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

Less 

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

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

From these two figures, 

) . 
The yields of the hydrocarbon gases produced on coal 

pyrolysis vary greatly depending on the particular coal. This 
is shown for ethylene, one of the major products, in the first two 
columns of Table 1. The ethylene yield is related to the propylene 
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yield as shown by Figure 4. Similarly, the ethylene yield is 
related to the butadiene yield, suggesting that these gases have a 
common precursor. The methane and benzene, however, show no obvious 
relation to the ethylene yields. These products are apparently 
derived mainly from other components in the coal. 

Coal Structure vs. Pyrolysis Products 

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

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

Tar Structure Studies 

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

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

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

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

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

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

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

Those CH2 groups conjugated with or close to the carboxyl 

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

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

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

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

Model compound Pyrolysis 

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

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

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

Analysis for Polymethylene in Coal Itself 

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

Also, if the (CH2)n is 

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

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

I To develop a routine analysis based on coal liquefaction, 

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

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

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

Two such tubes were packed into each 10 ml shaker tube 
with steel wool packed around them. They were then subjected to 
425'C for 2 hours in a sand bath with rapid vertical agitation 
with approximately 5 minutes heat up time to temperature and rapid 
cool down in a cold air stream. 

89 



The tubes were worked up by breaking in the middle and 
rinsing repeatedly with CC13D containing a weighed amount of DC-200 
fluid, through a glass wool plug filter into a 1 ml volumetric flask. 
The contents of the flask were put into an NMR tube and run on the 
IBM NR-80 Fourier Transform NMR Spectrometer. The area of the 
1.2 ppm peak was determined relative to the silicone peak and the 
weight % (CH2)n calculated using the area ratio. 

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

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

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

Conclusions 

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

Deno( lg) reported the presence of long chain 

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

FIGURE 10 
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TABLE 1 

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

(850°C 

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

*Moisture Free 
**Moisture and Ash Free 

0.5 sec. CT.) 

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

0.0 

MAF** 

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

0.0 

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

ig3 [r( C H ~  
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TABLE 2 

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

Theory 
I,,] CH2CH2-C-OH 64.0 

101 C"3 82,O 

CH3 bCH2) 13CH3 85,. 8 

CH3 [(CH2)17] CH3 88.8 

? 

1 

CH3 kCHZ)pd  CH3 91, l  

CH3 [(CH2)23] CH3 91 ;5 

51,2 

100 

Found 
62.6 

77.7 

81.8 

84.6 

91.7 

92,5 

49.1 
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t TABLE 5 

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

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

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

S t e a r i c  A c i d  

D o d e c a n e  

O c t a d e c a n e  

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

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

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

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

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

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

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

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

B e n z e n e  

C2H6 

‘qH6 

C2H6 

‘qH6 

C2H6 

C2H6 
B e n z e n e  

C2H4 

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

C2H6 

C3H6 
B e n z e n e  

‘qH6 

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

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

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

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

ABSTRACT 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

EXPERIMENTAL 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

RESULTS AND DISCUSSION 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

where Nu = Nusse l t  number 

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

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

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

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

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

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

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

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

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

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

and 

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

dTs = (Tg-Ts) d t ,  

Where 

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

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

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

Tg = tempera ture  o f  gas 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

pressure.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

smal 1. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CONCLUSIONS 

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

f o l l o w s :  

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

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

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

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

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

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

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

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

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

85OOC and 50 p s i ) .  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y i e l d .  

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

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

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

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

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

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

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

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

Table 2 

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

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

Gas hg (Cal /cm2-KO-sec) 

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

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

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

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

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

- 

I 

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

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

T o t a l  Gaseous H.C. 11.6 
BTX 1.8 

1.2 
T o t a l  L i q u i d  H.C. 3.0 

LC9 - 

co 
co2 

T o t a l  COX 

4.4 
2.0 
6.4 
- 

0.7 
10.9 

2.7 
0.4 
3.1 

- 

(4.4) 
1.7 
6.1 

2.6 
3.3 
0 
5.9 
- 

2.0 
0.8 
2.8 
- 

(4.4) 
1.4 
5.8 
- 

- - 
T o t a l  Carbon Converted 213 20.1 14.5 

( )CO c o u l d  n o t  be r e s o l v e d  from N2 o r  A r  on t h e  o n - l i n e  GC. 
The values i n  p a r a n t h e s i s  a re  CO y i e l d s  f rom i n e r t  h e l i u m  
p y r o l y s i s  runs  under i d e n t i c a l  c o n d i t i o n s .  Th is  cou ld  
i n t r o d u c e  some e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  t o t a l  
carbon conversion. 
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Tab le  5 

