e s e n t  i n  t h e  phenol ic  c u t  
( f r a c t i o n  3 ) .  
molecular  weight phenols  over lap  i n t o  t h e  a romat ic  c u t .  The c u t  between t h e  hydrogen 
donor system namely t e t r a l i n  and t h e  coal-der ived aromat ics  encounters  unavoidable 
overlapping due  t o  the column over loading  e f f e c t  of t h e  t e t r a l i n  system, which com- 
poses  almost 80% of t h e  sample s i z e .  Any a k y l a t e d  a romat ic  wi th  t h e  except ion  of 
t o l u e n e  (same e f f e c t i v e  molecular  s i z e  as naphthalene)  has a r e t e n t i o n  volume lower 
than  t h a t  of naphtha lene  and t h e  overloading causes  broadening of t h e  peak r e s u l t i n g  
from t a i l i n g .  
system is  obta ined .  F igure  4e shows t h e  s e p a r a t i o n  of t e t r a l i n  system. GPC does not  
s e p a r a t e  t e t r a l i n  from naphtha lene  of o t h e r  t e t r a l i n - d e r i v e d  products  due t o  t h e i r  
c l o s e  molecular  s i z e s .  

MS. 
t h e  c a s e  of the bench s c a l e  experiments ,  t h e  s e p a r a t i o n  is less complex i n  appearence. 
A s  f a r  as i n d i v i d u a l  components are concerned t h e r e  i s  l o t  of s i m i l a r i t y  i n  t h e  general  
p a t t e r n  of v a r i o u s  coa l -der ived  l i q u i d s .  
(P i t t sburgh  Energy Center p i l o t  p l a n t ,  der ived  from West V i r g i n i a  sub-bituminous coa l . )  
F i g u r e s  5 b t o  f show t h e  GPC of t h e  f r a c t i o n s .  It could be concluded from these  
f i g u r e s  t h a t  t h e  recovery of t h e  sample i n j e c t e d  i n t o  t h e  columns is n e a r l y  100%. 
components i n  f r a c t i o n  1 have a g r e a t e r  tendency f o r  spreading  than o t h e r s .  

The r e t e n t i o n  volume of known compounds could be  used as a guide t o  f r a c t i o n a t e  

By a t r i a l  and e r r o r  method, t h e  technique of  f r a c t i o n a t i n g  coal-derived 
Figure  3 

Although t h e  

Vaccum d i s t i l l a t i o n  s e p a r a t e s  
The term asphal tenes  i s  

Using t h e  elemental  

NMR and I R  
X Y  

Although t h e  phenol ic  c u t  d i d  n o t  have any aromat ics ,  some of the  low 

A s  a r e s u l t  f a i r l y  good s e p a r a t i o n  of a romat ics  from t h e  t e t r a l i n  

Coal der ived  l i q u i d s  from a p i l o t  p l a n t  were a l s o  separa ted  by GPC followed GC- 
Since they  do n o t  c o n t a i n  a l a r g e  amount of any.hydrogen donor s o l v e n t  systena a6 i n  

F igure  5a shows t h e  GPC of Syn-Crude sample 

The 

When t h e  GPC system us ing  THF is used f o r  t h e  s e p a r a t i o n  of c o a l  der ived  l i q u i d s ,  
the GC-MS of v a r i o u s  f r a c t i o n s  i n d i c a t e  reasonably good separa t ions .  
components could s t i l l  over lap  and escape  GC-MS d e t e c t i o n .  
a r o m a t i c s w h i c h  are n o n v o l a t i l e  are p r e s e n t  i n  t h e  coal-der ived l i q u i d s ,  they  may be 

But n o n v o l a t i l e  
I f  l a r g e  molecular  s i z e  

206 



present  i n  t h e  phenol ic  f r a c t i o n .  Phenol ic  f r a c t i o n s  of coal-der ived l i q u i d s  from 
experiments using t e t r a l i n  conta in  two isomers of octahydrobinaphthyl  (dimeric  form 
of t e t r a l i n )  as shown i n  F igure  3b. The phenol ic  f r a c t i o n  may have over lapping  from 
t h e  low molecular s i z e  asphal tenes .  U s e  of a GPC system wi th  to luene  as t h e  mobile  
l i q u i d  phase could s o l v e  some of t h e s e  problems. GPC s e p a r a t i o n  of Syn-Crude u s i n g  
to luene  i s  shown i n  Figure 6a. The f r a c t i o n s  were f u r t h e r  separa ted  by a GPC system 
using THF. In t h e  to luene  system both  phenols  and aromatics  have more o r  less s i m i l a r  
molecular  s i z e s  due t o  t h e  absence of any hydrogen bonding between t h e  s o l v e n t  and t h e  
coal-derived products .  
shows t h e i r  s e p a r a t i o n  by t h e  GPC system us ing  THF. 
f r a c t i o n  from t h e  to luene  -GPC system should s p l i t  up i n  t h e  THF -GPC system i f  t h a t  
f r a c t i o n  conta ins  both hydrogen bonding and non-hydrogen bonding spec ies .  A s  expec ted ,  
a l l  t h r e e  f r a c t i o n s  from Toluene-GPC show s i g n s  of spreading due t o  hydrogen bonding i n  
THF. Ul t imate ly  a combined u s e  of two systems using two d i f f e r e n t  s o l v e n t s  such as THF 
and Toluene can  achieve  a s u p e r i o r  s e p a r a t i o n  f o r  c o a l  der ived  l i q u i d s .  

Frac t ion  3 i s  composed of phenols  and aromat ics  and Figure  6d 
It could be assumed t h a t  any 

CONCLUSIONS 

The a n a l y t i c a l  techniques have t o  be developed f u r t h e r  f o r  t h e  c h a r a c t e r i z a t i o n s  
of asphal tenes  and n i t r o g e n  conta in ing  spec ies .  
could be  separa ted  u s i n g  a p p r o p r i a t e  so lvent  manipulat ions i n  t h e  GPC systems. 
w a s  found t h a t  var ious  coal-der ived l i q u i d s  have more o r  less similar components. 
Although Texas l i g n i t e  v a r i e s  i n  i t s  BTU v a l u e  a s  w e l l  as i t s  a s h  c o n t e n t ,  a s t r i k i n g  
s i m i l a r i t y  i n  t h e  composition of l ign i te -der ived  l i q u i d s  was observed. 
l i q u i d s  from West V i r g i n i a  sub bituminous c o a l  shorsa resemblance t o  Texas l i g n i t e -  
d e r i v e d l i q u i d s .  
i n  r e l a t i v e l y  small amounts. 
molecular  s t r u c t u r e  made up of l o o s e l y  bound b u i l d i n g  blocks such as a l k y l a t e d  phenols  
and a l k y l a t e d  aromatics  (one o r  two r ing-spec ies  predominating) and t rapped long c h a i n  
a lkanes .  

It i s  q u i t e  l i k e l y  t h a t  t h e  l a t te r  
It 

Coal-derived 

The amount of aromatic  s p e c i e s  wi th  t h r e e  o r  more r i n g s  w a s  d e t e c t e d  
It could be q u i t e  p o s s i b l e  t h a t  most c o a l  may have a 
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Table  1 Retent ion  Volume i n  THF Table I1 Retent ion  Volume i n  Toluene 

Compound Retent ion Vol. Compound Retent ion Vol. 

Pyr id ine  34.7 Phenol  

Quinoline 33.08 p-Cresol 

Benzoquinoline 32.00 Naphthol 

21.5 

19.7 

19.7 

Acridine 32.00 T e t r a l i n  18.97 

N-Ethyl Carbazol  30.9 I n d o l  17.91 

Anil ine 30.26 Quinol ine 16.66 

Phenol 30.00 Octanol  16.28 

p-Cresol 29.3 N-Ethyl Carbazol  14.6 

Trimethyl phenol  29.0 

8-Naphthol 28.64 

Octanol 26.8 

Tetradecane 25.0 

Tetradecane 14.0 

Octadecane 11.66 

Table  I11 Hydrocarbon Chains Separated from GPC F r a c t i o n  #2 

A l i p h a t i c  F r a c t i o n  
Retent ion Time 

( E n .  ) Compound 

8.0 Dodecane 

9.7 Tridecane 

13.7 Tetradecane 

16.7 Pentadecane 

19.8 Hexadecane 

22.9 Heptadecane + P r i s t i n e  

25.7 Octadecane 

28.3 Nonadecane 

31.0 Eicosane 

A l i p h a t i c  F r a c t i o n  
Retent ion  T i m e  

( E n .  ) Compound 

33.5 

35.9 

38.2 

40.4 

42.7 

44.8 

46.9 

48.9 

50.7 

Heneicosane 

Docosane 

Tricosane 

Tetracosane 

Pent  a co sane 

Hexacosane 

Heptacosane 

O c  t acosane 

Nonacosane 
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b .  

rmllnln min. 
80 05 

TETRALIN 

Figure 4. 
Column: 
carrier gas: 20 m l  helium/min., a. 
from GPC fraction #2, temperature program 8O-27O0C at 4 C/min. b. 
Separation of fraction #3,  temperature program: 80-270°C at 2OC/ 
min. for 40 min. followed by 4'C/min., C .  

temperature program 5Oo-27O0C at 2"C/min. for 40 min. followed by 
4'C/min. d. Fraction #5 was separated on a 10% SP2250 on 100/120 
supelcoport 1/4 in. od X 8 ft. SS column at 160'C isothermal. 
flow rate: 

Total ion gas chromatogram of GPC fractions (Figure 3 ) .  
5% Dexsil 300 on 100/120 Chromosorb H-WP, 1/8 in. odX8 ft., 

Separation of hydrocarbon chains 

Separation of fraction t4, 

Helium 
60 m l  per min. 
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Charac te r i za t i on  o f  Upgraded Coal L i q u i d s  

Takao Hara, Kr ishna C. Tewari, Norman C. L i  

Department o f  Chemistry, Duquesne U n i v e r i s t y ,  P i t t sbu rgh ,  PA 15219 

Yuan C. Fu 
Pi t t sbu rgh  Energy Technology Center, U.S. Department o f  Energy 

4800 Forbes Avenue, P i t t sbu rgh ,  PA 15213 

INTRODUCTION 

The upgrading o f  coa l  l i q u i d s  has become necessary i n  o r d e r  t o  make 
acceptable f u e l s  f o r  home, t r a n s p o r t a t i o n  and i n d u s t r i a l  use. Several 
research groups have stepped up t h e i r  a c t i v i t i e s  i n  coa l  l i q u i d  up- 
grading, as evidenced by a r e c e n t  symposium (1). However, o n l y  a few 
s tud ies  have been r e p o r t e d  on c h a r a c t e r i z a t i o n  and s t r u c t u r a l  a n a l y s i s  
o f  t he  d i f f e r e n t  f r a c t i o n s  ob ta ined  i n  t h e  upgrading o f  coa l -de r i ved  
l i q u i d s .  

I n  t h i s  study, upgraded coal  l i q u i d s  from a b lend  o f  30 weight  percent  
o f  SRC I w i t h  70 weight  pe rcen t  o f  SRC 11, as w e l l  as f rom SRC 11, have 
been s tud ied  by I R  and NMR techniques.  
parameters o f  t h e  upgraded l i q u i d s  has been determined as a f u n c t i o n  o f  
r e a c t i o n  temperature and con tac t  t ime  i n  t h e  c a t a l y t i c  hydroprocessing. 
The r e s u l t s  i n d i c a t e  t h a t  a long w i t h  t h e  decrease i n  heteroatom contents ,  
asphaltene content ,  aromat ic  con ten t  and a corresponding i nc rease  i n  
a l i p h a t i c  content ,  t h e  hydrogen-bonded s t r u c t u r e  and pheno l i c  OH con ten t  
of t he  coal  l i q u i d s  d r a s t i c a l l y  decrease w i t h  increase i n  c o n t a c t  t ime  
and temperature. 
f o l l ows  a f i r s t - o r d e r  k i n e t i c s  b u t  no such dependence was observed i n  
case o f  a c i d i c  NH. 

The v a r i a t i o n  o f  s t r u c t u r a l  

The disappearance o f  pheno l i c  OH i n  upgrading process 

EXPERIMENTAL 

SRC I and SRC I 1  were made from Kentucky b i tuminous c o a l .  SRC I 1  was 
a l i q u i d  product  w i t h  i n i t i a l  b o i l i n g  p o i n t  o f  453 K and ex tend ing  i n t o  
end b o i l i n g  p o i n t  of 665K. 
l i s t e d  i n  Table 1, w i t h  t h e  r e s u l t s  o f  s o l v e n t  f r a c t i o n a t i o n  based on 
s o l u b i l i t y  i n  to luene  and pentane. The b lend  was prepared by adding 
30 p a r t s  SRC I t o  70 p a r t s  SRC I 1  by we igh t  a t  413-423 K f o r  2.5 hrs .  
under n i t r o g e n  pressure. 

SRC I 1  and t h e  b lend were hydroprocessed over a Ni-Mo c a t a l y s t  (Nalco 
NM504) i n  a t r i c k l e  bed r e a c t o r  a t  hydrogen pressure o f  3.8 MPa, l i q u i d  
hou r l y  space v e l o c i t i e s  (LHSV) o f  0.5, 0.75, and 1.0 h r - ] ,  and tempera- 
tu res  of 672 and 694 K. 
t h e  ox ide form was p r e s u l f i d e d  w i t h  a H2/H$ stream. 
experiments were c a r r i e d  o u t  d u r i n g  a 32-hour continuous opera t i on .  

I n f r a r e d  spect ra were recorded on s o l u t i o n s  i n  CS2 i n  a 5-mm KBr l i q u i d  
c e l l  w i t h  t h e  s o l v e n t  i n  t h e  compensating beam on a Beckman IR-20 i n -  
f r a r e d  spectrometer. The NMR s t r u c t u r a l  parameters ( 2 )  were determined 
before and a f t e r  hydroprocessing by us ing  a 60-MHz FT NMR spectrometer 
(Perkin-Elmer R-600). 

Elemental a n a l y s i s  o f  t he  two products  a re  

P r i o r  t o  t h e  hydroprocessing, t h e  c a t a l y s t  i n  
The hydroprocess ing 
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RESULTS AND DISCUSSION 

Severa l  p r o p e r t i e s ,  i n c l u d i n g  t h e  r e s u l t s  o f  elemental ana lys i s  and 
s o l v e n t  a n a l y s i s  f o r  t h e  two k inds  of feed m a t e r i a l s  and t h e i r  up- 
graded l i q u i d s ,  a r e  l i s t e d  i n  Table 2. The b lend and SRC I 1  a r e  
sometimes r e f e r r e d  as F-1 and F-2, r e s p e c t i v e l y .  Hydroprocessed 
l i q u i d s  f r o m  F-1 a r e  r e f e r r e d  as U-1 t o  U-4, w h i l e  t h e  upgraded 
l i q u i d  f rom F-2 i s  r e f e r r e d  as U-5, accord ing t o  t h e  var ious hydro- 
process ing r e a c t i o n  cond i t i ons  as shown i n  Table 2. Wi th  F-1 as 
feedstock, i nc rease  i n  the  H/C r a t i o  i s  found w i t h  increase i n  con tac t  
t i m e  a t  672 K, b u t  a s a t i s f a c t o r y  i nc rease  i n  H/C can be obta ined a t  
h i g h e r  temperature o f  694 K. 
U-5 a r e  comparable t o  those o f  l i g h t  pet ro leum crude o i l s  such as 
K i r k u k  and K h a f j i  (H/C: 1.68-1.80; s p e c i f i c  g r a v i t y :  0.85-0.89). 
Values o f  U-4 a r e  comparable t o  heavy pet ro leum crude o i l s  such as 
Eocene and Boscan (H/C r a t i o :  
(3) .  
t u r e .  

The I R  s p e c t r a  o f  F-1 and U-4 a r e  shown i n  Fig. 1. The decrease o f  
hydrogen-bonded s t r u c t u r e  a f t e r  upgrading i s  seen by t h e  dramat ic  
decrease o f  broad bands o f  3400 cm-1 (bonded OH) and 1610 cm-1 f o r  
U-4. The i n t e n s e  band o f  1610 cm-l f o r  F-1 i s  due t o  t h e  hydrogen- 
bonded ca rbony l  s t r e t c h i n g  i n  a d d i t i o n  t o  the  s k e l e t o n  v i b r a t i o n  o f  
t h e  aromat ic  r i n g  (4) .  

S t r u c t u r a l  parameters were determined f rom NMR spect ra o f  t h e  coal  
l i q u i d s  i n  CSz. There seems t o  be no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
parameters o f  F-1 and F-2. It should be noted, however, 
t h a t  t he  CS2 - s o l u b l e  f r a c t i o n  o f  t h e  b l e n d  (F-1) i s  89.5% and t h a t  
t h e  t o l u e n e - i n s o l u b l e  f r a c t i o n  o f  F-1 c o u l d  n o t  be d i sso l ved  i n  CS2. 
I n  us ing  F-1 as feedstock, t h e r e  i s  a gradual decrease i n  f a  accompan- 
i e d  by an i nc rease  i n  the  degree o f  s u b s t i t u t i o n  o f  aromat ic  nucleus 
( (J 1, w i t h  i nc rease  i n  con tac t  t i m e  of hydroprocess ing a t  672 K. A t  
t h e  h ighe r  temperature o f  694 K, f a o f  t h e  upgraded o i l s  from F-1 and 
F-2 were decreased t o  0.33 and 0.17, r e s p e c t i v e l y .  
U-5 i s  m a i n l y  composed o f  a l i p h a t i c  compounds, and t h i s  i s  supported 
by t h e  h i g h  H/C r a t i o  (Table 2)  as w e l l  as I R  spect ra.  

Removal o f  pheno l i c  OH and a c i d i c  NH groups i n  hydroprocessing o f  SRC 
l i q u i d s  was s t u d i e d  k i n e t i c a l l y  by measuring t h e  i n t e n s i t y  o f  f r e e  OH 
and NH s t r e t c h i n g  v i b r a t i o n s  a t  3600 and 3480 cm-1, r e s p e c t i v e l y .  
r e l a t i v e  decrease of  t h e  OH and NH group i n t e n s i t i e s  i s  summarized i n  
Table 4 i n  r e l a t i o n  t o  t h e  c o n t a c t  t ime  o f  hydroprocessing o f  F-1 a t  
672 K. The removal o f  OH group was found 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  
(F ig .  2).  However, no such dependence was observed fo r  t h e  KH group. 
I t  must be mentioned t h a t  t h e  importance o f  t h e  e f f e c t  o f  mass t r a n s f e r  
Processes o r  incomplete c a t a l y s t  w e t t i n g  has n o t  been considered i n  t h i s  
d iscuss ion.  As shown i n  Fig. 2, t h e  r e l a t i v e  decrease i n  t h e  N/C r a t i o  
a l s o  fo l l ows  a f i r s t - o r d e r  k i n e t i c s  under the  same r e a c t i o n  cond i t i ons .  
The r e l a t i v e  r e a c t i v i t y  o f  oxygen removal t o  n i t r o g e n  removal i n  hydro- 
Process ing of  F-1 a t  672 K i s  est imated t o  be 2:1, from t h e  slopes i n  
F ig .  2. 

Values o f  H/C and s p e c i f i c  g r a v i t y  o f  

1.51; s p e c i f i c  g r a v i t y :  0.95 - 0.99 
N/C r a t i o  decreases w i t h  i nc rease  i n  contact  t ime and tempera- 

(Table 3). 

Table 3 shows t h a t  

The 
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Fig. 3 shows par t ia l  IR spectra of SRC l iqu ids  before and a f t e r  
hydroprocessing in  ra ther  concentrated CS2 solutions of the same 
concentration (19.2 g / l ) .  After hydroprocessing, the  i n t e n s i t  
of the  3600 cm-1 peak decreases and new absorption a t  2670 cm- 
i s  found i n  the  upgraded o i l s .  The in tens i ty  increases with 
increase in contact time and temperature of hydroprocessing. 
absorption i n  t h i s  region can be ascribed t o  the proton-transfer 
NH s t re tch ing  (N' H . . . O - )  ( 5 ) .  We have previously found t h a t  when 
a n  a l ipha t i c  amine as  triethylamine i s  added t o  the  acid/neutral  
fraction of SRC process solvent,  new absorptions were found a t  
2630, 2610 and 2505 cm-1 (6 )  and we ascr ibe  these t o  the  formation 
of proton-transfer ion ic  species, (N' H...O-). The spectrum o f  
U-5 shows tha t  i t  contains a cer ta in  amount of such species,  even 
a f t e r  almost complete disappearance of N H  s t re tch ing  a t  3480 cm-1. 
The implication i s  tha t  the proton-transfer ion ic  species a r e  
formed under present hydroprocessi ng conditions. 

Table 5 gives the infrared absorbance r a t i o  o f  CH3/CH2 f o r  the  
hydroprocessed l iquids i n  d i l u t e  CS2 solution. The r a t i o  decreases 
from 0.87 to  0.56 with increase i n  contact time of processing a t  
672 K, us ing  F-1 a s  feedstock. T h e  result may indica te  tha t  the 
upgraded o i l s  i n  t he  hydroprocessing treatment takes on a saturated 
cyclic s t ruc ture  (7) .  

Structural  parameters i n  the asphaltene f rac t ions  of the  upgraded 
l iquids a re  given i n  Table 6. 
asphaltenes tha t  the  values of Ha,/Ca ac tua l ly  decrease with increase 
in contact time o f  hydroprocessing, whereas the  reverse i s  t rue  f o r  
the unfractionated l iquids.  There i s  a l so  an increase i n  the number- 
average molecular weight o f  the asphaltenes which a re  i so la ted  from 
liquids which have been hydroprocessed w i t h  a longer contact time. 
The changes i n  properties of the various asphaltenes a re  par t icu lar ly  
intriguing, and we plan fur ther  experiments w i t h  the asphaltenes. 
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Table 3. Structural Parameters for Hydroprocessed SRC Liquids 

Proton Distribution Structural Parameters 
Sample (Area %) 

Aromatic Benzylic Ali hatic fa 0 HdHa + 1 HaJCa 
Ha Ha 80 

F-1** 38.9 27.7 33.4 0.66 0.28 2.2 0.93 
u- 1 21.4 29.7 48.9 0.49 0.42 2.6 0.99 
u- 2 19.3 28.7 52.0 0.45 0.43 2.8 1.03 
u- 3 15.7 24.6 . 59.7 0.41 0.44 3.4 0.97 
u-4 12.9 19.6 67.5 0.33 0.43 4.4 1.05 
F- 2 37.3 29.8 32.9 0.63 0.30 2.1 0.98 
u- 5 4.6 9.6 85.8 0.17 0.51 9.9 0.98 

"Separation point between H and H chosen at 6= 2.1 ppm 

**Elemental analysis of the CS - soluble fraction of F-1: C 88.2, H 8.3, 
0 2.0, N 1.18, S 0.3. 
89.5% and 99.2%, respectively. All other samples are completely soluble 
in CS 

The CZ2- soluble fractions of F-1 and U-1 are 

2'  

Table 4. Reduction of Phenolic (OH) and Acidic Nitrogen (NH) 
Groups in Hydroprocessing of the Blend of SRC I with 
SRC I1 

Sample 

u-1 
u-2 
u-3 

Unfractionated Liquid 
% OH* % NH* 
19 88 
11 82 
4.4 48 

*% of original OH and NH groups remaining in the upgraded 
liquids, determined by IR. 
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A LOW TEMPERATURE REACTION PATH FOR COAL LIQUEFACTION* 

M. G.  Thomas and R. K. Traeger  

Sand ia  L a b o r a t o r i e s ,  Albuquerque, NM 87185 

I n t r o d u c t i o n  

The i n t e r a c t i o n  o f  c o a l  and s o l v e n t  t o  form a g e l  i n  t h e  250-350°c 
range  h a s  s i g n i f i c a n t  i m p l i c a t i o n s  i n  t h e  e f f i c i e n c y  o f  s h o r t  resi- 
dence t i m e  or two-stage l i q u e f a c t i o n  p rocesses  and t h e  o p e r a t i o n  of 
p r e h e a t e r s  i n  e x i s t i n g  c o a l  l i q u e f a c t i o n  processes. T h i s  i n t e r a c t i o n  
h a s  been no ted  (1 ,2 )  d u r i n g  t h e  h e a t i n g  o f  coal s l u r r i e s  i n  au toc laves  
where an  a p p a r e n t  "endotherm" appea r s  i n  t h e  t ime- tempera ture  curve-- 
t h e  "endotherm" i s  c u r r e n t l y  b e l i e v e d  t o  be due  t o  a h igh  v i s c o s i t y  
g e l  r educ ing  h e a t  t r a n s f e r  t o  t h e  thermowell  i n  t h e  au toc lave .  Eval- 
u a t i o n  o f  these t r a n s i t i o n s  l e a d s  t o  t h e  fo l lowing  q u a l i t a t i v e  r e s u l t s .  

1. Coal E f f e c t s  - A s  t h e  r e a c t i v i t y  ( t o  benzene s o l u b l e s )  toward 
l i q u e f a c t i o n  of t h e  c o a l  i n c r e a s e s ,  t h e  tempera ture  of 
t h e  t r a n s i t i o n  i n c r e a s e s ;  

- L i g n i t e s  d o  n o t  e x h i b i t  a measurable t r a n s i t i o n .  

2 .  S o l v e n t  - T r a n s i t i o n s  are n o t  no ted  wi th  pure  hydrogen donor 
s o l v e n t s  a s  t e t r a l i n ;  

a b i l i t y  of t h e  s o l v e n t  i n c r e a s e s .  
- Magnitude o f  t h e  t r a n s i t i o n  i n c r e a s e s  as  d i s s o l v i n g  

Work by Cronauer ( 3 )  and Whi tehurs t  ( 4 )  s u g g e s t s  i n i t i a l  s o l v e n t  

T h i s  pape r  summarizes t h e  r e s u l t s  o f  i n i t i a l  exper iments  on coa l -  

coal r e a c t i o n s  which form adduc t s .  

s o l v e n t  i n t e r a c t i o n s .  R e s u l t s  of l o w  tempera ture  (3OOOC) ba tch  
s t u d i e s  are compared t o  r e s u l t s  ob ta ined  from 400-450°C, s h o r t  resi- 
dence t i m e  con t inuous  reactor s t u d i e s .  

Materia 1 s 

Three c o a l s  o f  va ry ing  r e a c t i v i t y  were r e a c t e d  w i t h  pu re  and 
coa l -de r ived  s o l v e n t s ;  a n a l y s e s  are  shown i n  Table  1 (5).  

Table  1. 