--- -- _- 
Composi t ion o f  Heavy L i q u i d s  f rom t h e  

F lash  H y d r o p y r o l y s i s  o f  New Mexico Coal 

Peak NO. Component X Peak Area 

1 xy lene 0.54 

2 xy lene 0.27 

3 phenol 3.07 

4 indene 6.45 

5 naphthalene 60.80 

6 q u i n o l i n e  1.15 

7 i s o q u i n o l  i n e  0.29 

a C1-naphtha1 ene 1.25 

9 C1-naphthalene 0.32 

10 b ipheny l  0.03 

11 acenaphthyl  ene 14.98 

12 acenaphthene 1.66 

13 C1-biphenyl lacenaphthene 1.79 

14 f l u o r e n e  2.64 

15 phenanthrane/anthracene 3.82 

1 2 1  
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CHARACTERIZATION OF COAL CHARS FROM A FLASH PYROLYSIS PROCESS BY 
CROSS POLARIZATION / MAGIC ANGLE SPINNING "C NYR 

Mei-In M. Chou and Donald R. Dickerson 
I l l i n o i s  S t a t e  Geological  Survey 

615 E a s t  Peabody Drive 
Champaign, I L  61820 

Dale R. Mckay and James S.  Frye 
Department o f  Chemistry 

Colorado S t a t e  u n i v e r s i t y  
For t  C o l l i n s ,  co 80523 

INTRODUCTION 

I n  the  l a s t  two decades,  f l a s h  p y r o l y s i s  has  been used t o  i n v e s t i g a t e  t h e  
s t r u c t u r e  of c o a l  and s h a l e  (1 -4 ) .  Seve ra l  c o a l  conversion processes  based on 
f l a s h  py ro lys i s  a r e  under i n v e s t i g a t i o n  i n  the  uni ted S t a t e s  (5 -8 ) ,  West Germany 
( 9 ) ,  and Aus t r a l i a  (10,11,12) .  S tud ie s  of t he  molecular p rope r t i e s  of the f l a sh  
py ro lys i s  products  have been confined t o  the  l i b e r a t e d  organic  mat ter :  v o l a t i l e  
l i q u i d s  and gases .  Changes occur r ing  i n  the  organic  s t r u c t u r e  of t he  chars  a r e  
poorly understood. 

The development of "C c r o s s  p o l a r i z a t i o n  (CP) (13) and Magic Pngle Spinning 
(MAS) ( 1 4 )  Nuclear Magnetic Resonance (NMR) spectroscopy with high-power proton 
decoupling has allowed i n v e s t i g a t o r s  t o  ob ta in  s p e c t r a  o f  t he  organic  mat ter  i n  
s o l i d  coal  (15-25).  Su l l ivan  and Maciel (26) and Dudley and Fyfe ( 2 7 )  have 
v e r i f i e d  the  q u a n t i t a t i v e  r e l i a b i l i t y  of t h i s  technique as  appl ied t o  coal .  I3C 
NMR spec t r a  of c o a l  demonstrating the  u t i l i t y  of both CP and MAS have been r e -  
ported previously (15,16,18,21,22) ,  however, t h e r e  has been no reported i n v e s t i -  
ga t ion  of I3C CP/E/LAS NMR s p e c t r a  of  the cha r s  produced by f l a s h  py ro lys i s .  

This paper  r e p o r t s  t he  r e s u l t s  of t h i s  technique appl ied to the s tudy of 
cha r s  produced by the  f l a s h  p y r o l y s i s  of coa l  a t  progressively h ighe r  temperatures.  
The i nves t iga t ion  has given va luab le  i n s i g h t  i n t o  the chanqes of organic  composi- 
t i o n  of  coal  during ca rbon iza t ion  a s  w e l l  a s  t he  optimum temperature f o r  e f f i c i e n t  
conversion of coal  i n t o  l i q u i d s  and qases.  