I l l i n o i s  #6 
U l t i m a t e  Burning S t a r  

Carbon 71.5 
Hydrogen 4.8 
Ni t rogen  1 . 5  
S u l f u r  3.3 
Ash 10.0 

Analyses o f  Coa l s  and S o l v e n t s  

West V a .  Heavy Creosote  
I r e l a n d  Bruceton D i s t i l l a t e  #4  Cut 

73.0 81.3 89.9 90.8 
5.2 5.3 1 . 6  5.8 
1 .2  1 . 6  1.4 1.1 
4.5 1 . 2  0 . 4  0.4 

10.0 3.7 .05 < .05 

SRC I1 

Three non-coal-derived s o l v e n t s  used were hexadecane, phenanthrene-- 
b o t h  C.P. grade--and t e t r a l i n ,  t e c h n i c a l  grade. 

Table  2 summarized r e s u l t s  of a u t o c l a v e  l i q u e f a c t i o n  s t u d i e s  on 
t h e  t h r e e  c o a l s .  

* This  work suppor t ed  by t h e  U.S. Department of Energy. 

224 



Table 2 .  Coals  
Autoclave R e s u l t s  (5)  T r a n s i t i o n  Temp. (2) 

Temp % Conv t o  i n  Creosote  O i l ,  
Time (oc) giH S o l  # 4  c u t  (OC) - Coa 1 

I l l i n o i s  # 6  30 430 - 300 

West V i r g i n i a  30 430 64 240 

Bruceton 30 430 4 4  200 

Burning S t a r  

I r e l a n d  Mine 

Experimental  

Two systems were used. The f i r s t  was a g l a s s  system c o n s t r u c t e d  
w i t h  Schlenk a p p a r a t i .  A 1 0 0  m l  f l a s k  was topped wi th  an a d i a b a t i c  
( s i l v e r e d )  r e f l u x  column. A thermocouple was i n s e r t e d  d i r e c t l y  i n t o  
t h e  s l u r r y  and t h e  system was con t inuous ly  f lu shed  wi th  a rgon  a t  1 
atmosphere.  S l u r r i e s  con ta ined  approximate ly  9g c o a l  and 229 s o l v e n t .  
The system was s t i r r e d  wi th  a t e f lon -coa ted  st ir  ba r  i n  t h e  s l u r r y .  
(When h igh  v i s c o s i t i e s  w e r e  reached ,  t h i s  method w a s  i n e f f e c t i v e . )  
T h i s  appa ra tus  w a s  a l s o  employed f o r  h e a t i n g  t h e  d r y  c o a l s  t o  30OoC. 
I n  t h e s e  c a s e s ,  a t h i n  l a y e r  of c o a l  covered t h e  bottom of t h e  f l a s k  
and t h e  thermocouple was i n  d i r e c t  c o n t a c t  w i th  t h e  f l a s k .  

The second system was a fou r - s t age  cont inuous  f low r e a c t o r .  
S l u r r i e s  of 30% coal /70% s o l v e n t  were employed. Procedures  and 
r e s u l t s  a r e  given i n  r e f e r e n c e  6.  

Ana lys i s  

Products  have been analyzed by exhaus t ive  Soxhle t  e x t r a c t i o n  w i t h  
benzene, fol lowed by a THF e x t r a c t i o n  of t h e  benzene i n s o l s  ( 7 )  and a 
s e p a r a t i o n  of benzene s o l s  i n t o  pentane  s o l s  and i n s o l s  ( 7 ) .  Some 
samples were f i l t e r e d  us ing  a p r e s s u r e  f i l t e r  f i t t e d  wi th  #50 Waltman 
f i l t e r  paper.  V i s c o s i t i e s  were measured w i t h  a Brookf ie ld  LVT v isco-  
m e t e r .  

S t a b i l i t y  of Coal and So lven t s  

Experiments on t h e  c o a l  and s o l v e n t  i n d i v i d u a l l y  were c a r r i e d  o u t  
to determine  i f  r e a c t i o n s  observed w e r e  due t o  t h e  i n d i v i d u a l  compo- 
nen t s .  Resu l t s  shown i n  Table  3 i n d i c a t e  no s i g n i f i c a n t  chemica l  
r e a c t i o n  occur s  below 37OoC and h e a t i n g  t o  3OO0C does n o t  r e s u l t  i n  
THF s o l u b i l i t y .  However, s o f t e n i n g  i s  noted i n  t h e  300-330°C range. 

Table  3. Thermal Response of Coals  and Solvent  

Maximum Temperature of Changes i n  
DSC R a t e  of Maximum S o l u b i l i t y  

(Broad W t  Loss Expansion Observed A f t e r  
Coal  Endotherm) TGA by Di la tomet ry  Heat ing t o  3OO0C 

I11 #6 BS % 37OoC % 450°C 3OO0C None 

Bruceton % 37OoC % 450°C 3 3 O°C None 
SRC I1 Boi l ing  Range 290-550°C; no change noted i n  

W. V a .  % 37OoC % 45OoC - None 

Heavy D i s t  h ea t ing  t o  45OoC. 
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Solvent-Coal Studies at Low Pressures 

Results of studies made under inert gas at one atmosphere are 
shown in Table 4 .  

Table 4 .  Low Temperature Liquefaction Results 

Coal 
Solvent Effects 
Bruceton 

Coal Effects 
Bruceton 
W. Va. 
I11 #6 
I11 #6 

Temperature 
Effects 
Bruceton 

Temp 
Solvent OC 

Hexadecane 200 
Tetralin/ 200 
Phenanthrene 
SRC I1 H.D. 200 

SRC I1 200 
260 
300 
300 

Time 
M A  

15 
15 

15 

15 
15 
15 
300 

% Soluble 
Based on MAF Coal 
% Benzene 

0 0 
- 0 . 4  11 

-6.0 25 

-6 25 
-12 22 

- 4  19 
-6 23 

SRC I1 25 0 0 0 
25 15 4 12 
50 15 8 13 
93 15 7 12 
120 15 6 13 
130 15 4 11 
170 15 3 13 
200 15 -6 25 

The data from the low temperature experiments show the following: 
1. Solvent: (a) A non-reactive solvent as hexadecane does not 

dissolve the coal. Tetralin/phenanthrene mix is a good 
hydrogen donor but does not give as large a THF conversion 
as the SRC I1 heavy distillate. 

(b) Increased THF conversion is accompanied by 
increasing solvent loss (benzene solubles) . 

2. Coal: The least reactive coal (Bruceton) toward liquefaction 
at higher temperatures is dissolved more readily at lower 
temperatures. This agrees with the transition tempera- 
tures noted in autoclave heatup curves. 

3.  Temperature: Approximately 13% of the coal can be extracted 
in 15 minutes with THF and this solubility does not 
increase with temperature until the autoclave transition 
temperature is reached; THF solubility increases and 
solvent is lost. 

High viscosity products were noted when the THF solubility 
exceeded 20%; the products contain a high preasphaltene/oil ratio. 
This condition w a s  only observed when the temperatures equaled or 
surpassed temperatures where endotherms had been observed in autoclave 
experiments with the respective coal/solvent systems. 
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Continuous Reactor Data I 

I 1 I 

LIQUID PRODUCT COMPOSITION 
IllY6 (33%) IN SRC U HEAVY DISTILLATE 
2000 psi; 200 MSCF H2/TON COAL 

45vLc 425'C 80 - - 

If the reactions are thermally activated and no significant mechan- 
ism changes occur between 300 and 4OO0C, short time 4OO0C effects should 
be similar to the 15 minute low temperature data just described. 
duct distributions from the reactor runs with Ill. #6 coal, Figure 1, 
show that preasphaltenes are produced at short times, apparently at the 
expense of solvent. 

Pro- 

These distributions result in high viscosities. 

B o a w o v  w v  v v 

PREASPIIALTEWES 
- 

0 1x103 2x10-' 3x10.' 4x10" 5x10-' 6x10" 7x10' 

SPACE TIME (h-I$/lb slurry) 

rc, 

40 Y > 

20 

o \  0 

\ 

VISCOSITY (measured a t  700 c )  
111 16 (33%) IN SRC II HEAVY DISTILLATE 
Zoo0 psi. H 2  200 MSCF HZ/TON COAL 

L 

i C 

-1 

SPACE- TIME (ht-W/lb SLURRY) 

Figure 1 

Thus, these continuous reactor data, at short reaction times, agree 
qualitatively with the low temperature, batch data. Initial regressive 
reactions have been noted in solvent imbalance during pilot plant short 
residence time preheater studies ( 8 ) .  
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Evaluation of conversion data from the continuous reactor indicate 
the asphaltene concentration in the slurry product is independent of 
temperature and dependent on conversion at short times (benzene con- 
versions of 0-55%). These data (Figure 2 )  suggest a series reaction 
sequence from coal to asphaltenes. 

z - 
VI 
pl 
Y > z 

u 
Y z 

N z 
Y cc 

K 

DATA FROM ILLINOIS P6 RUNS 
PLOTTED LINEARLY 

45OoC 
4 2 5 O C  
4o’)oc 

SLOPE -17 
SLOPE -15 
SLOPE .14 

/ 

0 ILLINOIS P6 a 425°C/SP.C I 1  !!4 

,A- ILLINOIS f 6  a uo’30cISRC I 1  fln 

5 E 7 8 9 13 11 12 13 14 
W/O ASPHALTENE I N  ?!LP 

,*I, . . , . , , , , 

1 2 3  

Figure 2 

Discussion 

Onset of a solvent-coal reaction occurs in the 200-300°C tempera- 
ture range. The temperature and extent of this reaction are dependent 
on the coal and solvent. In this initial reaction, THF soluble pro- 
ducts increase but solvent is lost indicating formation of a THF solu- 
ble, coal-solvent reaction product. This reaction product, defined in 
the preasphaltene or asphalt01 compounds, results in high viscosity 
products--possibly gels. 
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A number of kinetic studies of coal liquefaction (Cronauer) pro- 
cesses made at long reaction times (< 10 min) show the liquefaction 
mechanisms can be represented by parallel reactions of coal to pre- 
asphaltenes, asphaltenes, oils and gases. However, these data show 
coal itself does not undergo thermosolvolysis at temperatures to 3OO0C 
and free radical processes need not be invoked to explain the reactions 
observed in the 200-300°C range. The data do suggest an initial series 
reaction of 

Coal + Solvent -f Preasphaltenes. 
The hydrogen donating capability of the solvent does not appear to be 
critical at this stage, but functional groups that can interact with 
the coal and cause swelling are important. 

COntinUOuS,reaCtOr results, Figure 2 ,  where the preasphaltene Content 
rises along with a solvent loss early in the reaction; subsequent de- 
crease in preasphaltene content is accompanied by an increase in oil 
and asphaltene concentrations. The asphaltene content (and similarly 
the oil) is defined by the benzene conversion at 400, 425, and 45OoC. 
The dependence of asphaltene and oil on conversion and not on tempera- 
ture further suggests that the reaction of coal to preasphaltene goes 
to completion. Product distributions derived from two sources--coal 
and preasphaltene--would almost certainly be dependent upon temperature. 

and possibly type, of coal-solvent interaction changes with tempera- 
ture. Only about 30% THF conversion occurs at low temperatures with 
80-95% conversion occurring over 40OoC. 

Conclusions 

This initial series reaction is also indicated in the short time, 

Preasphaltene chemistry needs further clarification. The extent, 

Coal liquefaction is initiated at 200-300°C by the reaction of 
solvent and coal to form preasphaltenes. The temperature of the reac- 
tion is a function of the coal type and the solvent. This reaction 
product imparts high viscosity to the slurry and its chemistry may 
influence subsequent liquefaction reactions. Understanding of this 
initial reaction is important to evaluate the applicability of advanced, 
two-stage liquefaction processes and could lead to the development of 
new, low temperature and pressure liquefaction schemes. 
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THE SELECTIVITY OF COAL MINERALS AND SRC RESIDUE 

ASHES FOR HYDRODESULFURIZATION I N  THE SRC PROCESS 

D. Garg, A. R. T a r r e r ,  C.  W. C u r t i s ,  
J. M. Lloyd, and J. A. Guin 

Chemical Engineer ing  Department 
Auburn U n i v e r s i t y  
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INTRODUCTION 

Many improvements have been made i n  t h e  Solvent  Refined Coal (SRC) process  over  
t h e  p a s t  year .  During t h i s  time per iod ,  s e v e r a l  s o l i d l l i q u i d  s e p a r a t i o n  techniques  
have evolved t h a t  o f f e r  promise f o r  c o s t  r e d u c t i o n  i n  a s h  removal. 
t e c h n i c a l  f e a s i b i l i t y  f o r  t h e  Kerr-McGee's process  f o r  c r i t i c a l  s o l v e n t  deashing  
has  been demonstrated on a p i l o t  s c a l e  a t  t h e  W i l s o n v i l l e  SRC f a c i l i t y .  
t h i s  s e p a r a t i o n  process  can be used to f r a c t i o n a t e  l i q u i f i e d  c o a l  a s  w e l 1 , a s  f o r  

A s  a r e s u l t ,  process  s o l v e n t  r e g e n e r a t i o n  appears  no longer  t o  be  a l i m i t i n g  oper- 
a t i o n a l  f a c t o r  f o r  t h e  d i s s o l v e r  s t a g e  (1). Now the  d i s s o l v e r  per- 
forms t h r e e  b a s i c  func t ions :  l i q u e f a c t i o n  of  c o a l ,  r e g e n e r a t i o n  of t h e  process  
s o l v e n t  and d e s u l f u r i z a t i o n  of  c o a l  l i q u i d s .  
f a c t i o n  occurs  very r a p i d l y  w h i l e  d e s u l f u r i z a t i o n  occurs  slowly. 
t h e  Kerr-McGee's process  can  be used t o  o f f s e t  s o l v e n t  d e f i c i e n c i e s ,  d e s u l f u r i z a -  
t i o n  may l i m i t  d i s s o l v e r  o p e r a t i o n s ,  p a r t i c u l a r l y  when a s o l i d  SRC is  produced. 

Hydrogen genera t ion  f o r  SRC process ing  i s  a major o p e r a t i o n a l  c o s t ,  making 
s h o r t  r e a c t i o n  t i m e s  wi th  minimum hydrogenat ion s e v e r i t y  d e s i r a b l e .  The o v e r a l l  
o b j e c t i v e  of t h i s  s tudy  i s  t o  develop a methodology f o r  using minera l  a d d i t i v e s  
t o  i n c r e a s e  the  r a t e  o f  d e s u l f u r i z a t i o n  d u r i n g  c o a l  l i q u e f a c t i o n .  Some i r o n  con- 
t a i n i n g  minera ls ,  i n c l u d i n g  t h e  a s h  of  SRC r e s i d u e ,  have been shown to a c t  a s  
-__ i n  s i t u  s u l f u r  scavengers  (2). The a d d i t i o n  of such minera ls  to the  d i s s o l v e r  
feed  may a l low s u l f u r  removal requi rements  t o  be met wi th  s h o r t e r  r e a c t i o n  t i m e s  
and consequent lower hydrogen consumption. 

Concurrent ly ,  

S i n c e  

I deashing ,  a f r a c t i o n  o f  t h e  l i q u e f i e d  c o a l  could be used a s  make-up process  s o l v e n t .  

I 

I Severa l  s t u d i e s  have shown t h a t  l i q u e -  
Thus, now t h a t  

The r o l e  of  minera l  a d d i t i v e s  i n  c o a l  l i q u e f a c t i o n  process ing  i s  t o  i n c r e a s e  
d e s u l f u r i z a t i o n  wi th  minimal b u t  s u f f i c i e n t  hydrogenat ion.  S e l e c t i v i t y  is a 
measure used t o  r a t e  t h e  e f f e c t i v e n e s s  of t h e  d i f f e r e n t  minera l  a d d i t i v e s  s t u d i e d .  
By d e f i n i t i o n ,  s e l e c t i v i t y  i s  t h e  r a t i o  of  t h e  amount of s u l f u r  removal to t h e  
amount of  hydrogen consumed f o r  a g iven  r e a c t i o n  t i m e .  

I n  prev ious  s t u d i e s ,  t h e  e f f e c t s  o f  r e l a t i v e l y  l a r g e  amounts of  minera l  
a d d i t i v e s  on r e a c t i o n  r a t e s  have been examined (3)  i n  order  t o  c l e a r l y  d e l i n e a t e  
t h e  e f f e c t s  o f  t h e  a d d i t i v e s .  However, i n  a c t u a l  a p p l i c a t i o n ,  such l a r g e  amounts 
would be  p r o h i b i t i v e  due to t h e  a s s o c i a t e d  m a t e r i a l  handl ing  d i f f i c u l t i e s .  There- 
f o r e ,  one of  t h e  major o b j e c t i v e s  of  t h i s  work i s  t o  demonstrate  t h a t  on ly  smal l ,  
e a s i l y  processed,  amounts of  minera l  a d d i t i v e s  a r e  requi red  f o r  e f f e c t i v e  s u l f u r  
scavenging,  provided t h a t  t h e  i r o n  conta ined  i n  t h e  a d d i t i v e s  i s  i n  a form a v a i l -  
a b l e  f o r  r e a c t i o n  and i s  p r e s e n t  i n  s t o i c h i o m e t r i c  amounts. 

EXPERI?lEYTAL 

Reagents and Mater ia l s  
L i g h t  recyc le  o i l  (LRO) and Western Kentucky 9 / 1 4  coa l  were obtained from t h e  

W i l s o n v i l l e  SRC P i l o t  P l a n t ,  opera ted  by Southern Serv ices ,  Inc. The LRO c o n t a i n s  
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0.2 % s u l f u r  and the  Western Kentucky coa l  i s  analyzed t o  be 67.8% C,  4.9%H, 3.10%s 
and 1 2 %  minera l  m a t t e r .  
vacuum b e f o r e  use. 

The c o a l  w a s  d r i e d  o v e r n i g h t  a t  100°C and 25 inches Hg 

Coal minera ls ,  SRC r e s i d u e  ash ;  magnet i te ;  p y r i t e ;  hemat i te ;  reagent  grade 
Fe20 ; commercial Fez03 c a t a l y s t ;  and reagent-grade reduced i ron ,were  used a s  mineral  
a d d i g i v e s  f o r  hydrogenat ion  and h y d r o d e s u l f u r i z a t i o n  r e a c t i o n s .  
Fe203 (Fe-O301T, 20% Fe 0 mounted on a c t i v a t e d  alumina)  was obta ined  from t h e  Har- 
shaw Chemical Company. "I&s c a t a l y s t  was ground t o  v a r i o u s  p a r t i c l e  s i z e s  t o  s tudy-  
t h e  e f f e c t  o f  mass t r a n s f e r  on t h e  r e a c t i o n s .  Hemati te  was obta ined  from Cities 
Serv ices  and magnet i te ,  from Chemialloy Chemical Company. SRC r e s i d u e  obta ined  from 
t h e  W i l s o n v i l l e  SRC P i l o t  P l a n t  was oxid ized  b e f o r e  use. Hydrogen gas  of  99.995% 
p u r i t y  w a s  ob ta ined  from Union Carbide. A l l  o t h e r  chemicals  were reagent  grade. 

Equipment 
A small tub ing  bomb r e a c t o r  and a commercial 300 cc  m g n e d r i v e  a u t o c l a v e  

(Autoclave Engineers)  were used f o r  a l l  r e a c t i o n  s t u d i e s  and have been previous ly  
descr ibed  (2-4). Var ian  gas  chromatographs (Models 1800 and 920) w e r e  used f o r  
a n a l y s i s  of l i q u i d  and gas  l i q u e f a c t i o n  products .  The s u l f u r  c o n t e n t  of coa l  and 
l i q u e f a c t i o n  p r o d u c t s  w a s  determined by us ing  a Leco S u l f u r  Analyzer (Model 532). 
Elemental a n a l y s e s  o f  v a r i o u s  minera l  a d d i t i v e s  were determined by energy d isper -  
s i v e  X-ray f l u o r e s c e n c e  a n a l y s i s  (EDXRF). The s u r f a c e  a r e a  of  t h e  minera l  a d d i t i v e s  
was determined by t h e  n i t r o g e n  adsorp t ion  technique .  

React ion Condit ions:  
Coal l i q u e f a c t i o n  r e a c t i o n s  w e r e  performed f o r  t i m e  per iods  ranging  from 15 t o  

120 minutes ,  a t  41OOC and wi th  s t i r r i n g  r a t e s  of 1000 rpm except  d u r i n g  mass t rans-  
f e r  s t u d i e s  when t h e  r e a c t i o n s  were s t i r r e d  a t  d i f f e r e n t  r a t e s  ranging  from 600 
t o  1400 rpm. The a u t o c l a v e s  w e r e  charged w i t h  40g of c o a l ,  8Og of  LRO, and l o g  of 
a d d i t i v e .  Benzothiophene d e s u l f u r i z a t i o n  was s t u d i e d  i n  a small tub ing  bomb r e a c t o r  
(12ml capac i ty) .  The benzothiophene r e a c t i o n ,  10% benzothiophene i n  dodecane with 
a p p r o p r i a t e  amounts o f  minera l  a d d i t i v e s ,  was performed a t  1250 p s i  hydrogen pressure  
( a t  room tempera ture)  and 41OoC f o r  30 minutes. 

Commercial grade 

RESULTS AND DISCUSSION 

E f f e c t  of  t h e  Amount of  Addi t ive  
Elemental i r o n  h a s  been shown t o  a c t  a s  a n  e f f e c t i v e  i n  s i t u  s u l f u r  scavenger 

(2-4). The e f f e c t  o f  d i f f e r e n t  amounts of  i r o n  on t h e  s u l f u r  c o n t e n t  of the t o t a l  
l i q u i d  products  from c o a l  l i q u e f a c t i o n  r e a c t i o n s  i s  shown i n  F igure  1 where t h e  
r a t i o  S/SB is  p l o t t e d  versus  Fe/FeS. These r a t i o  terms a r e  def ined  as :  S i s  the  
weight  percent  o f  t h e  r e s i d u a l  s u l f u r ;  SB, r e s i d u a l  s u l f u r  f o r  t h e  b a s e l i n e  case ,  
i .e .  no i r o n  p r e s e n t  f o r  t h e  same r e a c t i o n  c o n d i t i o n s ;  Fe, t h e  weight  percent  of 
i r o n  added; FeS, t h e  s t o i c h i o m e t r i c  amount of i r o n  requi red  t o  r e a c t  wi th  t h e  s u l f u r  
t o  b e  removed. Fe i s  computed on t h e  fo l lowing  b a s i s :  1) t h e  o r g a n i c  s u l f u r  
conten t  o f  the  coaH i s  1 .23%;  2) 
the  FeS form; and 3) t h e  s u l f u r  conten t  o f  t h e  s o l v e n t  i s  0.27%. The r e s i d u a l  
s u l f u r  ( S / S  ) decreased  s i g n i f i c a n t l y  (from 0.79 t o  0.53) wi th  i n c r e a s i n g  amounts 
of i r o n  (FeTFeS 5 1.3 t o  20). 
s i g n i f i c a n t  when Fe/FeS is  l e s s  than 10. When Fe/FeS i s  increased  from 1 0  t o  20, 
a decrease  of only  0.07 occurred  i n  S/SB which i s  j u s t  s l i g h t l y  more than  t h e  s tan-  
dard devia t ion  of  S/SB (+ 0.02) .  Therefore ,  i n  t h i s  range,  a d d i t i o n a l  amounts of 
i r o n  appear to  have l i t t l e  e f f e c t  on s u l f u r  removal. 

p y r i t i c  s u l f u r  o f  t h e  c o a l ,  0.79%, i s  reduced t o  

The decrease  i n  r e s i d u a l  s u l f u r  conten t  i s  most 

The e f f e c t  of d i f f e r e n t  amounts of  Fez03 on r e s i d u a l  s u l f u r  i s  a l s o  shown in 
F igure  1. No s i g n i f i c a n t  decrease  i n  r e s i d u a l  s u l f u r  occurs ,  when 7 1 %  of t h e  
s t o i c h i o m e t r i c  r e q u i r e d  a m u n t  of i r o n  i s  present  a s  FeZ03 ( i . e .  Fe/FeS = 0 . 7 1 ) .  
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I t  should  be noted t h a t  t h e  s u r f a c e  a rea  of t h e  Fez03 used i n  t h i s  s tudy  is 8.9 m2/gm. 
(Table  I )  
gases  when s t o i c h i o m e t r i c  amounts of i r o n  a r e  p r e s e n t ,  all o f  t h e  i r o n  p r e s e n t  i n  
t h e  form of  r e l a t i v e l y  h igh  s u r f a c e  Fe203 r e a c t s  wi th  any H2S formed. 
e s s e n t i a l l y  t h e  same degree  of  d e s u l f u r i z a t i o n  occurs  w i t h  a s t o i c h i o m e t r i c  excess  
of Harshaw i r o n  c a t a l y s t ,  which has  a s u r f a c e  a r e a  of  60 m /gm, a s  t h a t  ob ta ined  
wi th  an equiva len t  amount of  Fe203. 
Harshaw c a t a l y s t  does n o t  appear  t o  have any s i g n i f i c a n t  e f f e c t  on d e s u l f u r i z a t i o n ,  
because equiva len t  amounts o f  i r o n  are a v a i l a b l e  i n  both  c a s e s  t o  r e a c t  wi th  t h e  
H2S produced i n  t h e  r e a c t o r .  

Apparent ly ,  s i n c e  no hydrogen s u l f i d e  (H2S) i s  p r e s e n t  i n  t h e  product  

Furthermore,  

2 

Therefore ,  t h e  g r e a t e r  s u r f a c e  area of  t h e  

The e f f e c t  of d i f f e r e n t  amounts o f  i r o n  and Ee203 on t h e  f i n a l  hydrogen p a r t i a l  
p r e s s u r e  and, consequent ly ,  on t o t a l  hydrogen consumption is shown i n  F igure  2. The 
same amount o f  hydrogen i s  consumed i n  e i t h e r  t h e  presence  o r  absence of  i r o n :  
H f / H o  = 0.58 2 0.02, where H 
p r e s s u r e s ,  r e s p e c t i v e l y .  
sumed when Fe203 i s  p r e s e n t :  
amount o f  hydrogen i s  consumed i r r e s p e c t i v e  o f  t h e  amount o f  Fe203 present .  
hydrogen consumption does n o t  depend on t h e  q u a n t i t y  o f  Fe203 p r e s e n t ,  Fe203 i s  not Sig- 
n i f i c a n t l y  reduced at t h e  r e a c t i o n  condi t ions  used. S i n c e  more hydrogen i s  consumed with 
Fe203, t h e  s e l e c t i v i t y  o f  i r o n  ( s u l f u r  removal p e r  hydrogen consumption) is h i g h e r  
than  t h a t  o f  Fe203, provided t h a t  s u f f i c i e n t  i r o n ,  i.e. Fe/FeS=lO, i s  p r e s e n t  (F ig .  3) .  

Model Compound S t u d i e s  
The hydrogenat ion o f  benzothiophene under d i f f e r e n t  r e a c t i o n  c o n d i t i o n s  and 

w i t h  d i f f e r e n t  d a t a l y s t s  produces a v a r i e t y  o f  products  i n c l u d i n g  ethylbenzene,  
dihydrobenzothiophene, s t y r e n e  and phenyle thaneth io ls  ( 5 . 6 ) .  Using t h e  i r o n  addi-  
t i v e s  l i s t e d  i n  Table  I and t h e  r e a c t i o n  condi t ions  s t a t e d ,  t h e  major products  
observed i n  t h i s  s tudy  are  e thylbenzene  and dihydrobenzothiophene. 

and Ho are t h e  f i n a l  and i n i t i a l  hydrogen p a r t i a l  
Under t h e  same r e a c t i o n  c o n d i t i o n s ,  more hydrogen i s  con- 

H f / H o  = 0.45 2 0.01; however, approximately t h e  same 
Since  

The convers ion  of benzothiophene t o  t h e s e  r e a c t i o n  products  as c a t a l y z e d  by the  
d i f f e r e n t  minera l  a d d i t i v e s  i s  given i n  Table  1. 
and Co-Mo-Al, promoted complete conversion of benzothiophene t o  e thylbenzene.  How- 
e v e r ,  complete conversion t o  e thylbenzene does n o t  r e s u l t  when i r o n  i s  t h e  minera l  
a d d i t i v e ;  i n  f a c t ,  on ly  45% o f  t h e  benzothiophene is converted t o  e thylbenzene  w i t h  
no s i g n i f i c a n t  dihydrobenzothiophene formation. In t h e  benzothiophene r e a c t i o n ,  
t h e  amount of  i r o n  used i s  cons iderably  less than  t h e  amount found necessary  for 
maximum d e s u l f u r i z a t i o n  o f  c o a l / o i l  r e a c t i o n  mixtures .  
phene r e a c t i o n  is 2.7 compared t o  t h e  optimum Fe/Fe o f  1 0  observed f o r  t h e  c o a l / o i l  
s l u r r i e s .  
c o a l / o i l  r e a c t i o n s  t o  depend on t h e  amount o f  i r o n  p r e s e n t .  This  r e s u l t  is v e r i -  
f i e d  i n  t h e  benzothiophene r e a c t i o n  a s  given i n  Table  11, where t h e  conversion o f  
benzothiophene i s  shown t o  vary s i g n i f i c a n t l y  wi th  t h e  amount o f  i r o n  p r e s e n t  
dur ing  t h e  reac t ion .  The conversion of  t h e  benzothiophene i n c r e a e s  from 23 % to  
54% with  a correkponding i n c r e a s e  o f  Fe/Fe from 0.72 t o  2.7. Furthermore,  when a 
Harshaw c a t a l y s t  i s  used and i r o n  i s  p r e s e g t  i n  t h e  amount of  Fe/FeS = 0.37, a low 
convers ion  of benzothiophene i s  observed; whereas, complete convers ion  t o  e t h y l -  
benzene o c c u r s  when approximately twice t h e  requi red  s t o i c h i o m e t r i c  amount, Fe/FeS = 
1.9,  is used. As observed i n  t h e  c o a l / o i l  r e a c t i o n s  d i s c u s s e d  p r e v i o u s l y ,  t h e  
h i g h e r  s u r f a c e  a r e a  Harshaw Fez03 c a t a l y s t  does n o t  r e s u l t  i n  any s i g n i f i c a n t  
i n c r e a s e s  i n  the  d e s u l f u r i z a t i o n  o f  t h e  benzothiophene system. 

The minera l  a d d i t i v e s ,  Fe20g 

The Fe/FeS f o r  t h e  benzothio-  

While i n  t h e  range o f  Fe/FeS.< 10, d e s u l 2 u r i z a t i o n  has  been shown i n  t h e  

I r o n  s u l f i d e  a d d i t i v e s ,  p y r i t e  and FeSl+x, do not  r e a c t  wi th  t h e  H2S product ,  
and, a s  prev ious ly  r e p o r t e d  ( 3 , 4 ) ,  a r e  n o t  a s  e f f e c t i v e  i n  i n c r e a s i n g  d e s u l f u r i z a t i o n  
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rates a s  i r o n  and FezOg. The r e s u l t s  given i n  Table  I1 concur wi th  t h e s e  conclu- 
s i o n s .  I n  t h e  presence  of t h e  i r o n  s u l f i d e  a d d i t i v e s ,  t h e  benzothiophene i s  con- 
v e r t e d  p r i m a r i l y  t o  dihydrobenzothiophene -- a product  of hydrogenat ion -- i n s t e a d  
of e thylbenzene  -- a product  o f  h y d r o d e s u l f u r i z a t i o n .  
Fez03 i s  p r e s e n t  d u r i n g  r e a c t i o n ,  t h e  pr imary product  i s  ethylbenzene.  

E f f e c t  of  Reac t ion  T i m e  

t h a t  of petroleum feeds tocks :  
conta in ing  compounds, each of  which reacts a t  a rate p r o p o r t i o n a l  t o  i t s  concentra-  
t i o n .  The r a t e  of t h e  t o t a l  s u l f u r  removal can be  approximated as i f  t h e r e  are 
only  two r e a c t i v e  components. 

In c o n t r a s t ,  when i r o n  o r  

The ra te  of  h y d r o d e s u l f u r i z a t i o n  of c o a l  l i q u i d s  is g e n e r a l l y  c o n s i s t e n t  wi th  
both  s u b s t a n c e s  are considered mixtures  of s u l f u r -  

2 where Cs is t h e  t o t a l  c o n c e n t r a t i o n  of t h e  su l fur -conta in ing  compounds; al and a 
a r e  the f r a c t i o n s  of  r e a c t i v e  and u n r e a c t i v e  components, r e s p e c t i v e l y ;  K1 and K2 
a r e  the r a t e  c o n s t a n t s  of t h e  r e a c t i v e  and u n r e a c t i v e  components ( 7 ) .  

The parameters ,  a l ,  a2 and K1, K 2 ,  vary accord ing  t o  t h e  a d d i t i v e  p r e s e n t  
d u r i n g  r e a c t i o n a s  shown i n  F igure  4. When Fe 0 i s  added, more s u l f u r  I s  removed 
i n  t h e  f i r s t  1 5  minutes  of  r e a c t i o n  than  i n  t w g  ?ours  when no a d d i t i v e  i s  present .  
I n  a d d i t i o n ,  cons iderably  less hydrogen i s  consumed when Fe2O3 i s  p r e s e n t  i n  a 15 
minute r e a c t i o n  t h a n  a f t e r  two hours  wi thout  any a d d i t i v e s  (See F igure  5 ) .  The 
hydrogen consumption wi th  Fe203 i s  20% a s  opposed t o  44% f o r  no a d d i t i v e .  The use  
of mineral  a d d i t i v e s  such  as Fe203 is b e n e f i c i a l ,  i n  t h a t  s h o r t e r  r e a c t i o n  t imes 
a r e  needed f o r  d e s u l f u r i z a t i o n  wi th  less t o t a l  hydrogen consumption. Furthermore, 
t h e s e  minera ls  can be added wi thout  any s a c r i f i c e  i n  coa l  conversion as shown i n  
F igure  6. 

Inf luence  o f  Mass T r a n s f e r  
The t h r e e  phase r e a c t i o n  system p r e s e n t  i n  c o a l  l i q u e f a c t i o n  may be inf luenced 

by mass t r a n s f e r  e f f e c t s .  To determine whethermass t r a n s f e r  r e g u l a t i o n  i s  occurr- 
i n g ,  experiments  were performed us ing  d i f f e r e n t  s t i r r i n g  r a t e s  and d i f f e r e n t  par t -  
i c l e  s izes .  

A d i r e c t  t e s t  t o  determine t h e  importance of  g a s / l i q u i d  t r a n s p o r t  w a s  per fornr  
ed by vary ing  t h e  s t i r r i n g  rates whi le  ho ld ing  a l l  o t h e r  v a r i a b l e s  c o n s t a n t .  A s  
C P L I  "E D r r l ,  1 1 1  l d " 1 C  J, LU' > L 1 ' L L , , g  ' P L r a  U r L W r r l l  VU" 'I,," l*UU 'p,, L L r l L L L C l  L L l C  

ra te  of d e s u l f u r i z a t i o n  nor  hydrogen consumption i s  very s e n s i t i v e  t o  and, conse- 
quent ly ,  is n o t  a f f e c t e d  by a g i t a t i o n  r a t e .  Therefore ,  g a s / l i q u i d  mass t r a n s p o r t  
h a s  no apparent  i n f l u e n c e  on e i t h e r  hydrogenat ion o r  d e s u l f u r i z a t i o n .  

. .. . . . .  - - - . . . - - . .  

Genera l ly ,  d e c r e a s i n g  t h e  c a t a l y s t  p a r t i c l e  s i z e  i n c r e a s e s  t h e  e f f e c t i v e n e s s  
f a c t o r  and t h e  l i q u i d / s o l i d  mass t r a n s f e r  c o e f f i c i e n t .  Reducing t h e  p a r t i c l e  s i z e  
w i l l  i n c r e a s e  t h e  observed r e a c t i o n  rate when t h e  r e a c t i o n  i s  c o n t r o l l e d  e i t h e r  by 
l i q u i d / s o l i d  mass t r a n s p o r t  o r  by pore  d i f f u s i o n .  
s i z e  is  not  a d e f i n i t i v e  test f o r  pore  d i f f u s i o n .  
is more l i k e  a r e a c t a n t  than  a c a t a l y s t ,  t h e  absence of p a r t i c l e  s i z e  e f f e c t s  
should be i n d i c a t i v e  o f  t h e  absence of  l i q u i d / s o l i d  mass t r a n s f e r  c o n t r o l .  

However, reducing t h e  p a r t i c l e  
Although t h e  behavior  o f  Fe2O3 

A series of experiments  were performed wi th  d i f f e r e n t  Fe203 p a r t i c l e  s i z e s  t o  
determine t h e  e f f e c t  o f  p a r t i c l e  s i z e  on d e s u l f u r i z a t i o n .  
z a t i o n  i s  observed  t o  be  e s s e n t i a l l y  independent of  p a r t i c l e  s i z e  a s  shown i n  
Table  IV. The ra te  o f  hydrogen consumption does vary s l i g h t l y  wi th  d i f f e r e n t  
p a r t i c l e  s i z e s .  

The rate of desu l fur i -  

Since t h e  observed d e s u l f u r i z a t i o n  r a t e  i s  independent of both t h e  Fe203 
p a r t i c l e  s i z e  and t h e  s t i r r i n g  r a t e  (wi th in  experimental  e r r o r ) ,  i t  appears  t h a t  
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d e s u l f u r i z a t i o n  i s  n e i t h e r  pore d i f f u s i o n  nor  l i q u i d / s o l i d  mass t r a n s f e r  c o n t r o l l e d ,  
imply ing  then  t h a t  t h e  r e a c t i o n  is k i n e t i c a l l y  c o n t r o l l e d .  
consumption may be somewhat l i m i t e d  by mass t r a n s f e r  s i n c e  i t  i s  inf luenced  by 
p a r t i c l e  s i z e .  
t i o n  rate i s  demonstrated i n  Table  V. 
d e c r e a s i n g  p a r t i c l e  s i z e .  

Comparison of A c t i v i t i e s  o f  D i f f e r e n t  Coal Mineral  Addi t ives  

Western Kentucky 9/14 c o a l  were added t o  t h e  c o a l  l i q u e f a c t i o n  r e a c t i o n s  t o  d e t e r -  
mine t h e i r  e f f e c t  on d e s u l f u r i z a t i o n  and hydrogen consumption. 
sis o f  t h e  a d d i t i v e s  i s  given i n  Table  V I .  The i r o n  conten t  o f  t h e s e  a d d i t i v e s  
ranges  from a low of  3.37% i n  SRC r e s i d u e  t o  a h igh  o f  26.92% i n  Western Kentucky 
a s h  w h i l e  t h e  s u l f u r  conten t  ranges from0.47% i n  SRC a s h  t o  3.81% i n  Kerr-McGee 
r e s i d u e .  
Kerr-McGee r e s i d u e  observed i n  Table  V I  may be  accounted f o r  when t h e  source  of  
each i s  considered:  SRC r e s i d u e  i s  obta ined  from f i l t r a t i o n  and Kerr-McGee r e s i d u e  
i s  o b t a i n e d  through s o l v e n t  deashing. I n  both  c a s e s ,  t h e  r e s i d u e s  were ashed t o  
e l i m i n a t e  t h e  carbonaceous c o a t i n g  and t o  conver t  t h e  minera ls  t o  an o x i d e  form f o r  
s u l f u r  scavenging. 

The r a t e  o f  hydrogen 

An i n d i c a t i o n  of t h e  importance of  p a r t i c l e  s i z e  on hydrogen consump- 
The rate of  hydrogenat ion i n c r e a s e s  w i t h  

Coal minera l  r e s i d u e s  from t h e  SRC process  and a s h e s  from t h e  r e s i d u e s  and 

An e lementa l  analy-  

The apparent  d i f f e r e n c e s  i n  t h e  elemental  composi t ion of  SRC r e s i d u e  and 

A comparison of  t h e  a c t i v i t y  o f  d i f f e r e n t  c o a l  minera l  a d d i t i v e s  i s  given i n  
Table  V I I .  I n  t h e  cases of no a d d i t i v e ,  SRC residue,  and Kerr-McGee r e s i d u e ,  t h e  
o r g a n i c  s u l f u r  removed from t h e  system i s  e s s e n t i a l l y  i d e n t i c a l .  The same is  t r u e  
f o r  hydrogen consumption. A f t e r  ash ing ,  both t h e  Kerr-McGee and SRC r e s i d u e  ashes  
show i n c r e a s e d  a c t i v i t y  f o r  s u l f u r  removal; from 23% f o r  t h e  r e s i d u e  t o  43% f o r  
t h e  ashes .  Two p o s s i b l e  reasons  f o r  t h e s e  d i f f e r e n c e s  are: 1) t h e  carbonaceous 
c o a t i n g  may not  completely d i s s o l v e  under r e a c t i o n  c o n d i t i o n s , i n  e f f e c t ,  i n h i b i t i n g  
s u l f u r  scavenging o r  2) t h e  change i n  minera l  form upon o x i d a t i o n  may provide  t h e  
c o r r e c t  form f o r  s u l f u r  scavenging. Although t h e  i r o n  c o n c e n t r a t i o n  i n  t h e  K e r r -  
McGee r e s i d u e  ash is approximately t h r e e  t i m e s  h i g h e r  than  t h a t  of t h e  SRC r e s i d u e  
a s h ,  t h e  s u l f u r  removal i s  e s s e n t i a l l y  t h e  s a m e .  This  f a c t  may be  due t o  t h e  d i f -  
f e r e n c e  i n  c o a l  type ,  t h e  minera l  forms i n  t h e  c o a l  feeds tock  and t h e  minera l  
forms p r e s e n t  a f t e r  process ing  and ashing.  Mineral  i n h i b i t o r s  may a l s o  b e  p r e s e n t  
i n  t h e  Kerr-McGee r e s i d u e  ash  t h a t  l i m i t  s u l f u r  removal. Another p o s s i b l e  reason  
f o r  t h e  same s u l f u r  removal even with d i f f e r e n t  i r o n  c o n t e n t s  f o r  t h e  two a s h e s  is 
t h a t  t h e  s u l f u r  conten t  o f  the  Kerr-McGee r e s i d u e  ash  is g r e a t e r  than  t h a t  o f  t h e  
SRC r e s i d u e  ash.  

The a c t i v i t y  of i r o n ,  magnet i te  (Fe304) and Fe203 is compared i n  Table  V I I I .  
Fe 0 and Fe  show e s s e n t i a l l y  t h e  same amount of  s u l f u r  iemoval a l though t h e i r  sur-  
f a c e  a r e a s  d i f f e r  by more than an o r d e r  o f  magnitude. I n  c o n t r a s t ,  magnet i te  h a s  
a s u r f a c e  a r e a  between t h a t  of Fe and Fe203 b u t  does not  have t h e  a b i l i t y  t o  remove 
s u l f u r  l i k e  Fe203. I t  appears  from Table V I 1 1  t h a t  magnet i te  i s  not  as e f f e c t i v e  
as a s u l f u r  scavenger a s  Fe; however, s i n c e  e q u i v a l e n t  amounts of  i r o n ,  Fe/FeS, are 
n o t  used and s u l f u r  removal is s e n s i t i v e  t o  t h e  amount of  i r o n  p r e s e n t  when Fe/FeS<10, 
more exper imenta l  d a t a  i s  needed t o  compare t h e i r  r e l a t i v e  a c t i v i t i e s .  Both magne- 
t i t e  and Fe have a low s u r f a c e  a r e a  and low hydrogen consumption w h i l e  Fe203 has  a 
r e l a t i v e l y  h igh  s u r f a c e  a r e a  and a much h i g h e r  hydrogen consumption. S ince  hydro- 
g e n a t i o n  appears  t o  b e  somewhat l i m i t e d  by mass t r a n s f e r ,  t h e  d i f f e r e n c e s  i n  s e l e c t -  
i v i t y  among Fe, magnet i te  and Fe203 may be  due t o  t h e  e f f e c t s  of  mass t r a n s f e r .  
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Table I: EFFECT OF MINERAL ADDITIVES ON THE HYDRODESULFURIZATION OF BENZOTHIOPHENE 
I 

PRODUCT DISTRIBUTION OF 
CONVERTED BENZOTHIOPHENE,% 

BENZOTHIOPHENE DIHYDROBEN- ETHYL- HYDRODESULFUR- { 
ADDITIVE Fe/FeS CONVERSION,% ZOTHIOPHENE BENZENE IZATION,% 

! 
- NONE 0.0 0.0 0.0 0.0 

CO-MO-AL 100.0 0.0 100.0 100.0 - 
Fez03 1 .9  100.0 0.0 100.0 100.0 

FeS!+X 

(Reagent grade)  
Fe 2.7 45.0 5.0 95.0 43.0 
Reduced P y r i t e ,  - 42.0 65.0 35.0 15.0 

P y r i t e ,  F e S 2  1.2 40.0 90.0 10.0 8.0 

Benzothiophene: 0.45g 
Additive: 0.5g 

Table 11: EFFECT OF F e  AND Fez03 ON HYDRODESULFURIZATION OF BENZOTHIOPHENE 

PRODUCT DISTRIBUTION O F  
CONVERTED BENZOTHIOPHENE,% 

F ~ / F ~ ~  BENZOTHIOPHENE DIHYDROBEN- ETHYL- HYDRODESULFUR- 
ADDITIVE CONVERSION,% ZOTHIOPHENE BENZENE IZATION,% 

- NONE 0.0 0.0 0.0 0.0 
Fe(3X) 0.72 23.0 39.0 61.0 14.0 
Fe  (6%) 1.4 35.0 26.0 7 4 . 0  26.0 
Fe(lO%) 2.7 54t2 .0  0.0 100.0 54t2.0 

0.37 24.0 40.0 60.0 13.0 

POWDER Fe203 1.9 100.0 0 .o 100.0 100.0 
(10%) 

Benzothiophene: 0.45g 
Addi t ive :  0.5g 
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T a b l e  V:  PORE-DIFFUSION STUDY 

PARTICLE S I Z E ,  MESH AVERAGE SIZE, m. HYDROGEN CONSUMPTION RATE, %/MIN. 

- 3 n  60 
-6c+ ao 

-awl50 
-8W150 

-200 

0.335 
0.214 
0.141 
0.141 
0.0895 

0.392 
0.475 
0.417 
0.45 
0.55 

T a b l e  V I :  X-RAY ANALYSES OF DIFFERENT COAL LIQUEFACTION RESIDUES AND THEIR ASHES 

WEIGHT PERCENT 
SRC RESIDUE SRC ASH K-M RESIDUE K-M-ASH KY 9/14 COAL 

ELEMENT (KY 9/14 COAL) (KY 9/14 COAL) (KY 6 COAL) (KY 6 COAL) ASH 

S i  
Fe 
C a  
K 
c1 
T i  
Mn 
S r  
Z n  
V 
cu 
B r  
R b  
Pb 
A 1  
Mg 
S 
C 
H 
N 

13.54 
3.37 
1.30 
0.43 
0.22 
0.14 
0.02 
0.04 
- 
- 
- 
- 
- 
- 
3.86 

2.14 
54.02 
2.67 
1.35 

- 

O(by difference) 16.90 
100.00 

27.86 
6.80 
3.03 
1.01 
0.37 
0.34 
0.05 
0.09 
0.02 
0.04 
0.02 
- 
- 
- 
9.20 
2.10 
0.47 
- 
- 
- 

51 -40 
100.00 

6.97 
5.66 
0.31 
0.67 
0.62 
0.19 
0.03 

0.02 
0.02 
0.02 

- 

- 
- 
- 
3.29 
2.20 
3.81 
59.33 
3.44 
1.56 
11.86 
100.00 

23.86 

1.16 
2.02 
0.26 
0.61 
0.09 

0.06 

0.14 

18.49 

- 

- 

- 
- 
- 

10.51 
- 
0.58 
- 
- 
- 

18.02 
26.92 
1.55 
1.75 
0.46 
0.66 
0.09 
0.07 
0.03 
0.09 
0.10 

0.01 

11.11 

0.86 

- 
- 

- 

- 
- 
- 

42.22 38.28 
100.00 100.00 

- S u r f a c e  A r e a  4.78k0.03 - 8.820.14 4.6fo.045 
m2/gm. 
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CHEMICAL CHARACTERIZATION OF A hvb COAL 

Kwang E. Chung, L a r r y  L. Anderson and Wendell H. Wiser 

U n i v e r s i t y  o f  Utah 
S a l t  Lake City, Utah 84112 

Department o f  M in ing  and Fuels Engineer ing 

I n t r o d u c t i o n  

Numerous phys i ca l  and chemical means are employed t o  e l u c i d a t e  the  general proper-  
t i e s  and na tu re  o f  coal (1,2,3). 
i n d i r e c t l y  i n  l i q u e f i e d  form. 
s u r p r i s i n g l y  l i m i t e d ,  p reven t ing  us f rom more e f f i c i e n t  u t i l i z a t i o n  o f  coa l  f o r  energy 
and chemicals. 

i n fo rma t ion  i s  general o r  d e s c r i p t i v e .  
scopic  means have r e s u l t e d  i n  use fu l ,  b u t  u s u a l l y  q u a l i t a t i v e  i n fo rma t ion .  
e x t r a c t i o n  has n o t  been t o o  successfu l  due t o  poor  s o l u b i l i t y  o f  coal i n  known solvents .  
In format ion from coa l -de r i ved  l i q u i d s  (CDL) has been r e l a t e d  t o  the  s t r u c t u r e  of coal  
o n l y  s u p e r f i c i a l l y .  
approaches and modern a n a l y t i c a l  means as f a r  as the  exac t  chemical na tu re  of coal i s  
concerned. 

Coal has been examined d i r e c t l y  as a s o l i d  and 
Never the less,  o u r  present  understanding o f  coa l  i s  

U l t i m a t e  and prox imate analyses a re  r o u t i n e l y  performed on coals ,  b u t  most o t h e r  
D i r e c t  examinat ion o f  coal by var ious spect ro-  

Solvents 

The complex i ty  and i n s o l u b i l i t y  o f  coal  have d e f i e d  many ingenious 

Here we r e p o r t  t h e  development o f  a s u i t a b l e  scheme f o r  c h a r a c t e r i z i n g  CDL, which 
i d e n t i f i e d  and q u a n t i f i e d  major  s t r u c t u r a l  u n i t s  i n  a h i g h  v o l a t i l e  b i tuminous coa l .  
We w i l l  descr ibe how t h i s  c h a r a c t e r i z a t i o n  scheme f o r  CDL was formulated,  and d iscuss 
t h e  p repara t i on  and c h a r a c t e r i z a t i o n  o f  t h ree  CDL's. 
t o  t h e  chemical s t r u c t u r e  o f  t h e  p a r t i c u l a r  coal  we examined. 

Our f i n d i n g s  w i l l  then be r e l a t e d  

Charac te r i za t i on  Scheme f o r  CDL 

Since a complete ana lys i s  o f  CDL i s  i m p r a c t i c a l ,  if n o t  impossib le ,  due t o  the  
complex i ty  i n  composit ion, " c h a r a c t e r i z a t i o n "  i s  performed, meaning de te rm ina t ion  o f  t h e  
q u a n t i t a t i v e  d i s t r i b u t i o n  o f  compound types and t h e  f u n c t i o n a l  groups present .  Although 
i t  i s  p r a c t i c a l  t o  do so, t he  na tu re  o f  t h e  c h a r a c t e r i z a t i o n  work needs t o  be c a r e f u l l y  
examined i n  terms o f  purpose, t h e  m a t e r i a l  t o  be character ized,  and t h e  procedure. 

necessary i n fo rma t ion  f o r  f u r t h e r  process ing o f  pet ro leum o r  i t s  f r a c t i o n s .  
research, e l u c i d a t i o n  o f  t h e  chemical s t r u c t u r e  o f  t he  CDL p recu rso r  ( c o a l )  i s  of much 
i n t e r e s t .  Improvements i n  understanding o f  coal  s t r u c t u r e  i s  e s s e n t i a l  i n  dev i s ing  a 
b e t t e r  c h a r a c t e r i z a t i o n  scheme f o r  CDL, which i n  t u r n  w i l l  improve ou r  understanding of 
coal  s t r u c t u r e .  

The purpose o f  c h a r a c t e r i z a t i o n  i n  pet ro leum research has been ma in l y  t o  o b t a i n  
I n  coal 

A v a i l a b l e  i n f o r m a t i o n  on coal  and CDL (1-4)  was c a r e f u l l y  evaluated and inco rpo ra ted  
Coal was considered as a composite o f  po l ymer - l i ke  i n t o  a new c h a r a c t e r i z a t i o n  scheme. 

m a t e r i a l s .  
u n i t s  and l i nkages .  
depolymer izat ion process. 

rep resen t  t h e  coal under i n v e s t i g a t i o n ,  (2 )  t h e  degree o f  depolymer izat ion needs t o  be 
c a r e f u l l y  chosen, and ( 3 )  t h e  l i q u i d s  must be access ib le  by a n a l y t i c a l  means p o s s i b l y  
a t  t he  mo lecu la r  l e v e l .  
convers ion processes ( w i t h  a r e l a t i v e l y  h igh  degree o f  depo lymer i za t i on ) .  

chosen as a separat ion c r i t e r i o n  f o r  t h e  f r a c t i o n a t i o n  o f  CDL, and vacuum d i s t i l l a t i o n  

It may c o n s i s t  o f  numerous c o n s t i t u e n t s  hav ing d i f f e r e n t  types o f  s t r u c t u r a l  
Accord ing lv ,  t h e  l i q u e f a c t i o n  o f  coal  was assumed as b a s i c a l l y  a 

I n  Prepar ing CDL, t h e  f o l l o w i n g  has been taken i n t o  cons ide ra t i on :  ( 1 )  a CDL should 

Based upon these cons ide ra t i ons ,  CDL were prepared i n  h igh  

Consider ing t h e  na tu re  o f  t h e  depolymer izat ion process, t h e  mo lecu la r  s i z e  was 
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was employed. For non-d is t i l l ab le  CDL solvent  extract ion was used f o r  separation. 
Each fract ion from the separat ion was analyzed by elemental ana lys i s ,  molecular weight 
determination and NMR spectroscopy. This scheme i s  d i f f e r e n t  from others (5)  previously 
employed, espec ia l ly  in the preparation of CDL and the methods used f o r  the separations. 

Experimental 

A hvb coal (Clear Creek, Utah) was l iquefied in  a dry coiled-tube reac tor (6) .  
The  coal had 39.1% o f  v o l a t i l e  matter, and i t s  elemental composition ( w t .  percent) was: 
C ,  76.1; H ,  5.6; N ,  1 .4;  and 0 ,  17.9. Reaction conditions used in  the l iquefact ion 
process were: T = 500°C; P H ~  = 1800 p s i g ;  c a t a l y s t  = 5% ZnC12; and residence time, 
several  seconds. Product y ie lds  were: gases, 10%; l i g h t  l iqu id ,  5%; heavy l iquid,  ! 
55%; char, 15%; and H20, 15% (based on MAF coa l ) .  

f o r  more than 70% of  the condensed-phase products which included l i g h t  and heavy l iqu ids ,  
and char. The condensed-phase products were assumed to  retain the  ske le ta l  s t ructure  
of coal .  This assumption was supported by C13 NMR analysis  of s t a r t i n g  coal and l iqu id  
products ( 7 ) .  Thus  the heavy l iqu id  was examined fur ther  in the subsequent investiga- 
t ion.  Paraff inic  material in  the  l iqu id  was removed by solvent extract ion.  The l iquid 
material remaining a f t e r  t h i s  extract ion was designated as  HVL-P. HVL-P was d i s t i l l e d  
a t  temperatures below 260°C a t  a pressure of 3 Torr. 
three f rac t ions ,  Light, Middle and Heavy according t o  t h e i r  physical appearance with 
the non-d is t i l l ab le  f rac t ion  termed Resid. 
e ra ture ,  but a phase separat ion appeared between them. Heavy and Resid were so l ids .  

In another preparat ion of CDL's, the same coal was solubi l ized by reacting with 
sodium hydroxide and ethanol a t  300°C and 320°C f o r  100 minutes i n  an autoclave using a 
procedure similar t o  t h a t  of Makabe (8). The products were named SP-300 and SP-320, 
the former being from 300°C runs and the  l a t t e r  being from 32OoC runs. Each product 
was divided in to  four  f rac t ions .  Two of them (Fract ions I and J in  SP 300, and Fractions 
I '  and J '  in SP-320) were soluble  or  f l o a t i n g  in a strong basic so lu t ion ,  b u t  precipi- 
t a ted  i n  d i f f e r e n t  fashion upon neut ra l iza t ion .  of the products were extracted 
with pyridine a t  room temperature t o  obtain Fractions K and K '  (pyridine soluble)  and 
pyridine insoluble  port ions.  

Oxygen was determined separately.  
meter (Varian). 
determined by vapor phase osmoemtry using a Corona Model 117 apparatus (Wescan Instru- 
ments, Inc. ). 
ensure the cor rec t  determination of molecular weight ( 9 ) .  

Results a n d  Discussion 

The heavy l i q u i d  had a boi l ing range from 250°C t o  more than 500°C, and  accounted 

The d i s t i l l a t e  was divided into 

L i g h t  and Middle were f l u i d  a t  room temp- 

The  r e s t  

Elemental composition was determined with a Perkin-Elmer Model 240 Analyzer. 
NMR spectra  were obtained with an EM-390 spectro- 

Pyridine-Drj and CDC13 were used as solvent .  Molecular weights were 

The experimental procedure and conditions were carefu l ly  chosen t o  

Structural  parameters of average molecules i n  the CDL f rac t ions  were calculated from 
the elemental composition, molecular weight and proton NMR spectra .  
and formulae (10) a r e :  

Their def ini t ions 

Number of aromatic carbons 

Fraction of aromatic carbons (=aromatici ty)  
F 

LA f - -  A - C  
Total number of r ings 

2 C - H + 2  1 
2 - ? ' A  R =  
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Number of aromatic c lus te rs  
C A P = H  + l H  + - H  1 

A 2 2a 3 3a 
1 1 
3 AP - 7 ‘A) n = #cl = - ( C  

Number of aromatic rings 
1 RA = (CA - 2 n )  

Number of naphthenic rings 
R N = R - R A  ( 7 )  

Values of C and H were from the empirical formula of each f rac t ion .  
divided i n t o  four types based on NMR spectra:  H A ,  5 - 9 ppm; Hp, 2.2 - 5 ppm: H3a, 
2.0-2.2 ppm; Hg , 1 . l -2 .0  ppm; and tty, 0.3-1.1 ppm. 

of HVL-P f rac t ions .  All data a re  experimental values except f o r  those i n  parentheses. 
Values in parentheses were calculated from those of the four  f rac t ions .  
tha t  L i g h t ,  Middle and Heavy f rac t ions  are  a major portion of HVL-P. 

example, number of t o t a l  r ings ,  R ,  of HVL-P  i s  3 . 2 ,  b u t  i t  varies from 1 . 8  t o  5.6 i n  
i t s  f rac t ions .  The number of to ta l  rings decreased by 1.9 from Resid to  Heavy, 1 .4  
from Heavy t o  Middle, and 0.5 from Middle t o  Light. 
and molecular weight decreased i n  a s imi la r  fashion. 

These differences are  s o  large t h a t  the  f rac t ions  were grouped i n t o  three ,  A ,  B, 
and C ( L i g h t  and Middle, Heavy, and Resid respec t ive ly) .  
(#Cl) reveals  tha t  most molecules i n  the  f i r s t  two groups ( A  and B )  have one aromatic 
c l u s t e r ,  while about 30% of molecules i n  C have, on the ave rage ,  two c l u s t e r s .  
molecules in HVL-P have almost one aromatic c l u s t e r ,  indicat ing t h a t  HVL-P was essent-  
i a l  l y  completely depolymerized. 

tions. The s t ruc tures  i n  F i g .  1 contain the  appropriate  numbers of aromatic rings, 
aromatic c lus te rs  and naphthenic r ings.  
chains on the s t ruc tures  a re  qua l i ta t ive .  

I f  one assumes t h a t  the aromatic double bonds were ne i ther  produced nor broken 
during the l iquefact ion process ( in  the production of  HVL-P), the  components i n  Group C 
were not converted t o  subs tan t ia l ly  smaller molecules ( l i k e  A o r  B ) .  Also Group B 
molecules were n o t  converted t o  Group A. 
three groups were produced from three  d i f f e r e n t  s t ruc tura l  units of the  feed coal. 

conditions were unfavorable f o r  hydrogenation o r  dehydrogenation of  aromatic s t r u c t u r e  
in  coal :  most notably the residence time was too s h o r t ,  and ( 2 )  the  large differences 
in  molecular s i z e  among the three groups would have not resul ted from the conversion of 
a la rge  component group t o  a smaller one. Examination of the  so lubi l iza t ion  products, 
SP-300 and SP-320, provides fur ther  supporting information f o r  this assumption as well 
as o ther  in te res t ing  fea tures  of coal s t r u c t u r e .  

Table 2 contains y ie lds  and s t ruc tura l  parameters of the  so lubi l iza t ion  products. 
As expected from the experimental condi t ions,  the y i e l d s  and molecular s i z e  of the 
products a re  subs tan t ia l ly  la rger  than those o f  HVL-P. 
tu ra l  parameters of HVL-P and SP-300 reveals  a remarkable resemblance in an i m p o r t a n t  
s t ruc tura l  feature:  
both products. 
c l u s t e r  in  coal. 

Hydrogen (H) was 

Table 1 summarizes y ie lds  from the d i s t i l l a t i o n  along with s t ruc tura l  parameters 

T h e  y i e l d s  show 

For Structural  parameters change s i g n i f i c a n t l y  from one f rac t ion  t o  another. 

The number of aromatic r ings,  RA,  

The number of aromatic c l u s t e r s  

Overal l ,  

Structural  parameters were used t o  sketch possible  s t ruc tures  of the four  f rac-  

The presence of funct ional  groups o r  s i d e  

T h i s  non-convert ibi l i ty  ind ica tes  tha t  t h e  

The assumption was drawn from the following consideration: ( 1 )  the l iquefac t ion  

Yet comparison of t h e  s t ruc-  

the  average aromatic c l u s t e r  s i z e s ,  RA/#cl, a r e  the same, 2 . 2 ,  i n  
This agreement can be re la ted  t o  approximate s i z e  of the average aromatic 
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Considering t h a t  15% of t h e  char y i e l d  and 5% of the l i g h t  l iqu id  y ie ld  i n  pro- 
ducing HVL-P, the  average aromatic c l u s t e r  s i z e  of the condensed-phase products 
(HVL-P, l i g h t  l iqu id  and char ) ,  which a re  supposed t o  r e t a i n  the ske le ta l  s t ruc ture  of 
coal ,  i s  expected t o  be la rger  than 2.2. On the  other  hand, SP-300 represents more 
than 97% of coal matr ix  (pyridine insoluble  <2% of c o a l ) ,  but  i t s  average aromatic 
c l u s t e r  s ize  i s  supposed t o  have been reduced somewhat due to  the nature o f  the reaction 
among coal, NaOH and ethanol .  According t o  Makabe and Ouchi (8), the  reaction s l i g h t l y  
hydrogenates aromatic rings i n  coal under our experimental conditions. In any event, 
our observations on two separately prepared CDL's indicate  t h a t  the s i z e  of the average 
aromatic c l u s t e r  of t h e  hvb coal i s  l a rger  than 2 .2 ,  but not much d i f fe ren t  from 2 .2 .  

The agreement i n  RA/#c~ between HVL-P and SP-300 suggest tha t  large aromatic 
c l u s t e r s  l i k e  those (RA/#cl = 3.4) in Resid of  HVL-P should e x i s t  i n  SP-300, i . e .  
most probably i n  Fract ion K. Comparison of the s t ruc tura l  parameters of SP-300 w i t h  
those of SP-320 helps c l a r i f y  t h i s  point. The large difference i n  RA/#cl between 
SP-300 and SP-320 i s  d i r e c t l y  re la ted t o  the  question of the  large aromatic c lus te rs .  

The difference i n  R A / # c ~  i s  due t o  the conversion of Fraction K t o  a portion o f  
Fraction J '  and Fraction K '  as revealed by their RA/#c~ ' s  and y ie lds .  
s ists  of two large port ions,  one coming from Fraction J and the other  from Fraction K .  
S t i l l  Fractions J '  and J behaved s imi la r ly  in  a s t rong basic  solut ion as described i n  
t h e i r  preparation, and they have s imi la r  RA/#c~ and molecular weight (based on an 
estimation of a separate  conversion of J t o  a portion of J'). 
there  was a portion o f  K which was s imi la r  t o  Fraction J in  chemical s t ruc ture ,  and 
which was d i f f e r e n t  from the rest of K: the  two port ions a r e  termed Fractions KJ and 
K K  respectively. T h u s  i t  i s  most l i k e l y  t h a t  J and KJ experienced a s imi la r  t ransfor-  
mation t o  become par t  of J ' .  
chanqed, and so' was no t  t h a t  of KJ.  between SP-300 
and SP-320 is due t o  a large change o f  the same parameter between K K  and K ' .  
R A / # c ~  of K K  was la rge ,  b u t  i t  reduced t o  t h a t  of K '  upon the  hydrogenation of NaOH/ 
ethanol reaction. 

Model compound s t u d i e s  by Ross and Blessing (11) support this in te rpre ta t ion ,  They 
observed t h a t  c l u s t e r s  consis t ing of s i n g l e  aromatic r ing were not hydrogenated in a 
react ion with KOH/methanol a t  400°C f o r  30 minutes, but a c l u s t e r  containing three fused 
aromatic r ings underwent hydrogenation. Estimation o f  RA/#c~ of K K  came out t o  be 3.4, 
which is the same as  t h a t  of Resid in HVL-P. The large decrease i n  R A / # c ~ ,  from 3 . 4  
( f o r  K K )  t o  1.4 ( f o r  K ' )  upon hydrogenation suggests t h a t  the aromatic rings i n  the 
c l u s t e r s  of K K  were mostly cata-condensed. T h u s  considerable amounts of polynuclear 
aromatic c l u s t e r s  were observed in HVL-P and SP-300 which were supposed t o  re ta in most 
of ske le ta l  s t r u c t u r e  of the hvb coal. 

Fraction J '  con- 

This indicates  tha t  

In the conversion t o  J ' ,  apparently RA/#c~ o f  J was not 
Then the  large change o f  R A / # c ~  

Recently Whiteh'urst ( 1 2 )  and Farcasiu (13) reported t h a t  there i s  no s ign i f icant  
amount of large aromatic c l u s t e r s  i n  coa l ,  Their coals and experimental method were 
d i f fe ren t  from ours ,  b u t  most notably t h e i r  determination of  the s i z e  of aromatic 
c l u s t e r s  was semi-quant i ta t ive (13) .  Although their conclusion m i g h t  hold with the 
par t icu lar  coals  they examined, our  f indings support the conventional view tha t  most 
bituminous coals  contain considerable amounts of polynuclear aromatic c l u s t e r s .  

These observations lead t o  the conclusion tha t  there  were or ig ina l ly  three classes  
of average aromatic c l u s t e r s  i n  terms of  t h e i r  s i z e  i n  the hvb coal. Two of them have, 
on the average, 1.9 and 1.3 aromatic rings per c l u s t e r ,  and they were col lected i n  
Fractions I '  and J ' .  
per c l u s t e r ,  and was co l lec ted  i n  Fraction K mixed with the precursor of J ' .  
average s ize  of the t h i r d  c lass  of c l u s t e r s  i s  expected t o  be la rger  t h a n  3.4 since 
hydrogenation o f  the aromatic c lus te rs  i s  suspected as discussed previously. 
we wi l l  examine how these  three  classes  of aromatic c l u s t e r s  would be fur ther  depolymer- 
i zed. 

i . e .  t h a t  the aromatic double bonds experienced l i t t l e  change, i f  any, i n  the  liquefaction 

The t h i r d  class  has, on the average, 3.4 o r  more aromatic rings 
The 

NOW 

The f indings w i t h  SP-300 and SP-320 subs tan t ia te  the  assumption made e a r l i e r ,  
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process i n  producing HVL-P. 
c lus te rs  in  the coal were broken almost completely. 
conditions in  producing SP-300 and the same R A / # c ~  of HVL-P and SP-300, f u r t h e r  t r e a t -  
ment of SP-300 i n  the  l iquefact ion process would r e s u l t  i n  a complete depolymerization 
of SP-300 yielding a product s imi la r  t o  HVL-P .  
bonds linking aromatic c lus te rs  in SP-300 as revealed by #cl .  

The comparison of s t r u c t u r a l  parameters whichare shown i n  Tables 1 and 2 provides 
detai led information on the conversion of SP-300 t o  completely depolymerized product. 
The three f rac t ions  of SP-300, however, were insuf f ic ien t ly  depolymerized t o  draw 
useful information f r o m t h e i r s t r u c t u r a l  parameters. Instead the s t ruc tura l  parameters 
of Fractions I '  and J '  were examined s ince  Fractions I ,  J and KJ were converted t o  
Fractions I '  and J ' .  The numbers of aromatic r ings ,  R A ' s ,  of I '  and J '  a r e  already 
smaller than t h a t  of Resid i n  HVL-P. T h u s  upon fur ther  depolymerization, Fractions 
I '  and J '  could become L i g h t ,  Middle o r  Heavy such as those i n  HVL-P .  According t o  
RA and # c l ,  80% of J '  wi l l  become L i g h t  o r  s imi la r  f rac t ion  i n  HVL-P ( t h e  predicted 
value i s  17% of MAF coal ,  compared t o  15% of Light plus l i g h t  l i q u i d ) .  The r e s t  of 
J '  wi l l  become Heavy. 
predicted value i s  21%, compared t o  17% of actual y i e l d ) .  
Reside. Also the r e s t  of SP-300, Fraction K K ,  could become Resid/Char s ince  both K K  
and Resid have the same RA/#c~ ( the  predicted value came out t o  be the same as  the  
actual y i e l d ,  35%). 
loss, 5%, i n  preparing HVL-P, the  predict ions agree well with the  actual y ie lds .  

t h a t  the  ske le ta l  s t ruc tures  ( o r  aromatic bonds) of coal were conserved during the  
l iquefact ion process as well as during the  so lubi l iza t ion  process a t  30OoC. Therefore 
the component groups A ,  B and C in HVL-P can be visual ized as s t ruc tura l  u n i t s  of the 
coal .  Almost a l l  s t ruc tura l  units were col lected i n  SP-300 and they were grouped i n t o  
three (Figure 2 ) .  
r ings,  and they a r e  connected t o  each o ther  by non-aromatic bonds. 
revealed t h a t  the linkages e x i s t ,  t h e i r  nature has not been s tudied y e t .  T h e  s t ruc-  
tu ra l  units i n  the  second group, Y ,  have two t o  three aromatic rings, and the  t h i r d  
group cons is t s  of s t ruc tura l  units having, on  the  average, four o r  more aromatic r ings.  
T h u s ,  the  par t icu lar  hvb coal has been character ized in  terms of major s t r u c t u r a l  un i t s  
and t h e i r  d i s t r ibu t ion .  The same data analyzed so f a r  provide valuable information 
a l s o  on the reduction of molecular s i z e  during the l iquefact ion,  weak bonds, and the 
hydrogenation of aromatic c lus te rs  in coal ,  and this  wil l  be reported elsewhere. 

Conclusion 

A new character izat ion scheme f o r  CDL has been devised based on t h e  assumption 
t h a t  coal l iquefact ion is bas ica l ly  a depolymerization process. This scheme was ins t ru-  
mental i n  disclosing the following s t r u c t u r a l  fea tures  of a hvb coal and i t s  l iqu ids :  

( 1 )  A CDL ( H V L - P ) ,  produced a t  500°C w i t h  very shor t  residence time, was almost 
completely depolymerized, i . e . ,  e s s e n t i a l l y  a l l  linkages between aromatic 
c lus te rs  were broken, and consisted of th ree  major component groups, A ,  B 
and C.  
Group B two t n  three fused aromatic rings and those i n  Group C four  or more 
fused aromatic r ings.  
naphthenic rings and a l i p h a t i c  side chains. 
a r e  not convert ible  t o  each other  under the l iquefact ion conditions used, and 
therefore ,  must have been produced from three d i f f e r e n t  s t ruc tura l  un i t s  in  coal. 

A so lubi l iza t ion  product (SP-300), obtained in  a reaction with NaOH/ethanol 
a t  300"C, revealed t h a t  i t  was l e s s  depolymerized t h a n  HVL-P,  but the  size 
of average aromatic c l u s t e r  was the same, 2.2 aromatic r ings per c l u s t e r ,  as 
t h a t  of HVL-P. 
having 1.3, 1.9 and 3.4 aromatic r ings per c l u s t e r .  The d is t r ibu t ion  of the 
c lus te rs  was found by examining another so lubi l iza t ion  product (SP-320) 

In the process, non-aromatic bonds between aromatic 
Considering the milder react ion 

There a r e  a couple of non-aromatic 

Likewise, 70% of Fraction I '  wi l l  become Middle/Heavy ( the  
The r e s t  of I '  wi l l  become 

Taking account o f  the  paraf f in ic  material removed, 4%, and t h e  

The quant i ta t ive  conver t ib i l i ty  of SP-300 t o  HVL-P f rac t ions  f u r t h e r  subs tan t ia tes  

The s t ruc tura l  units i n  the  f i r s t  group, X ,  have one t o  two aromatic 
Although our data  

The components in  Group A had mostly one aromatic r ing ,  those i n  

The fused aromatic rings have attachments such as  
The three proups apparently 

( 2 )  

SP-300 consisted of t h r e e  c lasses  of average aromatic c l u s t e r s  
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prepared a t  32OOC. 
cata-condensed. 

The c l u s t e r s  containing 1 . 3  and 1.9 aromatic rings per c l u s t e r  a r e  convertible 
t o  smaller  species  l i k e  Groups A and B i n  HVL-P ,  while the la rger  c lus te rs  of 
3.4 aromatic r ings will become Group C i n  HVL-P. 

( 4 )  The three  groups of HVL-P were ident i f ied  as the three major s t ruc tura l  uni ts  
of  coal ,  and t h e i r  d i s t r ibu t ion  in  the h v b  coal was estimated from the 
examination of SP-300 and SP-320 

The aromatic r ings of the large c l u s t e r s  appear t o  be 

(3)  

These f indings a r e  unique t o  the character izat ion scheme for C D L .  The resu l t s  o f  

Taking i n t o  account the heterogeniety of coal 
this character izat ion of coal could be re la ted  t o  product potent ia l  i n  l iquefact ion,  
solvent  ref ining and pyrolysis  of coal. 
and i t s  i n a c c e s s i b i l i t y  by ana ly t ica l  means, the present approach appears t o  be a 
p r a c t i c a l ,  useful way t o  character ize  the chemical s t ruc ture  of coal. 
w i l l  be u t i l i zed  w i t h  other  coals  which can be solubi l ized t o  fur ther  substant ia te  t h i s  
method. 
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TABLE 1 
Analytical Data on HVL-P  and I t s  Fractions 

RA RN #cl f a  Yield, W t %  Mol. W t .  

HVL-P 100 258 2.4 0.8 1.1 0.63 
(92.5)* (268) (2.4) (0.9) (1.1) (0.60) 

Light 19.2 183 1.2 0.6 1 .0  0.55 

Middle 15.7 210 1.6 0.7 1.1 0.58 

Heavy 17.6 272 2.4 1 . 3  1.0 0.59 

Resid 40.0 396 4.4 1.2 1.3 0.68 

*Calculated from those of the four  f r ac t ions .  

TABLE 2 
Structural  Parameters of the Solubi l izat ion Products 

Yield* Mol. W t .  RA R N  #Cl fA R A / # C l  

SP-300** 85.7 a43 5.6 3.9 2.6 0.52 2.2 

Fraction I 23.9 777 5.0 3.3 2.7 0.52 1.9 

J 9.1 643 3.4 3.4 2.5 0.53 1.4 

K 52.7 930 6.6 4.4 2.6 0.51 2.5 

SP-32D** 76.5 520 3.2 2.4 2.1 0.52 1.5 

478 3.2 2.3 1.7 0.55 1.9 

J '  23.8 444 2.4 2.0 1.8 0.50 1.3 

K '  26.1 690 4.4 3.1 3.1 0.52 1.4 

Fraction I '  26.6 

*Weight % of coal (MAF) 

**The parameters were calculated from the th ree  f r ac t ions .  
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STRUCTURAL CHARACTERISTICS OF VI'rRINITES 

SWADESE W.J 

Ebasco Serv ices  Incorpora ted  
Two Rector  S t r e e t  

New York, New York 10006 

INTRODUCTION 

It is  g e n e r a l l y  accepted t h a t  t h e  var ious  pe t rographic  c o n s t i t u e n t s  
of c o a l s  are der ived  l a r g e l y  frsm p a r t l y  decayed organs  of  t h e  h igher  p l a n t s  
and t h e  chemical subs tances  i n  them. Lignin ,  i n  p a r t i c u l a r ,  i s  thought  t o  
be a n  important  p a r t  of t h e  input  t o  c o a l i f i c a t i i o n  processes  both i n  pre- 
served woody t i s s u e  and a f t e r  t h e  n i c o r b i a l  a c t i o n .  The n a t u r e  of t h e  sub- 
stalces from which c o a l s  are derived a r e  f a i r l y  w e l l  known. However, r h e  
chemical  s t r u c t u r e s  t h a t  they  g i v e  r ise  t o  i n  c o a l s  a r e  poorly understood.  
It w a s  thought  worthwhile t o  undertake a s t r u c t u r a l  s tudy  of a set of 
v i t r i n i t e - r i c h  c o a l s  ( i e ,  der ived  from woody t i s s u e ) ,  u s i n g  exper imenta l  
approaches t h a t  would a s s i s t  i n  e v a l u a t i n g  t h e  e x t e n t  t o  which l i g n i n  s t r u c -  
t u r e s  are s t i l l  recognizable  a f t e r  c o a l i f i c a t i o n .  
method of Burges et a 1  (l), which has  prev ious ly  revea led  t h e  presence  of 
l ign in-der ived  phenols  i n  t h e  humic a c i d s  of s o i l s ,  was adopted.  S ince  
c o a l s  of h igher  rank  than  l i g n i t e s  do not  c o n t a i n  humic a c i d s ,  humic-acid- 
l i k e  m a t e r i a l s  were genera ted  i n  h igh  y i e l d s  (80 - 110 percent )  by a mild 
o x i d a t i o n  (2) using aqueous performic a c i d  and t h e  products  subjec ted  t o  t h e  
r e d u c t i v e  degrada t ion .  

A r e d u c t i v e  degrada t ion  

Pa leobotanic  s t u d i e s  show t h a t  t h e  main types  of p l a n t s  t h a t  c o n t r i b u t e d  
t o  c o a l  formation i n  t h e  Carboniferous were p r i m i t i v e  gyxnosperm. tree f e r n s .  
seed f e r n s  and c l u b  mosses. In t h e  o ther  main eras of c o a l  f o r n a t i o n ,  t h e  
Cretaceous and t h e  T e r t i a r y ,  t h e  source  p l a n t s  were angiosperms of t h e  noderr. 
type.  It i s  sbserved t h a t  t h e r e  i s  l i k e l y  t o  be a s i g n i f i c a n t  spread i n  sone 
s t r u c t u r a l  f e a t u r e s  of  t h e  l i g n i n  and f lavonoids  i n  such a v i d e  range of  
p l a n t  types .  Therefore ,  g e o l o g i c a l  h i s t o r y  i s  a l s o  considered a p o t e n t i a l l y  
Important  f a c t o r  i n  determining s t r u c t u r a i  c h a r a c t e r i s t i c s  of v i t r i n i t e s .  
Two p e a t  samples, t h r e e  l i g n i t e s  and t h i r t y - e i g h t  subbi~uminous  and b i t u -  
minous c o a l s  were s t u d i e d .  The mixtures  of phenols  and phenol ic  a c i d s  ob- 
ta ined  as t r i n e t h y l s i l y l  e t h e r s  and esiers were analyzed by gas  chromatography/ 
mass spectrometry.  

EXF'ERINENTAL INVESTIGATION 

S e l e c t i o n  of Coal Samples 

For t h i s  s tudy  t h r e e  sets of c o a l s  from d i f f e r e n t  g e o l o g i c a l  provinces  
were selecteci .  
(70 - 90 p e r c e n t ) ,  and cover  a wide range of rank .  
and I n t e r i o r  prcv inces  and f i f t o e n  c o a l s  from Rocky Yountain prcv ince  were se- 
l e c t e d .  Three l i g n i t e s  were s e l e c t e d  from Texas and North Dakota. 

These c o a l s  a r e  r i c h  i n  v i t r i n i t e  p l u s  p s e u d o - r i t r i n i t e  
Ten c o a l s  each f r o p  Eas te rn  

Two p e a t  
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samples were taken  from t h e  Southern Everglades of F l o r i d a .  
a n a l y s i s  o f  s e l e c t e d  p e a t ,  l i g n i t i c ,  subbituminous and bi tuminous c o a l  samples 
are g iven  in Reference ( 3 ) .  

D e t a i l s  on t h e  

Experimental  Method 

The o x i d a t i o n  of c o a l  by performic a c i d  was c a r r i e d  out  under con- 
t r o l l e d  c o n d i t i o n s  and t h e  t e n p e r a t u r e  was maintained a t  50 - 55OC. Humic 
a c i d s  were e x t r a c t e d  from p e a t s  and l i g n i t e s  wi th  0.5 N XaOH and from oxi- 
dized  c o a l s  w i t h  1 N NaOH. The washed and d r i e d  h x i c  a c i d s  were d isso lved  
in NaOH, t r e a t e d  w i t h  3 p e r c e n t  f r e s h l y  prepared sodium amalgamd and the  
s o l u t i o n  w a s  h e a t e d  i n  an oil b a t h  t o  temperatures  of  110 - 115 C f o r  4 - 
5 hours .  The r e s u l t i n g  phenols  and phenol ic  a c i d s  were p r e c i p i t a t e d  and 
e x t r a c t e d  by c e n t r i f u g a t i o n  wi th  e t h e r  and methylene c h l o r i d e .  The s o l v e n t s  
were removed and t h e  r e s i d u e s  were t r e a t e d  w i t h  s y l o l  HTP reagent  under t h e  
s p e c i f i e d  c o n d i t i o n s  f o r  conver t ing  phenols  and phenol ic  carboxyl ic  a c i d s  
t o  t h e i r  cor responding  e t h e r s  and e s t e r s .  
were analyzed by gas chromatography wi th  and wi thout  c o i n j e c t i o n .  
of t h e  i d e n t i f i c a t i o n s  were made by Bimer e t  a1 ( 4 )  by gas  chromtography 
with c o i n j e c t i o n  of s t a n d a r d s .  
v i d e r  set of  s t a n d a r d s  more compounds were i d e n t i t i e d  us ing  GC/MS/Computer 
System. Experiments showed OV 101 Column Packing (3  percent  on SO/lOO mesh 
supelco p o r t )  t o  be t h e  most e f f e c t i v e  f o r  GC and G C / M  of t h e  s i x  packings 
t e s t e d .  
system w a s  used t o  s u b t r a c t  t h e  mass spectrum a t  t h e  f o o t  of  each peak j u s t  
before  i t  began t o  e l u t e ,  o r  j u s t  a f t e r  t h e  e l u t i o n ,  from t h e  spectrum re-  
corded as t h e  maximum of t h e  peak was e l u t e d .  
above, were r e p o r t e d  for s t a n d a r d s  and unknowns as p r i n t o u t s  t a b u l a t i n g  m / e  
va lues  2nd r e l a t i v e  i n t e n s i t i e s .  
s p e c t i o n  o f  t h e  p r i n t e d  d a t a  and t h e  r e t e n t i o n  times. 

The t r i m e t h y l  e t h e r s  and esters 
A few 

With t h e  wider  range  of c o a l s  and wi th  a 

The GC/?!S ins t rument  was provided wi th  a d a t a  system. The d a t a  

The raw MS d a t a ,  descr ibed  

The comparisocs were made by v i s u a l  in-  

EWERniENTAL RESULTS 

It is i m p r a c t i c a b l e  t o  reproduce h e r e  a l l  t h e  chromatograms and a l l  
the  mass s p e c t r a  obta ined .  E!ost of them a r e  i l l u s t r a t e d  i n  Reference ( 3 ) .  
It is observed t h a t  humic a c i d s  obta ined  both  by t h e  e x t r a c t i o n s  of l i g n i t e s  
and t h e  o x i d a t a t i o n  o f  t h e  i n s o l u b l e  r e s i d u e s ,  and t h e  hunic  a c i d s  obtained 
from mcst (but  n o t  a l l )  o f  t h e  c o a l s  from t h e  Rocky Hountain Provicce ,  gave 
poorly r e s o l v e d  chromatograms, whi le  those  from t h e  Cerboniferous c o a l s  of 
I n t e r i o r  and E a s t e r n  Provinces  gave chromatograms w h e r e  r e s o l u t i o n  ranged 
from r e a s o n a b l e  to e x c e l l e n t .  
moderately good r e s o l u t i o n .  Taking a n  overv iev ,  18 of 4 3  samples s t u d i e d  
showed poor  r e s o l u t i o n .  

The products  from t h e  p e a t  humic a c i d s  shoved 

There a r e  a number of d i f f i c u l t i e s  i n  d i s c u s s i n g  t h e  compounds iden- 
t i f i s d  and a s s e s S i n g  t h e i r  s i g n i f i c a n c e .  
subs tances  o f  d i v e r s e  origin, and t h e i r  s t r u c t u r e s  a r e  unknown. In order  
t O  f a c i l i t a t e  d i s c u s s i o n  of t h e  d i s t r i b u t i o n  of compounds i d e n t i f i e d ,  a l l  
Of t h e  compounds p a r t i a l l y  or completely i d e n t i f i e d  a r e  l i s t e d  i n  Table  1- 
3, where t h e  c o a l s  from w?.ich they  come are c l a s s i f i e d  p a r t l y  by rank  and 
p a r t l y  by t h e  province .  I n  each s e t  of t a b l e s ,  t h e  compounds are l i s t e d  
as fa r  as p o s s i b l e  i n  o r d e r  o f  i n c r e a s i n g  complexity. 

Humic a c i d s  are poor ly  def ined  
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In  Table  1 a r e  presented  t h e  phenols  and a c i d s  whose s t r u c t u r e s  a r e  
s imple o r  nonspec i f ic  about  t h e i r  o r i g i n .  Table  2a c o n t a i n s  compounds c h a t  
appear  t o  have been der ived  from t h e  A r i n g  of f lavonoids .  In Table 2b are 
compounds of more complex s t r u c t u r e  wi th  a very c l e a r  r e l a t i o n s h i p  t o  t h e  
breakdown products  of l i g n i n  and B r i n g  of f lavonoids .  Table  3 l i s t s  rel- 
a t i v e l y  complex compounds which aga in  may have had a b i o l o g i c a l  o r i g i n ,  
but  t h i s  cannot  be pro;ed; f o r  many of them t h e  s u b s t i t u t i o n  p a t t e r n  i n  
t h e  benzene r i n g  has  not  been i d e n t i f i e d .  IJhat i s  shown i n  t h e  t a b l e s  i s  
t h e  freqency of occurrences  of t h e  v a r i o u s  compounds. 
column of t h e  t a b l e s  i s  shown t h e  t o t a l  number c f  samples of each c l a s s  
s t u d i e d ,  and a g a i n s t  t h e  name of each compound i s  shown t h e  number of re- 
a c t i o n  products  i n  which i t  w a s  i d e n t i f i e d .  

A t  t h e  head of each  

Throughout t h e  s tudy ,  a number o r  r e l a t i v e l y  l a r g e  peaks could n o t  be  
matched w i t h  t h e  S tandards  a v a i l a b l e ,  and no more than  t h e  g e n e r a l  c h a r a c t e r  
of t h e  S t r u c t u r e  could be i n f e r r e d  from t h e  mass s p e c t r a .  These peaks were 
scanned f o r  nega t ive  as w e l l  as p o s i t i v e  information.  
c l u s i o n s  a r i s i n g  from t h e  examination of u n i d e n t i f i e d  peaks were as f o l l o w s :  

1. 

The p r i n c i p l e  con- 

A m a j o r i t y  of t h e  l a r g e  u n i d e n t i f i e d  peaks represented  phenols  o r  
phenol ic  a c i d s .  

2. Some evidence of t h e  presence of biphenyl  groups was seen. 

3. I n  each chromatograms presence of hydroxy p y r i d i n e s  i s  seen.  

4. 

5 .  Some mass s p e c t r a  i n d i c a t e  t h e  presence  of e i t h e r  l i n k a g e s  ( o t h e r  

No evidence of t h e  presence  o f  S u l f u r  compounds w a s  seen.  

than  methoxyl) and of  Carbonyl compounds. 

DISCUSSION OF RESULTS 

The most s t r i k i n g  r e s u l t  o f  t h e  whole s tudy  i s  t h e  presence of cinnamic 
a c i d ,  which was found i n  42 out  of  t h e  43 m a t e r i a l s  analyzed;  t h e  one product  
t h a t  d i d  n o t  c o n t a i n  cinnamic a c i d  d i d  c o n t a i n  t h e  corresponding a l c o h o l .  
The a c i d  i s  found i n  a r e g i o n  of t h e  chromatograms where t h e  peaks r ise 
d i r e c t l y  from t h e  b a s e l i n e  i n  a lmost  a l l  c a s e s ,  and t h e  peak corresponding 
t o  it was almost always s h a r p  and i n t e n s e .  
r e l a t e d  t o  i t  were found i n  a few products .  wi th  t h e  a l i p h a t i c  s i d e  c h a i n  
i n  a d i f f e r e n t  s t a c e  of o x i d a t i o n ,  ie. n o t  a s  -CH=CH-COOH but  as -CHZ.CO.COOH 
o r  -CH2.CH2:COOH o r  -CH2.C0.CH20il .  
occurrence in p l a n t s  as a b i o s y n t h e t i c  precursor  t o  l i g n i n ,  f lavonoids  and 
phenylalanine,  so t h a t  it could have e n t e r e d  pears  as such and be incorpora ted  
i n t o  p e a t  humic a c i d s .  

In a d d i t i o n ,  subs tances  c l o s e l y  

However, cinnamic a c i d  is of common 

There i s  a l s o  p r e s e n t  i n  many samples a group of compounds r e l a t e d  t o  
p. hydroxycinnamic a c i d  ( o r  p. coumaric a c i d ) .  
v a r i o u s  states of  o x i d a t i o n  (-CE=CS-CH OH,  -CH .CO.COOH, -CE2.CH .COOH). 2 2 
p. Coumaric a c i d  i t s e l f  i s  t h e  most abundant o$ these ,  be ing  found i n  about  

Again t h e  s i d e  cha in  is  i n  
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half  t h e  products  from subbituminous and bi tuminous c o a l s ,  b u t  only i n  one 
of the lower rank  m a t e r i a l s .  On the  o t h e r  hand, p. hydroxybenzoic a c i d ,  
which can  be d e r i v e d  from coumaric a c i d  and r e l a t e d  compounds by o x i d a t i o n  
of t h e  s i d e  c h a i n ,  w a s  found i n  almost a l l  of t h e  low rank  m a t e r i a l s  and i n  
r a t h e r  less t h a n  h a l f  of t h e  products  from the  h igher  rank  c o a l s .  

There  are a l a r g e  group of compounds r e l a t e d  t o  3-methoxy-4-hydroxy- 
cinnamic a c i d  ( f e r u l i c  a c i d ) .  This  s u b s t i t u t i o n  p a t t e r n  i s  t h e  most abundant 
in t h e  l i g n i n  of Gymnosperns and i n  some less h i g h l y  evolved p l a n t s  such as 
the Lycopods, bu t  is found a l s o  i n  Angiosperms. V a n i l l i n  (3-methoxy-4-hydroxy- 
benzaldehyde), formed i n  p e a t s  by m i c r o b i a l  o x i d a t i o n  of f e r u l i c  ac id  was 
found in e v e r y  one of  t h e  low rank materials s t u d i e d :  i n  12 o u t  of 15 samples 
from t h e  Rocky Mountain Province,  and i n  about  one-half of those  from t h e  
o ther  p r o v i n c e s .  In a d d i t i o n ,  t h e  r e l a t e d  compound, v a n i l l i c  a c i d  was found 
t o  be  q u i t e  abundant .  F e r u l i c  a c i d  i t s e l f ,  and c a f f e i c  a c i d  (3.5-dihydroxy 
cinnamic a c i d )  were each found i n  about LO percent  of t h e  samples; a sample 
t h a t  conta ined  one i n  g e n e r a l  d i d  not  c o n t a i n  t h e  o t h e r .  
c a f f e i c  a c i d  i s  t h e  only  subs tance  i n  t h i s  group t h a t  has  had t h e  o r i g i n a l  
3-methoxy s u b s t i t u e n t  demethylated t o  hydroxy. The o t h e r  subs tances  i n  t h i s  
group c o n t a i n  t h e  a l i p h a t i c  s i d e  chain i n  v a r i o u s  s t a t e s  of  o x i d a t i o n ,  of 
g r e a t e r  v a r i e t y  t h a n  was found wi th  t h e  compounds r e l a t e d  t o  coumaric a c i d  
(-CH2.C0.CH20H) -CH2.C0.COOH, -CH2.CH .CHO, -CH .CH .CH20H and -CHOH.CHOH.COOH. 

The f i n a l  group of subs tances  r e l a t e d  to  l i g n i n  have t h e  1, 3 ,  4 and 
5 s u b s t i t u t i o n  p a t t e r n  i n  t h e  benzene r i n g .  
d i scussed ,  the s i d e  cha in  was found i n  a v a r i e t y  o f  o x i d a t i o n  states. Again 
only one  demethylated d e r i v a t i v e  was found 3, 4 ,  5- t r ihydroxy cinnamic ac id .  
What n i g h t  be termed t h e  parent  conpound, 3 ,  5-dimethoxy-4-hydroxy cinnamic 
acid,  was found i n  11 samples which was e n t i r e l y  r e s t r i c t e d  t o  t h e  h igher  
rank m a t e r i a l s .  S y r i n g i c  a c i d  and syr ingaldehyde,  i n  which two of t h e  c a r -  
bon atoms in t h e  a l i p h a t i c  cha in  have been renoved by o x i d a t i o n ,  were t h e  
most f r e q u e n t l y  found members of t h i s  group (19 and 13  samples r e s p e c t i v e l y ) ,  
and t h e i r  occur rences  were f a i r l y  evenly d i s t r i b u t e d  over  a l l  c l a s s e s  of 
c o a l s ,  i n c l u d i n g  t h e  p e a t s .  

Oddly enough, 

2 2 2  

As w i t h  t h e  groups a l ready  

CONCLUSIONS 

By no means a l l  of t h e  subs tances  t h a t  gave peaks on t h e  chromatograms 
were i d e n t i f i e d ,  b u t  a c a r e f u l  s c r u t i n y  of  :he d a t a  showed t h a t  i d e n t i f i c a -  
t i o n s  made were reasonably  c e r t a i n .  The products  der ived  from t h e  Carboni- 
fe rous  c o a l s  of  t h e  I n t e r i o r  and Eas te rn  Provinces  were narkedly  less complex 
mixtures ,  and t h e  degree of r e s o l u t i o n  was cons iderably  b e t t e r .  From t h e  
r e s u l t s  t h e r e  are a number of important  i m p l i c a t i o n s  f o r  understanding 
the chemis t ry  of v i t r i n i t e s .  

1. 

These may b e  summarized as fo l lows:  

Many benzene r i n g s  i n  v i t r i n i t e s  b e a r  not  on ly  an OH group but  
o f t e n  o n e  or two methoxy groups as w e l l ;  o c c a s i o n a l l y  a second OH 
group may be  p r e s e n t  i n s t e a d  o f  nethoxy. This  vould expla in ,  
among o t h e r  t h i n g s ,  t h e  d i f f i c u l t y  of s u l f o n a t i n g  o r  n i t r a t i n g  
v i t r i n i  tes wi thout  accompanying o x i d a t  ion.  
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I 

Methoxyl groups s u r v i v e  i n  v i t r i n i t e s  t o  a cons iderably  h igher  
l e v e l  of rank than  previous ly  repor ted .  

B i c y c l i c  and p o l y c y c l i c  aromatic  r i n g  systems,  o t h e r  than  b iphenyl ,  
appear  t o  be less f requent .  It i s  p o s s i b l e  t h a t  most of t h e  
p o l y c y c l i c  s t r u c t u r e s  from c o a l s  accumulated i n  t h e  e t h e r - i n s o l u b l e  
material. 

The s t r u c t u r e  of v i t r i n i t e s ,  even of High V o l t a t i l e  A Bituminous 
rank,  appears  t o  be similar t o  t h a t  of l i g n i n ,  i n  being based t o  
an important  e x t e n t  on phenyl propane and phenyl methane s k e l e t o n s .  

O l e f i n i c  double  bonds a r e  abundant i n  v i t r i n i t e  s t r u c t u r e s  as such 
o r  they  are genera ted  by t h e  degrada t ion  processes  used,  i n  a manner 
d i f f i c u l t  t o  envisage a t  t h i s  t i m e .  

The conclus ions  a r e  c o n s i s t e n t  wi th  a f e a s i b l e  i n t e r p r e t a t i o n  of  t h e  
X-ray s c a t t e r i n g  d a t a  of Hirsch (5) .  Fur ther ,  i t  i s  a l s o  c o n s i s t e n t  wi th  
t h e  conclus ions  cf  Flontgomery e t  a 1  (6)  and of  Chakrabar t ty  e t  a 1  (7) on 
t h e i r  s t u d i e s  of  t h e  products  of s e v e r e  o x i d a t i o n  of c o a l s .  
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Thermolys is  and Ox ida t i on  o f  t h e  A l b e r t a  O i l  Sand Bitumen 
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INTRODUCTION 

The composi t ion and t h e  r a t e s  o f  e v o l u t i o n  o f  l i g h t  gases and v o l a t i l e  ma te r i -  
a l s  f rom Athabasca and Cold Lake o i l  sand bitumen and t h e i r  separated f r a c t i o n s  
have been descr ibed as a f u n c t i o n  o f  t e m p e r a t ~ r e . ’ - ~  
Arrhenius parameters f o r  p roduc t  f o rma t ion  i t  was concluded t h a t  b o t h  these rese r -  
v o i r s  a re  c u r r e n t l y  undergoing a slow b u t  measurable thermal decomposit ion even a t  
t h e  fo rma t ion  temperature.  
f o r  t h e  whole o i l  sand system were low, r i n g i n g  between 6 and 26 kcal /mol ,  i n d i c a -  
t i n g  t h e  c a t a l y t i c  e f f e c t s  o f  minera l  m a t t e r  p resen t  i n  t h e  o i l  sand. 
suggests a common o r i g i n  f o r  these o i l s ,  cind our  own suggested s i m i l a r  
thermal d iagene t i c  h i s t o r i e s  f o r  t h e  Atha!,asca and Cold Lake o i l  sand deposi ts .  
S i m i l a r  s tud ies  have now been conducted 011 t h e  Peace R i v e r  o i l  sand t o  ga in  deeper 
i n s i g h t  i n t o  t h e  r e l a t i o n s h i p s  between t h i s  o i l  and t h e  o t h e r  two o i l  sands. 

P r e l i m i n a r y  r e s u l t s  on t h e  k i n e t i c s  o f  consumption o f  molecular  oxygen i n  t h e  
the rmo lys i s  o f  t h e  Athabasca o i l  sand, e x t r a c t e d  bitumen, asphal tene and maltene 
have shown t h a t  t h e  r a t e  o f  t he rmo lys i s  o f  each p roduc t  was s u b s t a n t i a l l y  increased 
i n  t h e  presence o f  m o l e c u l a r  oxygen and t h a t  t h e  r a t e  o f  d e p l e t i o n  o f  oxygen f o l -  
lowed f i r s t  o r d e r  r e a c t i o n   kinetic^.^*^ 
i n  a s u b s t a n t i a l  i nc rease  i n  t h e  asphal tene con ten t  o f  t h e  sample. 

From t h e  e s t i m a t i o n  o f  t he  

The a c t i v a t i o , ?  energ ies f o r  t h e  fo rma t ion  o f  products  

Prev ious work 

Exposure o f  t h e  o i l  sand t o  oxygen r e s u l t e d  

These s t u d i e s  have been extended t o  i n c l u d e  t h e  e f f e c t s  o f  oxygen pressure and 
h e a t i n g  t ime on the  y i e l d s  o f  t h e  products  f rom t h e  whole o i l  sand as a f u n c t i o n  of 
temperature i n  o r d e r  t o  c l a r i f y  geo log i ca l  processes such as t h e  i n t r o d u c t i o n  of 
molecular  oxygen i n t o  t h e  bitumen v i a  o x i d i z i n g  ground water and weather ing proces- 
ses o c c u r r i n g  a t  t h e  o i l  sand outcrops o r  i n  p i l e s  o f  mined b i tuminous sand. 

EXPERIMENTAL 

The exper imenta l  d e t a i l s  f o r  t h e  c o l l e c t i o n  and a n a l y s i s  o f  gases and t h e  
v o l a t i l e  m a t e r i a l s  have been descr ibed The Peace R i v e r  o i l  sand was 
rece ived  f rom Shel l  Canada L td . ,  l a b e l e d  085-5 S h e l l  Cadotte OV, 4-21-85-18 W5 from 
a depth o f  563-573 m. 
exposed t o  a i r  a t  some stage.  
f o r  most o f  t h e  exper iments i n  o r d e r  t o  o b t a i n  r e p r o d u c i b l e  r e s u l t s .  

v o i r  were used f o r  t h e  o x i d a t i o n  experiments. Bitumen was e x t r a c t e d  from t h i s  o i l  
sand and separated i n t o  asphal tenes and maltenes u s i n g  s tandard techniques.s  
amounts o f  c l a y  and m ine ra l  m a t t e r  present  i n  these f r a c t i o n s  were removed by cen- 
t r i f u g a t i o n .  Non-condensable gases a t  77°K were analyzed by gc on a 2.4 m molecu- 
l a r  s ieve  column and t h e  gases v o l a t i l e  a t  195°K b u t  condensable a t  77°K on a 4.6 m 
Porapak Q column. S ince  n_epentane, acetone, propionaldehyde and carbon d i s u l f i d e  
a r e  unresolved on Porapak Q, t h i s  t o t a l  f r a c t i o n  was t rapped from t h e  e f f l u e n t  and 
f u r t h e r  analyzed on a 4.6 m t r i c r e s y l p h o s p h a t e  column, on which e x c e l l e n t  r e s o l u t i o n  
was achieved. 

These samples were con ta ined  i n  s p l i t  cores which had been 
The o i l  sands were manual ly  homogenized before use 

The b i tuminous sands f rom the  Sa l i ne  Creek tunne l  area o f  t h e  Athabasca rese r -  

Trace 
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RESULTS AN0 O I S C U S S I O N  

The composit ion and r a t e s  o f  t h e  l i g h t  gases evolved from the  Peace R i v e r  
\ b i tuminous sand a t  278, 298, 323, 343, 368, 388, 403 and 423°K a re  presented i n  

Table I .  The v o l a t i l e  m a t e r i a l  ob ta ined  up t o  298"K, which i s  t he  fo rma t ion  

Composit ion o f  Gases Evolved from t h e  Peace R ive r  o i l  sand Table I .  
as a Func t i on  o f  Temperature ~ 

mol h r - '  kg-' o i l  sand 
Temperature (OK) 278 298 323 343 365 388 403 423 
Heat ing Time (hours)  5.5 5.5 5.5 5.2 3.0 2.0 2.0 1 .o 
Methane 
Ethy lene 
Ethane 
Methanol 
Acetaldehyde 
Propylene 
Propane 
- i -Butane 
- i-Butene 
- n-Butane + Butenes 
Pentanes + Pentenes 

Carbon monoxide 
Carbon d i o x i d e  
Carbonyl s u l f i d e  

c 6  

0.62, 
n.0. 
n.0. 
n.0. 
0.03 
0.10 
n.0. 
n.0. 
n.0. 
n.0. 

17.7 
7.3 
0.24 

143 
0.03 

0.85 1.4 
0.10 10.2 
0.03 0.58 
n.0. n.0. 
0.18 12.2 
0.11 10.9 
n.0. 1.8 
n.0. 0.09 
n.0. 6.3 
0.13 0.78 

26.4 6.7 
9.8 2.7 
0.54 14.4 

500 3,260 
0.04 0.59 

7.6 20.7 
12.7 7.9 

6.1 3.2 
0.11 4.3 

80.1 165 
24.3 35.8 

8.9 20.1 
11.7 11.6 

26.4 80.2 126 101 
11.6 15.6 37.2 62.6 

4.2 22.2 12.6 34.7 
0.9 11.6 
6.2 8.7 
3.0 7.4 

13.0 65.8 
6.2 10.9 

20.3 483 
6,820 24,300 

1.30 11.5 

7.9 20.8 
27.5 50.3 
17.0 21.8 

112 170 
24.9 38.0 
261 548 

13,400 26,800 
20.3 31.8 

577 
43.4 
50.5 
16.1 

155 
156 
357 
151 

124.5 
86.7 

609 
119 

2,050 
101,000 

105 

aNot observed. 

temperature, a re  CHI,, C2H4, C2Hp, CH3CH0, C3H6,  ~ ~ C b H 1 , ,  1- o r  2-C4H8, C5. C 6 ,  CO, 
COP and COS, and these a r e  considered t o  be c o n s t i t u e n t s  present  i n  t h e  fo rma t ion .  
Neopentane was n o t  de tec ted  i n  these samples, i n  c o n t r a s t  t o  t h e  Athabasca and Cold 
Lake b i tuminous 

It i s  observed t h a t  a cons ide rab le  s i m i l a r i t y  e x i s t s  i n  t h e  gases found t o  be 
p resen t  i n  t h e  Peace River ,  Cold Lake and Athabasca depos i t s  w i t h  t h e  n o t a b l e  ex-  
c e p t i o n  o f  neopentane, which i s  absent i n  t h e  Peace R i v e r  
t i o n  temperatures f o r  t h e  Athabasca, Co ld  Lake and Peace R i v e r  r e s e r v o i r s  a r e  278, 
293 and 300"K, r e s p e c t i v e l y .  The y i e l d s  o f  hydrocarbon gases - w i th  t h e  excep t ion  
o f  methane - f rom t h r e e  r e s e r v o i r s  a t  343°K inc rease  w i t h  i n c r e a s i n g  fo rma t ion  
temperature. 3 

The y i e l d s  o f  a l l  m a t e r i a l s  a f t e r  a g i ven  t ime  a r e  enhanced w i t h  i n c r e a s i n g  
temperature, i n d i c a t i n g  t h a t  b o t h  the rmo lys i s  and deso rp t i on  processes may be i n -  
vo lved i n  determin ing t h e  y i e l d .  The amounts o f  v o l a t i l e  m a t e r i a l s  evolved a t  278'K 
a r e  l e s s  from t h e  Peace R i v e r  b i tuminous sand than those from t h e  Athabasca and Cold 
Lake samples.'-3 However, t h e  r a t e s  o f  i nc rease  o f  most o f  t h e  products  w i t h  r i s i n g  
temperature a re  h i g h e r  i n  t h e  former than  i n  t h e  l a t t e r .  

The y i e l d s  o f  products  as a f u n c t i o n  o f  r e a c t i o n  t i m e  o f  Peace R ive r  o i l  sand 
wer2 s t u d i e d  i n  d e t a i l  a t  423°K us ing  homogenized b i tuminous sand samples. The 
homogenization process was done q u i c k l y  t o  min imize a d d i t i o n a l  con tac t  o f  t h e  
b i tuminous sand w i t h  a i r .  The r e s u l t s  show t h a t  a l t hough  t h e  product  y i e l d s  in -  
crease w i t h  i nc reas ing  r e a c t i o n  t ime,  however, t h e  r a t e s  o f  f o rma t ion  o f  some o f  
t h e  products  a c t u a l l y  decreased. 
- i - C 4 H 8 ,  CO and COS i n  F i g u r e  1 where r a t e s  o f  f o rma t ion  cou ld  be est imated f rom t h e  
s lopes o f  the curves. From these p l c t s  i t  appears t h a t  CH4, CO and COS a r e  p r imary  

The forma- 

T h i s  i s  i l l u s t r a t e d  f o r  t h e  cases o f  CHI,, C2H4, 
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products while t he  principal or ig ins  of C2H4 and i-~C4H8 a r e  secondary i n  nature. 

Figure 1. Yields of 
423°K. 
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gases as  a function of time in the  Peace River o i l  sand a t  

Kinetic treatment of some of the data in Table I ,  i . e . ,  p lo ts  of t he  logarithms 
o f  r a t e s  versus reciprocal temperatures yielded Arrhenius parameters which are 
l i s t e d  in Table 11. The corresponding values estimated from the  Cold Lake and 
Athabasca data a r e  included in Table I1 f o r  comparison. The ac t iva t ion  energies for 
t he  most of the product formation from Peace River o i l  sand a re  higher than those 
from Athabasca o r  Cold Lake samples. This implies t h a t  the  former reservoir i s  more 
mature than the l a t t e r  two.  I t  i s  i n t e re s t ing  t o  note, however, t h a t  the  activation 
energy of 4.1 kcal/mol f o r  ethylene formation from Peace River o i l  sand i s  much low- 
e r  than those f o r  Athabasca or Cold Lake, which a re  11.8 and 12.4 kcal/mol, respec- 
t i v e l y .  I t  must be pointed o u t  t h a t  a l l  the  ac t iva t ion  energies measured are very 
low, indicating t h a t  ca t a ly t i c  processes a r e  involved. The ra tes  of product forma- 
t i on  a t  278"K, ca lcu la ted  by extrapolation of t he  Arrhenius parameters, a r e  included 
in Table 11. These r a t e s ,  which are small b u t  s i gn i f i can t  even a t  278"K, indicate 
t h a t  a l l  these o i l  sand reservoi rs  o f  Alberta a r e  presently undergoing similar 
thermal maturation processes. 

these o i l  sand formations support our e a r l i e r  conclusion tha t  these  deposits have a 
common or ig in  and a s imi la r  diagenetic h i ~ t o r y . ' - ~ * ~  

in t h e  absence and presence of oxygen a r e  l i s t e d  in Table 111. I n  the absence of  
oxygen C i - C G  hydrocarbons, CH3CH0, CO a n d  C02 were detected.  
oxygen acetone, propionaldehyde and carbon d isu l f ide  a r e  produced in addition t o  
the  above compounds. 
y i e lds  Of every product except o l e f in s .  

The d i s t r i b u t i o n  of the products and the values of the  Arrhenius parameters for 

The y i e lds  of the  vo la t i l e  materials collected from Athabasca o i l  sand a t  333°K 

I n  the  presence of 

I t  was observed tha t  oxygen has an enhancing e f f ec t  on the  
These r e su l t s  a r e  in cont ras t  to  those 
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ob ta ined  a t  403°K where oxygen has an enhancing e f f e c t  on t h e  y i e l d s  o f  each 
product .  

The r a t e s  o r  r a t i o s  o f  r a t e s  o f  e v o l u t i o n  o f  some o f  t h e  gases a t  403°K f o r  
4 h r s  h e a t i n g  t i m e  as a f u n c t i o n  of  oxygen pressure a r e  p l o t t e d  i n  F igu re  2. I t  i s  
apparent  from t h e s e p l o t s  t h a t  t h e  r a t e  o f  t he rmo lys i s  increases w i th  inc reas ing  p res -  
su re  o f  oxygen; however, t h e  r a t e s  o f  some products  r i s e  more r a p i d l y  than  those o f  
o the rs .  

F i  u r e  2. Rates o r  r a t i o s  o f  ra tes  P-- based on  t h e  r a t e  i n  t h e  absence 
o f  O2 = 1.00) i n  t h e  the rmo lys i s  
o f  Athabasca o i l  sands a t  403°K as 
a f u n c t i o n  o f  oxygen pressure: 

0,  CHI, ( ra tes ) ;  

A ,  CO ( r a t e  r a t i o s ) ;  

V, CO;! ( r a t e  r a t i o s  + 45); 
0,  CH3CH0 ( r a t e  r a t i o s  + 10) ;  

0 ,  cS2 ( r a t e s  + 20); 
A, C2H6 ( r a t e s  + 50); 
p,  C3H6 ( r a t e s  + 60); 
e, CH3COCH3 ( r a t e s  + 70) and 

A, CH30H ( r a t e s  + 80). 

3 
0 40 80 120 160 200 240 280 320 

P ,torr 
0 2  

It has been observed t h a t  t h e  r a t e s  o f  e v o l u t i o n  o f  CH, and CO a t  373°K are 
n o t  a p p r e c i a b l y  a f f e c t e d  i n  t h e  presence o f  a few t o r r  oxygen b u t  a r e  markedly  en- 
hanced a t  h i g h e r  pressures.  These r e s u l t s  i m p l y  t h a t  e i t h e r  t h e  p roduc t  y i e l d s  a r e  
i n s e n s i t i v e  t o  t r a c e  amounts o f  oxygen i n  t h e  system o r  t h a t  t h e  sample was a l ready 
contaminated w i t h  oxygen d u r i n g  s torage and handl ing.  

The y i e l d s  o f  a few t y p i c a l  products  a r e  p l o t t e d  as a f u n c t i o n  of t ime  i n  
F i g u r e  3. Those o f  CH3CH0, CH3COCH3, C2H5CH0 and CS2 i n i t i a l l y  i nc rease  w i t h  i n -  
c reas ing  convers ion  o f  t h e  bitumen, then  d e c l i n e ,  as secondary r e a c t i o n s  begin t O  
predominate. The t r e n d  i n  t h e  CO p roduc t i on  i s  n o t  as c l e a r l y  de f i ned  b u t  i t  i s  
h i g h l y  improbable t h a t  such a s t a b l e  molecule would undergo secondary reac t i ons ;  
v e r y  l i k e l y ,  i t s  y i e l d  becomes constant  as t h e  precursors become depleted.  

CH3CH0, CH3COCH3 and C2H5CH0 a r e  t y p i c a l  products  observed i n  t h e  thermolys is  
of hydrocarbons i n  t h e  presence o f  mo lecu la r  oxygen and a l s o  have been observed t o  
pass through a maximum w i th  i n c r e a s i n g  c o n v e r ~ i o n . ~ - ~ ~  I n  these systems, however, 
CO i s  a m ino r  p roduc t  a t  low convers ion and COP i s  o n l y  de tec ted  a t  h igh  conver- 
s ions ,  o f  t h e  o r d e r  o f  30%.1° I n  c o n t r a s t ,  even a t  ve ry  low conversions, CO and 
CO2 a r e  t h e  most abundant products  formed upon o x i d a t i o n  o f  o i l  sands, and the  con 
y i e l d s  a r e  much h i g h e r  than  those of CO. I t  i s  tempt ing  t o  c o n j e c t u r e  t h a t  these 
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Figure 3. 
products of Athabasca o i l  sand i n  the  
presence of oxygen a t  403°K as a function 
of time. 

Yields of the  thermolysis 

products a r e  formed mainly, i f  n o t  e n t i r e l y ,  from carboxylic acids and aldehydes 
already present as  cons t i tuents  i n  the  bitumen and t h a t  the other i den t i f i ed  prod- 
ucts a r e  formed fia oxidation o f  hydrocarbon precursors;  however, we have observed 
t h a t  the CO and C02 yie lds  depend to  some exten t  on the nature of t he  sample and 
i t s  previous h is tory  and therefore  much more work i s  needed before the reaction 
channels can be elucidated. 

The oxidation o f  hydrocarbons by molecular oxygen involves a complex reac t ion  
network; however, i t  i s  commonly accepted t h a t  a chain mechanism i s  operative and 
t h a t  one of the f i r s t  products formed i s  a hydroperoxide which may be oxidized 
further o r  decompose thermally, i n i t i a t i n g  new c h a i n ~ . ~ - l ~  

- i n i t i a t i o n :  
RH + 02 + R. + HOn- 

- chain propagation: 
R e  + 02 
RO,. + R'CHO + OH. 

RO2. 

+ RO2- + RH + ROOH + R. 

+ R"C = CH2 + CH2O + OH. 

1 )  

- chain termination: 
R- , R 0 2 - ,  OH., H02. +Molecular Products 
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D e t a i l e d  d i s c u s s i o n s  o f  t h i s  genera l  mechanism have been presented i n  seve ra l  pub- 
l i c a t i o n ~ . ~ ~ ~ * ~ ~ - ~ ~  Th is  t ype  o f  mechanismapplies t o  pu re  hydrocarbons and i t s  
a p p l i c a t i o n  t o  a complex system such as Athabasca o i l  sand i s  o f  ve ry  l i m i t e d  scope; 
moreover, i t  does n o t  account  f o r  most o f  t h e  COP and CO y i e l d s  evolved i n  t h i s  low 
temperature reg ion ,  278 t o  403°K. 

I t  shou ld  be no ted  t h a t  t h e  q u a n t i t i e s  o f  CO and COP evolved a r e  t h e  most sen- 
s i t i v e  i n d i c a t o r s  o f  t h e  degree o f  o x i d a t i o n  o f  t h e  sample and t h e r e f o r e  can shed 
l i g h t  on i t s  p r e v i o u s  h i s t o r y .  For  example, CO was demonstrably absent among the  
products  evo lved  upon the rmo lys i s  o f  a f r e s h  oil sand sample f rom t h e  Athabasca 
r e s e r v o i r ,  s t r o n g l y  suggest ing t h a t  t h i s  d e p o s i t  has n o t  been exposed t o  a i r  i n  
t h e  r e c e n t  pas t .  
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Introduction 

Many studies(1) of the X-ray diffraction patterns of coal have 
yielded the result that increasing coal rank results in increasingly 
sharp diffraction patterns(2). Furthermore, as the rank limit is 
approached the very high rank metaanthracites give diffraction with 
essentially all of the features of a pattern obtained from graphite(3). 
These results have led to the general acceptance of the model that 
coalification involves the growth of polynuclear condensed aromatic 
structures into graphite-like units(l,4). It is of interest to 
determine if chemical properties of graphite are manifested by coal. 
In particular, it is well-known that graphite will undergo reactions 
with a variety of reagents to form intercalation compounds where the 
graphite layers are separated to accommodate a variety of species 

k between them(5,6). It is therefore of interest to establish if such 
intercalation compounds can be prepared from coal and, in fact, a 
recent report very strongly supports that such compounds can be pre- 
pared from coal and potassium(7). This paper describes attempts to 
prepare coal intercalation compounds with the chlorides of iron(III), 
chromium(III), and copper(I1). Analysis of the results is by X-ray 
powder diffraction. The 002 line in the X-ray powder pattern of 
graphite is the strongest graphite line and represents the spacing 
between planar polyaromatic layers of carbon. Formation of intercala- 
tion compounds separates these carbon layers and affects this 002 
line. 

Results and Discussion 

1 

1 

Initial experiments(8) were carried out in which anhydrous 
iron(1II)chloride (FeC13) was reacted with four different coals. 
FeC13 was chosen for the initial studies because its intercalation 
compounds with graphite are among the best known and most easily pre- 
pared(5,6). The coals selected were the following: PSOC-379, Penn- 
sylvania semi-anthracite (P&M'B'); PSOC-151, New Mexico high vola- 
tile bituminous C (Lower Split of Blue); PSOC-240, Washington sub- 
bituminous B (Big Dirty); and PSOC-247, North Dakota lignite (Noonan). 
These four coals were treated directly with FeC13 after pulverization 
and air drying at 120" and were also treated with FeC13 after a 
demineralization(9) which involved washing with 10% HC1 at 50DC for 
18-24 hours followed by air drying at 120O. X-ray diffraction pat- 
terns of the untreated and demineralized coals were essentially iden- 
tical except that enhanced crystallinity of the demineralized samples 
was evidenced by the shorter diffraction times needed to obtain equi- 
valent diffraction patterns. PSOC-151, PSOC-247, and PSOC-240 showed 
principally the 002 graphite line whereas PSOC-379 gave this line 
strongly as well as other lines from crystalline matter. 

In each of these six reactions with FeC13 approximately 1.0 g of 
coal and 0.6 g of FeC13 were mixed and then heated to 230" for ten 
minutes. No obvious evidence of reaction was observed and the final 
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1 

I 

products look similar to the coal starting material. Incorporation 
of the FeC13 into the coal is evidenced by the failure of the reac- 
tion products to react readily with water to form the yellow-brown 
hydrate which the unreacted FeC13 forms. The diffraction patterns 
of the coal-FeC13 products of PSOC-151 and PSOC-240 do not include 
the 002 graphite line which was prevalent in the coal starting mater- 
ial and this line is almost completely eliminated for PSOC-379. More 
rigorous conditions using 2 g of FeC13 per gram of coal and heating 
for 36 minutes at up to 250" were found to produce products where the 
002 graphite line was eliminated for PSOC-379. The products under 
these more rigorous conditions were observed to be more gray and pow- 
dery than the starting coal. The more rigorous conditions required 
for PSOC-379 could be attributed to more extensive graphite-like 
structures in the semi-anthracite coal. Examination of the diffrac- 
tion patterns of the PSOC-247(lignite)-FeC13 products gave ambiguous 
results with removal of the 002 graphite line evident only in the 
demineralized sample. However, the 002 line in the starting material 
is relatively weak. 

attributable to FeC12'2H20 in the patterns of some of the reacted sam- 
ples. This evidence of reduction and hydration of the FeC13 was 
observed for the demineralized samples of PSOC-379, PSOC-151 and PSOC 
247, and both dried and demineralized samples of PSOC-240. The 
nature of the material in the coal which was oxidized was not deter- 
mined. The H20 of hydration may have come from moisture still 
adsorbed on the hydrophilic surface of the coal which may have been 
rendered more hydrophilic by the demineraiizationprocess. Other 
sources of the H20 are possible and cannot be overruled. 

then washed with 10% HC1 at 50° for 18 hours and subsequently dried 
in air at 120O. The diffraction patterns obtained from the samples 
after washing were identical to those of the coal samples prior to 
reaction with FeC13 except that a longer time seemed to be needed to 
obtain the same intensity of diffraction possibly indicating some 
breakdown of the crystallinity. Thus the reaction with FeC13 is 
largely reversible in these cases. Testing of the wash liquid ob- 
tained from+$hese experiments with K3Fe(CN)6 solution gave a strong 
test for Fe in corroboration of the X-ray evidence above that 
FeC12.2H20 is formed in the coal-FeC13 reaction. 

A further observation is the appearance of diffraction lines 

The demineralized PSOC-379 and PSOC-247 products with FeC13 were 

Comparison experiments were run in which FeCl3 was reacted with 
amorphous carbon powder (Acheson Graphite, Grade 38) which can be 
regarded as microcrystalline graphite. These experiments yielded 
observations which were parallel to those obtained with coal except 
that more FeC13 and more rigorous conditions were required to elimin- 
ate completely the 002 diffraction line of the amorphous carbon. 
The carbon would be expected to be able to intercalate more FeCl3 
than the much more hetereogeneous coal structure. Diffraction lines 
for FeC12'2H20 were faintly discernible in thT+diffraction Eatterns 
Of the carbon-FeC13 product and a distinct Fe test was obtained in 
the 10% HC1 wash liquid. Presumably this can be attributed to 
adsorbed moisture on the carbon surface and oxidation of some of the 
carbon. 

These experiments were extended to anhydrous chromium(II1)- 
chloride (CrC13) and anhydrous copper (1I)chloride (CuC12). Each of 
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these salts was reacted with demineralized PSOC-240 and dried PSOC-379 
in an approximate ratio of 1.8:l ( g  coal: g salt) at 250O. Acidic 
vapors were evolved in each reaction; the reaction with CuC12 resul- 
ted in removal of the 002 graphite line but the reaction with CrC1, 
did not. Examination of the coal-CuClp product diffraction patterns 
did not yield perceptible lines for any material other than CuC12. 
Washing of the PSOC-379 product with 10% HC1 resulted in the return of 
the diffraction pattern of the starting coal. It was noted that the 
PSOC-379 had been converted to an extremely fine powder in the course 
Of reaction with CuC12 and then washing with 10% HC1. This would seem 
to be indicative of very extensive penetration of the CuC12 into the 
coal structure. 

Further investigations involved the reactions of coal with the 
corresponding hydrated salts, FeC13-6H20, CrC13-6H20, and CuC12-2H20. 
Demineralized and untreated samples of PSOC-379, PSOC-151, and PSOC- 
240 were reacted with approximately equal weights of FeC13-6H20 at 
215O for 3 minutes. Each of these mixtures was observed immediately 
to become liquid and chemical reaction was evidenced by bubbling which 
occurred for about one minute. At that point the mixtures suddenly 
solidified and were noticeably more grey in color than the starting 
pulverized coal. Disappearance of the 002 graphite line was observed 
in the reactions of the PSOC-379 samples with FeC13.6H20 and this line 
was almost completely removed in the PSOC-151 and PSOC-240 reactions. 
All diffraction patterns of the reacted products showed that FeC12. 
2H20 had been produced. Washing the products of demineralized PSOC- 
379 and FeC13-6H20 with 10% HC1 at 50° brought back the original de- 
mineralized coal diffraction pattern although with lines slightly 
weaker and slightly more diffuse.++The liquid remaining from this 
washing gave a strong test for Fe again corroborating the formation 
of FeC12-2H20 in the reaction. Parallel experiments with amorphous 
carbon resulted in virtual removal of the 002 diffraction line when 
the ratio of FeC13-6H20 to carbon was about 2.5:l ( g : g ) .  No FeC12- 
2H20 lines were observed in the patterns from the carbon-FeC13-6H20 
product and the original carbon diffraction pattern could be returned 
by washing this product with 10% HC1 at 50°. 

CrC13*6H20 and CuC12'2H20 both resulted in removal of the 002 graphite 
lines in the coals. The ratio of coal to salt was about1.25:l ( g : g )  
and the reaction conditions were 250' for nine minutes. Dehydration 
and evolution of acid vapors were evident with both salts; diffrac- 
tion lines for anhydrous CuC12 were evident in the coal-CuC12'2H20 
product patterns. No diffraction lines for crystalline salts were 
evident in the products of the reactions of coal and CrC13-6H20. 
PSOC-379 diffraction pattern was returned when the products of each 
of the salts and this coal were treated with 10% HC1 at 50°. This 
washing of the PSOC-379-CuC12'2H20 product again gave back the coal 
in an extremely finely divided state as was the case in the reaction 
with anhydrous CuC12(above). Comparison reactions in which CrC13' 
6H2O and CuC12'2H20 were reacted with amorphous carbon gave results 
which were generally parallel to the results of the reactions of 
these salts with coal except that more salt was needed to effect 
removal of the 002 line with CuC12'2H20 and complete removal of this 
line was not achieved with CrC13'6H20. 

Reactions of demineralized samples of PSOC-379 and PSOC-151 with 
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Thermal Decomposition of  Aromatic Substances 

R. E .  Miller and S .  E .  S t e i n  

Department of Chemistry, West V i r g i n i a  Univers i ty ,  Morgantown, WV 26506 

In t roduct ion  

Carefu l ly  designed experiments ,  a l l i e d  wi th  thermochemical k i n e t i c s  a n a l y s i s  
(1) of r e a c t i o n  mechanisms have l e d  t o  u s e f u l  working models of complex process  
such as hydrocarbon p y r o l y s i s ,  a tmospheric  chemistry and combustion. A 
comparable understanding of even t h e  b a s i c  chemical f e a t u r e s  of  c o a l  conversion 
h a s  n o t  y e t  been developed. 
k i n e t i c s  approach, t h i s  work is intended t o  l e a d  t o  e f f e c t i v e ,  s e m i q u a n t i t a t i v e  
chemical models f o r  a s p e c t s  of coa l  p y r o l y s i s ,  polymerizat ion,  hydrogenat ion and 
l i q u e f a c t i o n .  

understanding (2) and p r e d i c t i v e  t o o l s  (1) f o r  f r e e  r a d i c a l  k i n e t i c s  and 
thermochemical es t imat ion  methods f o r  aromatic  subs tances  (3, 4 )  and f r e e  r a d i c a l s  
( 5 ) .  
condi t ions  as p o s s i b l e  wi th  t h e  a i m  of q u a n t i t a t i v e  d e s c r i p t i o n  us ing  elementary 
k i n e t i c s  models. 

conversion r e a c t i o n s  have been repor ted  ( 6 ) .  The p r e s e n t  program is not  intended 
t o  s imula te  coa l  r e a c t i o n s ,  b u t  t o  r e v e a l  c h a r a c t e r i s t i c  r e a c t i o n  pathways i n  
thermal  aromatic  chemistry and t h e i r  k i n e t i c  p r o p e r t i e s ,  w i t h  t h e  a i m  t o  e v e n t u a l l y  
e x t r a p o l a t e  t h e  r e s u l t s  t o  coa l  r e a c t i o n s .  Two aspec ts  of t h i s  program are 
repor ted  h e r e  along with some s p e c u l a t i o n s  on c o a l  chemistry.  

Experimental 

tube heated i n  a n  aluminum block oven. Temperature s t a b i l i t y  and accuracy were 
- + 1°C. 
t o  r e a c t i o n  dura t ion  (15 min - 48 hours) .  S o l i d s  were p u r i f i e d  by r e c r y s t a l l i z a t i o n  
and subl imat ion and g e n e r a l l y  found t o  be 99.9% pure  by gas  chromatography (gc) .  
T e t r a l i n  was p u r i f i e d  by d i s t i l l a t i o n  i n  a sp inning  band column. GC was t h e  
primary a n a l y t i c a l  t o o l  wi th  benzene and ace tone  used as s o l v e n t s  f o r  r e a c t i o n  
mixtures .  Hydrogen, methane and benzene were determined v i a  m a s s  spectrometry.  
I n d e n t i t i e s  of products  wi th  r e t e n t i o n  times up t o  t h a t  of phenanthrene were 
determined by c o i n j e c t i o n  on a WCOT SE-30 g l a s s  c a p i l l a r y  column. 
were determined on OV-101 and FFAP g l a s s  columns using temperat ive programming. 
Most k i n e t i c  analyses  were c a r r i e d  o u t  on packed OV-101 g l a s s  columns. A 
more complete account of t h e s e  experiments is under prepara t ion .  The gas  phase 
decomposition r a t e  of 1 , 2  diphenylethane (12DPE) was determined us ing  very low 
p r e s s u r e  p y r o l y s i s  methods (7) .  

Homolytic Bond Cleavage (R-R' -f R. + R ' * )  

regarded as a major f i r s t  s t e p  i n  c o a l  l i q u e f a c t i o n  and p y r o l y s i s .  Therefore ,  
i t  i s  c l e a r l y  u s e f u l  t o  b e  a b l e  t o  r e l i a b l y  e s t i m a t e  r a t e s  of bond c leavage  f o r  
bonds l i k e l y  t o  be present  i n  c o a l  conversion.  
e s t i m a t e  rates of  such cleavage i n  t h e  gas-phase f o r  a wide v a r i e t y  of  chemical  
bonds using a v a i l a b l e  thermodynamic and k i n e t i c  d a t a  (1, 8 ) .  While i t  i s  
commonly assumed t h a t  such rate cons tan ts  a r e  roughly t h e  same i n  condensed 
phases  a s  i n  the  gas-phase: t h i s  assumption has  been w e l l  t e s t e d  only  f o r  
peroxide decomposition a t  < 200" (9). 

Using a combined experimental  and thermochemical 

The t h e o r e t i c a l  foundat ion f o r  t h i s  research  is the  well-developed 

Experiments determine r a t e s  of product  evolu t ion  over  a s  wide a range of  

Numerous u s e f u l  experiments using "model" compounds t o  s imula te  c o a l  

A l l  l iquid-phase r e a c t i o n s  w e r e  c a r r i e d  o u t  i n  a s e a l e d ,  evacuated pyrex  

Heat-up and cool-down t i m e s  were g e n e r a l l y  n e g l i g i b l e  (< 2 min) r e l a t i v e  

Other products  

Simple cleavage of covalen t  bonds t o  genera te  two f r e e  r a d i c a l s  i s  commonly 

It i s  p o s s i b l e  a t  p r e s e n t  t o  
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TO d i r e c t l y  test  t h e  accuracy of t h e  above assumption, r a t e  cons tan ts ,  kfi, 
of bond s c i s s i o n  f o r  lZDPE, benzyl  phenyl e t h e r ,  benzyl  phenyl amine and benzyl 
phenyl s u l f i d e  were determined i n  t e t r a l i n  s o l u t i o n  and compared t o  corresponding 
gas  phase rate c o n s t a n t s ,  kg. 
assumption i s  good. 

pressure  p y r o l y s i s  w a s  employed t o  f i n d  kg(12DPE)/s' = 2.9 a t  650°C. 
assuming a c e n t r a l  C-C bond s t r e n g t h  of 61 kcal /mol  i n  l2DPE (lo), log  kg (12 DPE)/s-'= 
14.9 - 61000/4.58 T .  
kg (12DPE) us ing  l i t e r a t u r e  d a t a  f o r  r e l a t e d  compounds (11). 

f r a c t i o n  of t e t r a l i n  between 0.8 and 0.95.  The d i s s o c i a t i o n  of 12DPE w a s  
ex tens ive ly  s t u d i e d  from 325-425°C (Figure  l ) ,  and kfi (12DPE)/s-' = 16-64800/4.58 T.  
The mechanism o f  t h e s e  r e a c t i o n s  was c o n s i s t e n t  w i t h  t h e  fol lowing 
(X = CH2,  0, NH, S): 

A s  shown i n  Table I ,  t h e  r e l i a b i l i t y  of t h i s  

Gas phase rate c o n s t a n t s  were determined i n  t h e  fol lowing manner. Very-low 
By 

For t h e  remaining substances,  kg was es t imated  r e l a t i v e  t o  

Liquid phase ra te  c o n s t a n t s  were determined i n  t e t r a l i n  wi th  t h e  mole 

PhXCH,Ph -+ Ph: + P h b H , ,  r a t e  c o n t r o l l i n g ,  . 
(Ph:, PhtHz) + a + (PhXH, PhCH.) + a 
(Pht ,  PhEH) + a coupl ing,  

@J) - ++@ 

I n  support  of  t h i s  mechanism, t h e  disappearance of PhXCHzPh was f i r s t  o r d e r  wi th  
r e s p e c t  t o  t i m e  and independent  of  t h e  i n i t i a l  concent ra t ion  of PhXCH2Ph. The 
coupl ing  pathway w a s  g e n e r a l l y  minor, and decreased wi th  i n c r e a s i n g  temperature. 
1,2 Dihydronaphthalene w a s  always seen a s  a r e a c t i o n  in te rmedia te ,  whi le  1 ,4-  
dihydronaphthalene could  not  be  de tec ted .  

Rate c o n s t a n t s , - k ,  (or  h a l f - l i v e s ,  TL = ln2/k)  f o r  a wide v a r i e t y  of bond 
s t r u c t u r a l  types  can now be est imated w i t 6  reasonable  accuracy,  and some s e l e c t e d  
examples are given i n  Table  3. Of s p e c i a l  n o t e  i s  t h e  p r e d i c t i o n  that under 
condi t ions  where c o a l  begins  t o  decompose (- 400°C) t h e  only  bonds t o  apprec iab ly  
c l e a v e  a r e  t h o s e  t h a t  genera te  two resonance s t a b i l i z e d  r a d i c a l s .  

1 , 2  Diphenylethane P y r o l y s i s  

necessary t o  understand t h e  chemistry of "simple" systems a s  completely and 
unambiguously as p o s s i b l e .  
f o r  t h e s e  s t u d i e s  s i n c e ,  on paper ,  i t  appeared t o  have a s t r a i g h t f o r w a r d  
decomposition pathway, and s e v e r a l  r e l e v a n t  r a t e  cons tan ts  have been measured 
i n  s o l u t i o n  ( 2 ) .  
i n t e r v a l s  over  t h e  temperature  range 325-45OoC. 
s e l e c t e d  products  are given i n  Figure 2.  Through 
a n a l y s i s  v i a  thermochemical k i n e t i c s  techniques and computer models t h e  mechanism 
given  in Figure  3 h a s  been deduced. 

r a d i c a l  scheme. 

d i s p r o p o r t i o n a t i o n  ( s t e p  3b). This is similar t o  t h e  behavior  o f  t h e  r e l a t e d  1- 
phenylethyl  r a d i c a l  (2) .  

v i a  r a d i c a l  coupl ing  ( s t e p  3a) followed by a n  H atom a b s t r a c t i o n  ( s t e p  4 ) .  

rearrangement (2)  fol lowed by an H-atom a b s t r a c t i o n  from 1ZDPE. 

i somer iza t ion  involv ing  s e v e r a l  H-atom s h i f t s .  

k i n e t i c s  c o n s t r a i n t s  have been deduced f o r  t h i s  mechanism and h a s  been found t o  
adequately p r e d i c t  pr imary product  formation rates up t o  -60% decomposition. A 

To develop an understanding of t h e  chemistry of  complex systems, i t  i s  f i r s t  

The p y r o l y s i s  of l2DPE w a s  chosen as a s t a r t i n g  poin t  

A complete product  a n a l y s i s  has  been c a r r i e d  o u t  a t  25' 
Resul t s  a t  375'12 f o r  t h e  

Some noteworthy f e a t u r e s  a r e :  
(1) 

(2) Combination of  l2DPE r a d i c a l s  ( s t e p  3a) i s  favored by 5 3 over  

A l l  f e a t u r e s  of  t h e  r e a c t i o n  can b e  reasonably i n t e r p r e t a t e d  by a f r e e  

(3) A major  pathway f o r  trans-1,2-diphenylethene ( t - s t i l b e n e )  product ion i s  

( 4 )  1,l diphenyle thane  r e s u l t s  from an u p h i l l  (AG - 11 kcal/mol) "neophyl" 

(5) 

A set of rate c o n s t a n t s  c o n s i s t e n t  wi th  l i t e r a t u r e  va lues  and thermochemical 

The format ion  of phenanthrene is  hypothesized t o  occur  through a n  unusual 
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good mass balance has  been achieved,  and l i t t l e  e f f e c t  on product  formation upon 
i n c r e a s i n g  s u r f a c e  a r e a  has  been found. 

Impl ica t ions  f o r  Coal Chemistry 

chemical k i n e t i c s ,  c e r t a i n  s p e c i f i c  f e a t u r e s  of c o a l  conversion chemistry may b e  

The f i r s t  cova len t  bonds t o  homolyt ica l ly  c leave  upon h e a t i n g  c o a l  a r e  

... f .  I n  f a c t ,  under normal l i q u e f a c t i o n  condi t ions  (7 450°C) 

Based on experimental  evidence i n  non-coal systems, and f r e e  r a d i c a l  thermo- 

'\ suggested . 
(1) 

thpse t h a t  genera te  two resonance s t a b i l i z e d  r a d i c a l s  (e .g . ,  benzyl  r a d i c a l s ,  

@ ++$ * 
such bonds w i l l  be v i r t u a l l y  the  only bonds t o  break i n  t h i s  manner. Other 

can be  expected t o  a b s t r a c t  benzyl ic  H-atoms, thereby producing resonance s t a b i l i z e d  
r a d i c a l s .  Hence, t o  a l a r g e  e x t e n t ,  t h e  free r a d i c a l  chemistry o f  c o a l  i s  
determined by t h e  chemistry of resonance s t a b i l i z e d  r a d i c a l s .  

Modes of bond r u p t u r e  o t h e r  than s imple bond cleavage may b e  very  
s i g n i f i c a n t  i n  coa l  r e a c t i o n .  Two w e l l  known f r e e  r a d i c a l  pathways, 8-bond 
s c i s s i o n ,  

and f r e e  r a d i c a l  displacement 

\ r e a c t i o n  pathways may g e n e r a t e  more r e a c t i v e  organic  f r e e  r a d i c a l s ,  however, t h e s e  

(2) 

PhCCCPh PhECCPh + PhC=C + *CPh (2) 

".+A + *K + A  + R. ( 3 )  
\ occur in l2DPE (and many o t h e r )  pyro lyses .  The thermal  i n s t a b i l i t y  repor ted  f o r  

t h e  compounds PhCCCPh, PhCCCCPh, PhCOCC i n  t e t r a l i n  (6b) a r e  l i k e l y  due t o  
chain r e a c t i o n s  involving sequence (2) .  

( 1 2 )  i n  c o a l  conversion,  i t  might be  surmised t h a t  f r e e  r a d i c a l  i somer iza t ions  
take p l a c e  under coa l  conversion condi t ions  which a r e  n o t  observed i n  convent iona l  
s o l u t i o n  phase f r e e  r a d i c a l  experiments .  In  f a c t ,  t h e  mechanism of F igure  3 
c o n t a i n s  two such r e a c t i o n s  of t h e  l2DPE r a d i c a l  i n  s t e p s  5 and 6 .  I somer iza t ion  
of t e t r a l i n  and r e l a t e d  s t r u c t u r e s  has  been repor ted  by s e v e r a l  workers 
A l i k e l y  pa th ,  f o r  ins tance ,  f o r  t e t r a l i n  i somer iza t ion  t o  1-methyl indane (6f )  
i s  through t h e  t e t r a l y l  r a d i c a l  : . 

( 3 )  I n  view of t h e  r e l a t i v e l y  high temperatures  and f r e e  r a d i c a l  c o n c e n t r a t i o n s  

S imi la r  i somer iza t ions  can l e a d  t o  s t r u c t u r e s  which are thermally l a b i l e .  
For i n s t a n c e ,  a decomposition r o u t e  f o r  a s u b s t i t u t e d  t e t r a l i n  s t r u c t u r e  i n  coal  
might be  dR z q  dR + + R* 

Hence, hydroaromatic s t r u c t u r e s  i n  c o a l  no t  on ly  a c t  as H-donors, bu t  may a l s o  
lead  t o  r a d i c a l  induced bond cleavage.  

donor s o l v e n t s  cannot be  explained simply by i t s  r a t e  of r e a c t i o n  with f r e e  
r a d i c a l s  (6d) .  Two o t h e r  f a c t o r s  concerning h igh  temperature ,  f r e e  r a d i c a l  
r e a c t i o n s  of t e t r a l i n  may h e l p  e x p l a i n  its s p e c i a l  s o l v e n t  p r o p e r t i e s .  

be  transformed t o  a subs tance  s t a b l e  under c o a l  conversion condi t ions .  For 
i n s t a n c e ,  diphenyl  methane and methyl naphthalene a r e  e f f e c t i v e  low temperature  
f r e e  r a d i c a l  t r a p s ,  however, a t  e leva ted  temperatures  t h e  r a d i c a l s  formed upon 
l o s s  of H-atoms from t h e s e  molecules cannot  be  permanently terminated.  
r a d i c a l s  w i l l  r a p d i l y  b u i l d  up i n  concent ra t ion  and a c t  as H-atom a c c e p t o r s  from 
c o a l  molecules. In support  of t h i s  idea ,  w e  have found t h a t  5 : l  mixtures  of 
diphenyl  methane:lZDPE a t  40OoC react v i r t u a l l y  t h e  same as does pure 12DPE a t  

(4)  The unique a b i l i t y  of t e t r a l i n  and r e l a t e d  compounds t o  a c t  a s  e f f e c t i v e  

F i r s t ,  t o  i r r e v e r s i b l y  t r a n s f e r  H-atoms t o  r a d i c a l s ,  t h e  donor s o l v e n t  must 

These 
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t h i s  temperature .  Despi te  t h e  f a c t  t h a t  PhCPh r a d i c a l s  a r e  undoubtably t h e  
predominant r a d i c a l s  i n  t h i s  system, t h e s e  r a d i c a l s  w i l l  simply b u i l d  up i n  
concent ra t ion ,  and a b s t r a c t  H-atoms from12DPE. Substances such a s  e t h y l  naphthalene 
and indane a r e  a l s o  not  expected t o  be as e f f e c t i v e  a s  t e t r a l i n ,  s i n c e  t h e i r  
dehydrogenated molecules  c o n t a i n  r e a c t i v e  syrene- l ike  s t r u c t u r e s  which may be  
e i t h e r  reduced by c o a l  back t o  t h e  s t a r t i n g  subs tance ,  o r  a i d  i n  t h e  polymerizat ion 
of c o a l .  

r e a c t i v e  i n t e r m e d i a t e  q, 
26 kcal /mol  ( 5 ) .  By comparison t h e  weakest C-H bond i n  is 48 kcal/mol. 

This  r a d i c a l  w i l l  l o s e  an H-atom which can be q u i t e  e f f e c t i v e  i n  depolymerizing 
c o a l  therough displacement  r e a c t i o n s  (e .g . ,  8b i n  Figure 3) .  

Conclusion 

A second, r a t h e r  unique proper ty  of t e t r a l i n - l i k e  s t r u c t u r e  i s  t h e  poss ib le  
, i n  which t h e  weak C-H bond s t r e n g t h  i s  only 

H H .  

For t h e  l iquid-phase thermal  decompositions s t u d i e d ,  f r e e  r a d i c a l  pathways 
appear  capable  of e x p l a i n i n g  even t h e  f i n e s t  d e t a i l s  i n  a t  l e a s t  a semiquant i ta t ive  
manner. 

c o a l  r e a c t i o n s  a r e  n o t  p r i m a r i l y  f r e e  r a d i c a l  i n  n a t u r e .  In any c a s e ,  f u r t h e r  
complete s t u d i e s  of c o a l - r e l a t e d  p y r o l y t i c  systems w i l l  i n d i c a t e  not  on ly  
l i k e l y  modes o f  c o a l  r e a c t i o n  v i a  f r e e  r a d i c a l  k i n e t i c s ,  but w i l l  a l s o  r e v e a l  
c o n t r i b u t i o n s  from i o n i c ,  molecular  o r  heterogeneous pathways. 
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I 

Table I. Comparison of D i s soc ia t ion  Rate Cons tan ts  i n  Gas-Phase and Liquid  ( t e t r a 1 i n ) -  
Phase 

l o g  kg ( e s t ’d ) / s - ’  kg (exper)/s-’  a t  T kg/kg a t  T 

PHCH,CH,Ph 15.08-61000/4.58 T l . O 2 ~ l O - ~  a t  40OoC 0.54 

PhOCH,Ph 15.58-52800/4.58 T 3.0 x lo-’ a t  30OoC 1.08 

PhNHCHzPh 15.28-5760014.58 T 4.4 x io-’ a t  375°C 0.61 

PhSCH,Ph 15.58-52700/4.58 T 1 .04x10-’  a t  30OoC 0.34 

Table 11. Liquid Phase Bond Dis soc ia t ion  Rate Cons tan ts ,  kg, and Half-Lives T1 
(e = 4.58 T / ~ O O O )  

- 
2 

c c  
PhCJCPh 

c c  

c c  
P hClCP h 

PhCHzfCHZPh 

8CHz(CH2Ph 
8 

l o g  kk/s-la 

16.7-54. 2/gb 

b 16.3-60.6/9 

b 16.0-62.2/8 

d 16.8-57.619 

-cl (400°C) 
2 

5 sec dzPh 
20 min PhO(CHzPh 

21 h r  

0 
I1 

3 h r  PhCfCHzPh 

1 h r  

16.4-55.0/eb 20 s e c  

l6.0-63.3/Od 69 hr 

16.0-70.8/eb 78 days 

l6.0-65.8/ed 44 h r  

aUpon s u b s t i t u t i o n  of an a l k y l  group f o r  Ph, k i s  reduced by -LO3 a t  400” and -370 

a t  500°C; k = Ae-E/RT,  A i s  a c c u r a t e  t o  f a c t o r  of  10, E i s  a c c u r a t e  5 5  kcal/mol,  
k is accura t e  t o  f a c t o r  of 5 ( e r r o r s  i n  A and E a r e  c o r r e l a t e d ) .  

bDerived from gas-phase d a t a  from l i t e r a t u r e  ( s e e  t e x t ) .  

‘Derived from Figure  1. A l l  o the r  k va lues  a r e  der ived  from t h i s  va lue  by c o r r e c t i n g  
f o r  d i f f e r e n c e s  i n  E and A ( r e fe rence  1 ) .  

dDerived from gas-phase d a t a  determined i n  our l a b .  
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1 . 4  1.5 1.6 
1 0 ~ 1 ~ 1 ~  

Figure 1. Arrhenius  p l o t  f o r  1 , 2  d ipheny le thane  d i s s o c i a t i o n  i n  tetralin 

-1 

-2 

-3 

5 1 0  
t i m e l h r  

F igu re  2 .  Product  e v o l u t i o n  i n  1 , 2  d ipheny l  e thane  p y r o l y s i s  a t  375OC. 
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Figure 3 .  Mechanism of 1 , 2  diphenylethane (Ph = phenyl, R* = PhCHCHzPh) P y r o l y s i s  
(Observed Products  are Underlined.) 

Major Pathways 

(1) PhCHzCHzPh -f 2PhEHz 

(2) PheHz + PhCHzCH,Ph -f + PhEHCH,Ph 

(3 )  2PhEHCHZPh P hCHCH P h f PhiHCHzPh 

k PhCH=CHPh + PhCHzCHzPh 

PhCHeHPh -+ PhCH=CHPh + PhtHCHzPh ( 4 )  PhCHCHzPh R,' 
I I 

PhCHCH zPh PhCHCH zPh 

A. b 

Ph Ph ( 5 )  PhEHCHz d -a Ph Ph 

Minor Pathways 

(6)  PhtHCH2Ph 
a 4 

-H 

( 7 )  PhEHCH2Ph -f PhCH=CHPh + H 

a 
(8) H + PhCHzCHzPh y H. + PhcHCH2Ph 

k phH + PhCHztH2 PhCHzCH3 

PhCH 
I 

( 9 )  Ph;HZ + Ph?,HCHzPh -f PhCHCH,Ph 
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POLYMERIZATION OF PHENANTHRENE INDUCED BY 1 -METHYLNAPHTHALENE AT HIGH TEMPERATURES 
AND PRESSURES. C u r t i s  L. Knudson, Bruce W. Farnum and Eu ene A Kl ine.  Grand Forks 

Energy Technology Center, US DOE, Box 8213 Un ive rs i t y  Stat$*, ND 58202. 

A study o f  t he  e f f e c t s  o f  t e t r a l i n  and synthesis gas (CO-H ) on the polymerization 
o f  ghenanthrgne induced by thermal ly  cracked 1 -methylnaphthaleGe a t  4000 p s i  between 
440 and 500 C was c a r r i e d  out. Five sets o f  reactants were studied: (a) phenanthrene 
and M , (b) 1-methylnaphthalene and N , (c) phenanthrene, 1-methylnaphthalene and N , 
(d) t g t r a l i n ,  phenanthrene, 1-methylniphthalene and N , and (e )  phenanthrene, 1-rnetiyl- 

450 C, and he ld  one hour a t  each 10 temperature increment up t o  500 C. Reactor gas 
and l i q u i d  phases were sampled dur ing  the react ions.  Gas samples were analyzed by on- 
l i n e  G C ,  and l i q u i d  samples were analyzed by gel  permeation HPLC, LVMS and GC-MS t o  
determine composition changes. 
reac tor  g rea t l y  reduced the polymerizat ion o f  phenanthrene. 
ylnaphthalene resu l ted  i n  a l k y l a t i o n  o f  phenanthrene i n  preference t o  l-methylnaphtha- 
lene. Formation o f  b iphenanthryl  i n  preference t o  1,2-dinaphthylethane o r  binaphthyl 
occurred i n  the  mixed react ions.  Synthesis of the  var ious dimers was ca r r i ed  out t o  
provide pure reference standards. 

, 
, 

naphthalene and CO-H2. The reactant8 were charged in?o a co ld  autoclave, heated t o  1 

Results ind ica ted  t h a t  CO-H2 o r  t e t r a l i n  present i n  the I 
Thermal cracking o f  l-meth- 



REGENERATION OF "SPENT" ZnC 1, PRODUCT CATALYST 
FROM HYDROCRACKING SUBBITLMINOUS COAL 

Clyde W. Zielke, William A. Rosenhoover and 
Robert T. Struck 

Conoco Coal Development Company 
Research Division 

Library, Pennsylvania 15129 

INTRODUCTION 

I t  has been demonstrated i n  batch and continuous bench-scale un i t s  t h a t  molten 
z inc  ch lor ide  i s  a superior ca t a lys t  f o r  l iquefac t ion  of coal,  coa l  ex t rac t  o r  o ther  
heavy hydrocarbons. 
duced i n  high y ie ld  in a s ing le  hydrocracking s t ep  (1,2,3,4,5). 
z inc  ch lor ide  a r e  used a s  t h e  ca t a lys t  f o r  high a c t i v i t y ,  i .e.,  usua l ly  1 gm of 
ZnC1, per gm of coa l  o r  ex t r ac t  feed. From 1 t o  2 pa r t s  by weight of product c a t a l y s t  
i s  generated during the  hydrocracking process depending on t he  ZnCl,/feed ra t io .  
This product ca t a lys t  i s  contaminated with zinc su l f ide ,  amonia  o r  ammonium chlor ide  
complexed with zinc ch lor ide  (formed by the  ca t a lys t  p a r t i a l l y  reac t ing  with t h e  
su l fu r  and nitrogen i n  the  feed during t h e  hydrocracking s tep) ,  carbonaceous residue 
t h a t  cannot be  d i s t i l l e d  out  of the  melt, and coal ash, when coa l  i s  the  feed t o  the  
hydrocracking process. 
moved i n  a regeneration process i n  which the  ca t a lys t  i s  converted back t o  essent i -  
a l l y  pure zinc chloride. 
ca t a lys t ;  hence, t h e  whole product ca t a lys t  must be  subjected t o  the  regeneration 
process. Thus, regeneration is  a key s t e p  i n  the ZnC1, coa l  l iquefac t ion  process i n  
development a t  Conoco Coal Development Company. 

containing a f lu id ized  bed of "inert" s i l i c a  sand: 

High qua l i ty  gasoline of 90-92 Research Octane Number is pro- 
Large amounts of 

To keep the  c a t a l y s t  ac t ive ,  these  impurit ies must b e  re- 

The impurit ies do not s e t t l e  ou t  of t h e  molten product 

The regeneration i s  accomplished by burning out t he  impurit ies i n  a combustor 

ZnS + 3/2 0, -. ZnO + SO, ( 1) 
2 ZnCl,-NH, + 3/2 0, 4 2 ZnC1, + N, + 3 H,O (2) 
CH4 + (1 + X / ~ ) ~ O ,  - CO, + x/2 H,O (3) 

Hydrogen ch lor ide  gas i s  added t o  the feed a i r  t o  convert ZnO t o  ZnC1, and t o  prevent 
formation of ZnO by hydrolysis of zinc chloride i n  t h e  combustor: 

(4) 

A previous paper describe4 regeneration of e s sen t i a l ly  coal-ash-free spent melt 
produced by hydrocracking coa l  ex t rac t  (6,7).  However, there  appear t o  be economic 
advantages t o  a process enploying d i r ec t  coal hydrocracking over a two-step process 
cons is t ing  of coal ex t rac t ion  followed by hydrocracking of the SRC therefrom. 
Therefore, desonstration of regeneration with low zinc losses of  t he  ash-contaminated 
spent melt proluced by d i r e c t  hydrocracking of coal  i s  of high importance in the 
process development. 
melt which simulated tha t  produced by hydrocracking subbituminous coal. 
has been published previously (5). 
spent m e l t  was not ava i lab le .  Subsequent t o  tha t  work, successful d i r e c t  hydrocrack- 
ing with ZnC1, ca t a lys t  of Cols t r ip  subbituminous coa l  i n  a continuous bench-scale 
hydrocracker furnished feedstock fo r  fu r the r  development of t he  regeneration process. 
Continuous regeneration of t h i s  coal-ash-contaminated spent melt from d i r e c t  hydro- 
cracking of coal and e f f i c i e n t  zinc recovery therefrom has now been demonstrated f o r  
the  f i r s t  time. In  t h i s  work zinc recovery was enhanced by introducing a secondary 
zinc recovery s t ep  i n  which zinc,  retained in  the  coa l  ash rejected in  the  primary 
regeneration step,  i s  la rge ly  recovered. This paper presents some of the r e s u l t s  of 
t h i s  regeneration work with na tu ra l  spent melt from d i r e c t  coal hydrocracking. 

The f i r s t  work i n  t h i s  regard was done using synthe t ic  spent 
This work 

Simulated spent melt was used because na tu ra l  
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EXPERIMENTAL 

Feedstocks 

Spent Melt 

The two feedstocks f o r  the  primary regeneration work were low-carbon spent 
m e l t s  produced by d i r e c t  hydrocracking of Cols t r ip  coa l  i n  a 3 1b/h continuous 
bench-scale hydrocracking unit .  Hydrocracking conditions were: 413'C, 24.13 MPa 
(3500 psig), ZnCl,/MF so lvent - f ree  Co l s t r ip  coa l  r a t i o  o f  1.5 and residence times 
ranging from 74 t o  95 m i n .  
ra t io  of 1.5 was used t o  speed up production of spent melt. 
about 1.75 gm of spent m e l t  per gm of MF coal feed vs. about 1.25 which is produced 
a t  a ZnCl,/coal r a t i o  of 1.0. 
used were 6.65 and 6.319., s l i g h t l y  more than required t o  furnish the  heat when 
burned f o r  car ry ing  out t h e  regeneration ad iaba t ica l ly .  
t h e  feed melt i s  based on the  sum of the  e ight  most prevalent coa l  ash  elements (Na, 
K, C a ,  Mg, Fey T i ,  S i ,  Al) expressed a s  oxides, s ince  t h e  coa l  ash is mixed with 
non-combustible ma te r i a l s  and, therefore,  cannot be  determined d i r ec t ly .  The t o t a l  
ash determined i n  this manner i s . lower  than t h e  ash determined i n  coa l s  o r  chars i n  
t h e  conventional manner, where su l f a t e s  and carbonates may be present,  t ha t  a r e  not  
taken in to  account here.  
Analyses of t h e  spent  m e l t  a r e  given i n  Table I. 

Normally a ZnCl,/coal r a t i o  of 1.0 i s  used; t h e  higher 
It gave a y i e ld  of 

The carbon content of t h e  two spent m e l t  feedstocks 

The t o t a l  ash  content of 

Also, t races  of minor elements a r e  not  considered here. 

Cols t r ip  Coal 

Minus 100 mesh Co l s t r ip  subbituminous coa l  (Rosebud Seam, Montana) w a s  used a s  
t h e  feedstock f o r  t e s t i n g ,  i n  a 3 lb/h continuous hydrocracker. 
regenerated spent m e l t  was compared with v i rg in  zinc chloride.  
c o a l  a r e  given i n  Table I. 

The a c t i v i t y  of 
Analyses of t h i s  

Cyclone Underflow Ash 

This mater ia l ,  which is generated i n  the  primary regeneration s tep ,  contains 
t h e  coal ash and genera l ly  l e s s  than 2% of t h e  zinc i n  the  spent melt  feed t o  the  
primary regeneration. 
majority o f  t h i s  "lost" z inc  is recovered. 
under the heading "Composite'' i n  Table V I .  

It i s  fed t o  a secondary zinc recovery s t e p  wherein t h e  
Analyses of t h i s  mater ia l  a r e  given 

Equipment and Procedure 

Primary Regeneration 

Figure 1 i s  a diagram of t h e  continuous 2-7/8" I.D. f lu id ized  bed combustion 
u n i t  i n  the conf igura t ion  used f o r  primary regeneration. 
i s  fed via a Fluid Netering, Inc. Lab pump and i s  dropped from a remote d r i p  t i p  
i n t o  a batch bed o f  f lu id ized  s i l i c a  sand. The feed gas cons is t s  of a mixture of 
a i r  and anhydrous hydrogen ch lor ide  which en ters  a t  t h e  apex of t he  reac tor  cone. 
In t h e  f lu id ized  bed, t h e  zinc ch lor ide  is  vaporized, t he  carbon, nitrogen and su l fu r  
impurit ies a r e  burned ou t  and any zinc oxide is  la rge ly  converted t o  zinc ch lor ide  
by t h e  H C l  i n  t h e  feed gas. The gas and z inc  ch lor ide  vapor en t ra in  the  c o a l  ash, 
leave the r eac to r  and pass through the  cyclone where the  so l id s  a r e  co l lec ted .  The 
cyclone underflow s o l i d s  der ive  so le ly  from t h e  melt s ince  t h e  s i z i n g  of the  s i l i c a  
sand bed s o l i d s  i s  such t h a t  t he re  i s  e s sen t i a l ly  no e l u t r i a t i o n  of t h i s  material. 
The so l ids  co l lec ted  a t  the  cyclone then cons is t  l a rge ly  of coa l  ash contaminated by 
small amounts o f  z inc  i n  the form of z inc  ch lo r i Je  and zinc oxide o r  other compounds, 
and any unburned carbon o r  z inc  su l f ide .  The gas then passes t o  t h e  condenser where 
z inc  chloride i s  condensed, then t o  the  e l e c t r o s t a t i c  p rec ip i t a to r  t o  remove zinc 
ch lor ide  fog, and then t o  sampling and metering. 
t i o n a l  procedures are subs t an t i a l ly  the  same a s  those previously described (7) .  

The molten "spent" ca t a lys t  

The ana ly t i ca l  methods and calcula- 

Hydrocracking 

The hydrocracker and i ts  operating procedure have been described previously ( 9 ) .  
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Secondary Regeneration 

The apparatus used t o  conduct the  secondary recovery s tudies  was the  same un i t  
used f o r  t he  primary regeneration s tudies  with some modifications made  to  accommo- 
da te  the  use of a s o l i d  feed. The modifications consisted of replacing the  melt feed 
system with a metering powder feeder fo r  feeding the  cyclone underflow so l id s  t o  
the  un i t .  

The cyclone underflow ash is fed a t  a metered r a t e  i n to  the  a i r  feed gas  l i n e  
t h a t  t ranspor t s  the  ash i n t o  the  bottom of the batch f lu id ized  bed of s i l i c a  sand. 
Anhydrous HC1 i s  in jec ted  i n t o  the  a i r  stream j u s t  upstream from t h e  reactor.  
o f  the  ash is temporarily trapped i n  the  f lu id ized  bed o f  s i l i c a  sand, building up 
t o  a s teady-s ta te  concentration. 
bed by t h e  gas stream. A t  s teady state, t h e  amount of ash fed per minute equals t h e  
amount of ash per minute t h a t  i s  transported by the  gas stream out  of the  bed. 
average ash residence t i m e  i n  the  reac tor  i n  minutes i s  then "grams of ash inventory 
i n  the  bed divided by t h e  ash feed rate i n  grams per minute." 

The gas, ZnC1, vapors, and entrained ash leave the  reactor and follow the  same 
course described above f o r  primary regeneration. 

The feed gas i s  e l e c t r i c a l l y  preheated t o  316°C (600OF) before it en te r s  t he  
reactor.  
e l e c t r i c a l  heaters.  

The run was s t a r t e d  when the  cyclone underflow ash feed t o  the  reac tor  s t a r t ed .  
The product cyclone underflow was co l lec ted  i n  5 t o  10 min, increments a s  a function 
of running t i m e .  The run w a s  ended when t h e  ash  feed stopped. 

The ash inventory i n  the  bed was measured t o  enable precise ca lcu la t ion  of t he  
average residence t i m e  i n  t he  bed. 

Run duration was about 40 minutes, which required about 200 grams of ash per 

The d r ip  t i p  was plugged of f  s ince  i t  was not used. 

Some 

The remainder of t he  ash i s  car r ied  out of the  

The 

The remaining hea t  required i s  put i n  through the reac tor  walls by 

run, 
conduct a reasonably complete program. Thus, i n  runs of 10-12 minutes residence 
time, t he  longest times investigated,  t h e r e  were a t  l ea s t  t h ree  changes of ash 
inventory. 

and water-soluble zinc,  chlorine and iron. 
concentrations of z inc  i n  the  increments. 

small amount of mater ia l  co l lec ted  i n  t h e  labyr in th ine  co l lec t ion  equipment down- 
stream from the  cyclone made accura te  co l l ec t ion  of small amounts of product very 
d i f f i c u l t .  
around the  ash in  and t h e  ash out. 
and product ash,  provided t h e  data f o r  ca lcu la t ion  of metals removal, 

This was low enough t h a t  t he  r e l a t i v e l y  l imited ash supply was su f f i c i en t  t o  

The reaction was followed by analyzing the  product ash increments f o r  t o t a l  
S teadyrs ta te  was indicated by constant 

In  general, complete mater ia l  and elemental balances were not made because t h e  

Instead the  y i e ld  of e f f h e n t  ash was determined by a s i l i c a  balance 
This, together with metals analyses of the  feed 

RESULTS AND DISCUSSION 

Primary Regenera t i o n  

The var iab les  and the  leve ls  a t  which they were investigated are: 

Temperature, "C 871, 927, 954, 982 

'% of Stoichiometric A i r  (nominal) f 15 
Mol X of Anhydrous H C 1  i n  Feed A i r  5.5, 8.5, 11.5 
Fluidized Bed Solids 
Fluidized Bed Depth, meters 0.305 
supe r f i c i a l  Linear Velocity, 

meters/sec 0.305 

Pressure, kPa (psig) 119 (3) 

297 x 595 pm S i l i c a  Sand 
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operab i l i t y  

The c r i t e r i o n  f o r  ope rab i l i t y  is t h a t  the  coal ash leaves t h e  bed by e lu t r i a -  
t i o n  and t h a t  it is  not retained i n  t h e  bed due t o  s i z e  growth by s in te r ing  or 
c l inke r  formation. Based on t h i s  c r i t e r i o n  ope rab i l i t y  was as  follows: 

1. W i t h  5.5% H C 1  i n  t he  i n l e t  a i r :  

a. 927°C (1700°F) i s  an operable condition, a t  leas t  for  short  period. 
b. 

c. 

954OC (1750OF) is a marginally operable condition because of some 

982°C (1800°F) is an inoperable condition because of severe ash 
s in t e r ing  of ash i n  the  bed. 

s in t e r ing  in  the  bed leading t o  c l inker  formation. 

2. With 8.5 o r  11.5% H C 1  i n  the  i n l e t  a i r :  

a. 
b. 
c. 

927°C i s  an operable condition. 
954°C i s  an  operable condition. 
982°C probably is a marginally operable condition with some minor 

s i z e  growth i n  the  ash grain s i z e  t o  be expected. This may be 
des i rab le  from t h e  standpoint of preventing ash buildup in  the  
regenerated m e l t .  

Some s l i g h t  s i n t e r i n g  may be  des i rab le  t o  give more e f f i c i e n t  cyclonic removal 
of the  ash from t h e  gas stream. The s in t e r ing  t h a t  r e s t r i c t s  operabi l i ty  i s  l ike ly  
promoted by the f lux ing  ac t ion  of ash metal ch lor ides  (NaCl, KC1,  CaCl,, MgC1,) tha t  
can be formed i n  the hydrocracker by reactions such a s  

Na,O + ZnC1, = 2 NaCl -k ZnO 

In general, 927°C was found t o  be the preferred temperature i n  t h a t  t he  temperature 
was low enough f o r  good ope rab i l i t y  bu t  high enough f o r  good reaction k ine t ics ,  
y ie ld ing  e f f i c i e n t  burnout of the  impurities. 

Results 

The r e s u l t s  presented w i l l  b e  confined t o  work done a t  927OC and the  e f f ec t  o f  
HC1 concentration i n  t h e  a i r  on these  r e su l t s .  Table I1 shows conditions and 
mater ia l  balances f o r  runs a t  927°C with 5.5, 8.5 and 11.5 mol % H C l  i n  the  feed 
gas. Table I1 shows t h a t  good mater ia l  balances were obtained. Products derived 
from four sources: th2 product m e l t ,  cyclone underflow so l ids ,  bed so l ids ,  and gas 
which includes water. The bed so l id s  y ie ld  per u n i t  of feed decreases as run dura- 
t i on ,  and hence t h e  t o t a l  amount of m e l t  fed, increases,  since a batch bed of 
s i l i c a  was used. 

Table 111 shows the ef f ic iency  of regeneration f o r  the three  runs whose mate- 
r i a l  balances have been given. 
97.9% and it increased t o  99.1% with 11.5% H C 1  i n  the  feed a i r .  
i s  achieved with h igher  HC1 concentration because t h e  ZnC1, hydrolysis equilibrium 
i s  sh i f ted  f a r the r  t o  t h e  ZnC1, side.  

feed melt r e f l e c t  coilversion of ZnO and ZnS i n  the  feed t o  ZnCl, by in te rac t ion  
with the H C 1  i n  t h e  gas. 

The small amun t s  of nitrogen, carbon and su l fu r  i n  the product melts (Table 
111) r e f l e c t  the  high effLciency of burnout of the  NH3, ZnS and carbonaceous 
residue, s ince  e s s e n t i a l l y  a l l  of the remaining carbon, nitrogen and su l fur  a re  in  
t h e  uni t  offgases as com3ustion products: SO,, CO, CO,, N, and H,O. Nitrogen and 
s u l f u r  burnout were generally grea te r  than 97% and carbon burnout was grea te r  than 
99%. 

The low percentage of t he  feed ash i n  the product melt (Table 111) shows tha t  
ash re jec t ion  a t  t he  cyclone was very e f f i c i en t .  Rejection of t he  individual 
metals of which t h e  ash i s  comprised, was a l so  e f f i c i e n t  except f o r  sodium and 
potassium, m o s t  of which appear i n  the  melt. 
t i o n  of thc highly-s tab le  NaCl and K C 1  which 3 re  s l i g h t l y  v o l a t i l e  a t  regeneration 

Zinc recovery with 5.5% H C l  i n  t h e  feed a i r  was 
Higher recovery 

Recoveries of ch lo r ine  (Table 111) grea ter  than 100% of the chlorine i n  the  

This i s  undoubtedly d u e  to the  forma- 
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conditions (- 3 and 5 t o r r  vapor pressure a t  927"C, respectively).  A subs t an t i a l  
f r a c t i o n  of the  iron, most l i ke ly  a s  FeC1, a l so  appears i n  the  melt. 
cyc les  of hydrocracking and regeneration, vapor-liquid equ i l ib r i a  with respect t o  
NaCl and K C 1  a t  a regeneration temperature of 927'C w i l l  l i m i t  t h e  buildup of t he  
sum of t h e i r  concentrations i n  the  ZnC1, ca t a lys t  t o  about 1.0 t o  1.5 mol %when 
t h e  regeneration i s  conducted a t  3 atm pressure o r  even less  a t  higher pressures.  
The hydrolysis equilibrium 

Over many 

o r  reac t ions  such as  

FeCl, + H,O + ash = FeO-ash + 2 HCI 

w i l l  r e s t r i c t  the  FeC1, concentration i n  the  regenerated ZnC1, c a t a l y s t  t o  l e s s  than 
10 mol %. A run i n  which the  melt t o  regeneration was spiked with FeC1, tends t o  
confirm th i s .  Batch hydrocracking data ind ica t e  tha t ,  a t  these  leve ls ,  these ash 
metal  ch lor ides  present e s s e n t i a l l y  no problem regarding ca t a lys t  ac t iv i ty .  

The melts obviously 
a r e  c lose  t o  pure ZnC1, s ince  t h e  Zn:Cl atomic r a t i o s  a r e  1.95, 1.97 and 2.02. 

sand bed so l id s  were employed i n  consecutive runs. 
t o  in te rac t ion  with z inc  and ch lor ine  a s  shown by t h e i r  extremely small contents in 
t h e  s i l i c a  sand bed a f t e r  54 hours of use i n  spent melt regeneration (Table V). 
There is  some reac t ion  of calcium and magnesium with the  s i l i c a  sand bed as indi -  
cated by an increase with time up t o  the  concentrations of 1.49 and 0.44% of CaO 
and MgO a f t e r  54 hours. 

regeneration. 
exclusive of the  s teady-s ta te  concentration of ash trapped i n  t h e  bed when the  run 
was terminated. These ashes contain e s sen t i a l ly  a l l  of t he  feed z inc  not  .found i n  
t h e  product melt. 
z inc  t o  regeneration, t he  re ta ined  z inc  being lower when the  HC1 concentration in 
the  a i r  increases. It is i n  two forms: 1) z inc  i n  t h e  form of z inc  ch lor ide  (water- 
so luble  zinc) which i s  adsorbed on, entrained by, o r  d i f fuses  t o  t h e  cyclone under- 
flow ash during t h e  regeneration process, and 2) z inc  i n  the  form o f  ZnO, ZnO-SiO, 
and ZnO-Al,O, (water-insoluble zinc) which is not completely converted t o  the  ZnC1, 
because of equilibrium re s t r i c t ions  i n  reac t ion  (4) and reac t ions  o f  the  type 

Table I V  shows"ana1yses of t he  product regenerated melts. 

Af te r  separating out t h e  trapped ash and sampling, t he  used 28 x 48 mesh s i l i c a  
The s i l i c a  bed is  almost i n e r t  

Table V I  gives analyses of the  coa l  ash re jec ted  by the  cyclone during primary 
The y ie lds  of these  ashes w e r e  about 5.8% per 100 grams of feed me'lt 

The zinc retained i n  t h e  ashes represent 1 t o  2% of the feed 

ZnCl, + SiO,  + H,O = ZnO.Si0, + 2 HC1 
Z n C 1 ,  + A1,0, + H,O = ZnO.Al,O, + 2 HC1 

Accordingly, the  Concentration of t he  water-insoluble z inc  decreases as  the H C l  con- 
cen t r a t ion  i n  the  feed a i r  increases,  whereas the  water-soluble ash concentration 
remains more o r  less constant.  

z inc  i n  the  ash is  worthwhile from the  economic aspect a s  w e l l  a s  from t h e  environ- 
mental and conservation aspects.  Therefore, inves t iga t ions  of "Secondary Zinc 
Recovery," t ha t  is, recovery of t he  zinc re ta ined  i n  the  cyclone ash were made. 

Since 1% zinc  "loss" represents about 4{ per gallon gasoline, recovery of t h e  

Secondary Zinc Recovery 

Secondary recovery consisted of treatment of t he  cyclone underflow ash  from 
t h e  primary regeneration with ZnC1,-free a i r  plus HC1. 
ment i s  t o  reverse equ i l ib r i a  such a s  i n  reactions (4) ,  (6) and (7) so t h a t  the  
water-insoluble zinc values a r e  converted t o  ZnC1, which is evaporated from the  ash 
subs t r a t e  and recovered. 

The cyclone ash used a s  feed i n  t h i s  work was a composite from a number of 

The p r inc ip l e  o f  t h i s  t r e a t -  

primary regeneration runs. Analysis of t h i s  feedstock i s  given i n  Table VI. 
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The leve ls  of t h e  va r i ab le s  studied i n  secondary zinc recovery are tabulated 
below: 

Temperature, "C 816, 927, 1038 

pressure,  kPa 119, 195, 271 

Mol Anhydrous HC1 i n  Feed A i r  o t o  60 
Feed Ash Residence Time, min 
Fluidized Bed Sol ids  
Fluidized Bed Depth, meters 0.013, 0.062, 0.124 
Super f i c i a l  Linear Velocity, 

"F 1500, 1700, 1900 

p s i g  3, 14, 25 

1.5 t o  12.7 
297 x 595 pm S i l i c a  Sand 

meters/sec 0.18, 0.24, 0.30 

Operabi l i ty  

Runs a t  a l l  conditions t e s t ed  gave exce l len t  operabi l i ty .  

Results 

Figures 2, 3 and 4 s u m r i z e  t h e  r e su l t s .  

Figure 2 shows t h e  breakdown of t h e  recovery of water-soluble and water-in- 
so lub le  zinc as functions of time and temperature, with a feed gas cons is t ing  o f  
20 mol % H C 1  i n  air. 
was recovered i n  as l i t t l e  a s  one minute residence t i m e  a t  a l l  t he  conditions 
tes ted .  This i s  not  su rp r i s ing  s ince  no reac t ion  is required, only vo la t i l i za t ion  
of t h e  ZnC1, t h a t  the water-soluble z inc  represents.  It has been shown tha t  H C 1  
i s  n o t  required f o r  t h i s  H,O-soluble zinc recovery, t ha t  e s sen t i a l ly  100% recovery 
can b e  obtained us ing  HC1-free a i r  or nitrogen. Figure 2 shows t h a t  the  extent of 
secondary recovery of zinc is l imited by t h e  r a t e  of reaction of t h e  water-insolu- 
b l e  z inc  to  form v o l a t i l e  z inc  chloride.  
so lub le  zinc is  very f a s t  i n i t i a l l y  bu t  slows down markedly a f t e r  the f i r s t  minute 
of reac t ion  time. 
816 t o  1038°C. 

No s in t e r ing  of 
ash w a s  found i n  any of t h e  runs, even those a t  1038'C. 

Essen t i a l ly  100% of the  water-soluble z inc  i n  the cyclone ash 

The r a t e  of recovery of t h e  water-in- 

Recovery i s  b e t t e r  t h e  higher t h e  temperature i n  the  range o f  

Figure 3 i s  a p l o t  similar t o  Figure 2 but  i t  shows the  t o t a l  combined re- 
covery of water-soluble and water-insoluble zinc. 
t h a t  as high a s  70% of the  t o t a l  zinc i n  the  cyclone so l id s  was recovered i n  as  
l i t t l e  a s  one minute residence time. 

and removed from the  feed ash a t  a l l  conditions tested.  

with increasing HC1 p a r t i a l  pressure. 
r a t io .  Hence, a t  a given HC1 concentration i n  the  feed air ,  the  z inc  recovery can 
be enhance3 by increas ing  the  t o t a l  p ressure  and thereby the  H C 1  p a r t i a l  pressure. 
Therefore, a t  the  pro jec ted  commercial operating pressure of 5 atm, 4 mol % H C 1  in 
the  feed a i r  should g ive  r e s u l t s  equivalent t o  the  use of 20% H C I  a t  1 atm. 

the  cyclone so l id s  can be recovered i n  a r e l a t ive ly  s i m p l e  s t e p  added t o  the  
primary regeneration system. 
of 99.6 t o  99.7% has been demonstrated. The secondary z inc  recovery gives a 
savings in z inc  makeup cos ts  of about 3.5+ per ga1lo;l of  gasoline produced from 
coal  v i a  the  ZnC1, process (8). 

It is  apparent from t h i s  p lo t  

Greater than 73% of t h e  ch lor ine  i n  the  cyclone underflow ash was vola t i l i zed  

Figure 4 shows t h a t  t he  water-insoluble zinc recovery increases  moderately 
The increase  i s  unaffected by the HCl/air 

Thus, i t  has been shown t h a t  70% o r  more of t h e  zinc i n  the ash retained i n  

With secondary recovery of 75%, overa 11 zinc recovery 

Hydrocracking Ac t iv i ty  of Regenerated Melt 

A run was made i n  the  continuous bench-scale 3 lb/h hydrocracker i n  which the 
product ZnC1, c a t a l y s t  from regeneration Run 19 was tested i n  hydrocracking C o l s t r i p  
coal.  A s  shown i n  Table V I I ,  the  regenerated ca t a lys t  was somewhat more reactive 
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than v i rg in  zinc chloride.  
ca t a lys t  contained l e s s  ZnO, which depresses ZnC1, a c t i v i t y ,  than the  v i rg in  
z inc  chloride. 
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TABLE I11 

Efficiency of Primary Regeneration 

22 19 16 - -  Run no. 
Mol % H C 1  i n  A i r  5.5 8.5 11.5 

Zn 
c1 
C 
S 
N 
Tota l  
Na 
K 
Ca 
Mg 
Fe 
S i  
A 1  

% of Feed Melt Component 
i n  Regenerated Melt 

97.9 98.8 99.1 
106.2 102.0 

0.6 
9.7 
0.0 

Coal Ash 6.4 
63 
80 
1.9 
1.7 
33 
1.6 
2.1 

. .~ 

107.3 
0.7 
2.0 
2.7 
3.2 
92 
122 
1.7 
1.4 
12 

1.2 
1.7 

Run No. 

TABLE I V  

Primary Regeneration 
Analysis of Product M e l t s  

16- 22 

Anal. of Melt, W t .  % 
H 0.15 0.13 
C 
N 
0 (by d i f f . )  
Organic S 
Sulf ide  S 
Sulfa te  S 
Zn 
c1 
Ash 

Anal. of Ash, W t .  % 
NazO 
K2O 
CaO 
MgO 

TiO,  
S iO,  

0.05 
0.00 
1.49 
0.00 
0.04 
0.00 
47.61 
50.30 
0.36 

0.05 
0.02 
1.63 
0.00 
0.01 
0.00 
47.40 
50.59 
0.17 

10.22 19.00 
5.23 12.55 
4.03 9.20 
1.43 3.01 

49.21 19.55 
11.06 1.73 
12.41 23.68 
6.41 11.28 

0.9 
2.4 
2.5 
4.4 
75 
66 
2.6 
2.6 
20 
1.7 
0.2 

19 

0.17 
0.07 
0.02 
0.40 
0.00 
0.01 
0.00 

47.32 
51.83 
0.18 

24.98 
8.71 
11.29 
4.36 

20.11 
1.46 

27.72 
1.37 

TABLE v 
Primary Regeneration 
Analysis of Effluent 

Bed Solids 

19 22 Run No. 
Hours Used 32 54 

-- 
Weight 9. 

H 0.06 0.03 
0.06 C 0134 

n 0.00 
5 0.01 
Zn 0.05 
c1 0.00 
Na ,O 0.02 
k20 0.05 
CaO 0.78 
MgO 0.30 

TiO, 0.04 

0.79 

Fe203 0.20 

SiO, 97.35 

0.00 
0.02 
0.15 
0.00 
0.01 
0.04 
1.49 
0.44 
0.19 
0.00 

96.23 
1.30 
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TABLE V I  

Primary Regeneration 
Analysis of Cyclone Underflow Solids 

Run NO. 
% H C 1  i n  Feed A i r  

Analysis, W t .  % 
zn i n  ZnCl,* 
Zn i n  ZnO, ZnO-SiO,, ZnC)*A1,O,w 
c1 
H 
C 
S ( su l f a t e )  
Na ,O 
K2O 
CaO 
MgO 

TiO,  
sio, 

* Water-soluble zinc 
w6 Water-insoluble z inc 

16 22 
5.5 8.5 

4.73 3.57 
11.08 4.07 
5.30 4.80 
0.11 0.12 
0.35 0.14 
0.34 0.30 
0.17 0.08 
0.04 0.02 
9.65 11.87 
4.04 4.41 
3.67 4.06 
0.67 0.00 

33.36 44.75 
14.20 18.19 

TABLE V I 1  

Comparison of Hydrocracking 
Resul ts  With New and Regenerated 

ZnCl, Catalyst  

Conditions 
Feedstock 
Temperature, O C  

Total  Pressure, p s ig  
Melt Residence Time, h 
ZnCl,/W Coal, Wt. Ratio 

Yields, W t .  7. MAF Coal 
c1-c3 
c 4  
C, x 200°C D i s t i l l a t e  
200 x 475°C D i s t i l l d t e  
4475°C D i s t i l l a t e  
MEK-Soluble Residue 
MEK- Insolub l e  Residue 

H Consumed 
Conversion t o  D i s t i l l a t e  

2 
11.5 

4.10 
3.33 
5.54 
0.13 
0.35 
0.23 
0.12 
0.02 
9.48 
4.14 
2.98 
0.84 

43.21 
19.48 

Composite 

2.94 
4.54 
4.92 
0.08 
0.09 
0.37 
0.10 
0.03 

11.40 
4.45 
3.90 
0.94 

18.41 
42. a6 

I 

I 

-100 Mesh Co l s t r ip  Coal 
399 

3500 
1.29 
1.0 

Regenerated 
ZnC1, 

Catalyst 
1.2 
4.2 

41,5 
16.2 
6.0 

17.7 
2.5 

6.4 
79.8 

New 
ZnC 1 , 

Catalyst  
2.1 
2.7 

33.5 
20.9 
6.1 

15.8 
4.9 

6.8 
79.3 
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SECOXWRY Z I N C  RECOVERY GRAPHS 

FIGURE 2 

Zinc Type Recovery a s  a Function of Temperature and Time 
T o t a l  Pressure = 3 psi& Feed Gas = 2 0  mol % t I C 1  i n  A i r  

, Insoluble 
Zinc 

Ash Residence Time, minutes 

FIGURE 3 

To ta l  Zinc Recovery a s  a Function of  Temperature and Time 
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FIGURE 4 

Water-Insoluble Zinc Recovery vs. HC1 Pa r t i a l  Pressure 
Residence Time = 10 min; Temperature = 927°C 

Tota l  Pressure of Run i s  l i s t e d  a t  Data Points 

H C 1  P a r t i a l  Pressure, a t m .  
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