EXPERIMENTAL 

A h igh -vo la t i l e  C bituminous (HVCB) I l l i n o i s  Harr isburg ( N o .  5 )  coa l  was used. 
The analyses  of  t he  raw coa l  sample a r e  given i n  Table 1. The coa l  was f l a s h  
pyrolyzed i n  a qua r t z  tube under a flow of  helium. The tube was heated a t  a ramp- 
r a t e  of 75°C/msec t o  t h e  d e s i r e d  f i n a l  temperature with a 20 sec hold a t  the f i n a l  
temperature.  Since only small  q u a n t i t i e s  of c o a l  were used fo r  each run ,  a 
sample of s u f f i c i e n t  S i ze  f o r  NMR a n a l y s i s  and elemental  ana lys i s  a t  each tempera- 
t u r e  was prepared by combining t h e  products  of  r e p l i c a t e  p repa ra t ions .  

Chars produced a t  300", 400°, 5 0 0 ° ,  6 0 0 ° ,  700°, and 800°C were s tud ied .  The ' 3C CP/MAS NMR measurements of  t h e  cha r s  were made on a JEOL FX6OQ NMR spectro-  
meter modified for CP and MAS. The s p e c t r a  were recorded under s tandard condi- 
t i o n s  t h a t  have been descr ibed p rev ious ly  ( 2 6 ) .  

For t h e  v o l a t i l e  a n a l y s i s ,  t h e  same sample of  coal  was heated i n  s t e p s ;  f i r s t  
to  3OO0C, then success ive ly  t o  400°C, 500°C, 600"C, 700°C, and t o  ROO'C. The 
v o l a t i l e  mat ter  was en t r a ined  i n  a helium flow of 35 mL/min and w a s  analyzed by 
gas chromatography (GC)  us ing a 2.5m x 3 mm s t a i n l e s s  s t e e l  column packed with 3% 

130 



Table 1. Proximate and u l t ima te  composition of  t h e  I l l i n o i s  NO. 5 (HVCB) coa l  
sample. (moisture-free b a s i s )  . 

Proximate ana lys i s  % u l t ima te  a n a l y s i s  % 

V o l a t i l e  mat ter  
Fixed carbon 
Ash 

43.3 Hydrogen 4.72 
44.3 Carbon 65.45 
12.4 Nitroqen 1.13 

Oxygen (by d i f f . )  11.52 
S u l f u r  3.91 
L o w  Temp. Ash 13.27 

Dexsil  300 on 80/100 Chromosorb WHP connected t o  a flame i o n i z a t i o n  d e t e c t o r  (FID).  
The column temperature was programed from 5OoC t o  250°C a t  8'C/min and held a t  
t he  f i n a l  temperature f o r  15 min. 

RESULTS AND DISCUSSION 

The GC t r a c e s  of v o l a t i l e  products evolved a t  each cha r r ing  temperature a r e  
shown i n  Figure 1. The evolut ion of decomposition p roduc t s ,  gases  and l i q u i d s ,  
s t a r t s  a t  5OO0C, maximizes a t  6OO0C,  and completes a t  700°C. A t  800OC the  main 
v o l a t i l e s  evolved a r e  hydrogen and l i g h t  hydrocarbon gases .  The hydrogen t o  
carbon atom r a t i o s  (H/C) of t he  coa l  an8 cha r s  a t  each temperature a r e  given i n  
Table 2 .  There i s  l i t t l e  change i n  t h e  H/C r a t i o s  a t  temperatures  below 500'C. 
Above 5OO0C, the  H/C r a t i o s  decrease a s  t he  temperature i s  increased.  The d a t a  
show a change i n  H/C value from O . R 2  (highly benzenoid) a t  50OoC t o  0.36 (highly 
g r a p h i t i c )  a t  800°C. Based on s i m i l a r  r e s u l t s ,  polycondensation o f  t h e  aromatic 
r i n g  system occuring a t  t h e  same time a s  dehydrogenation of t h e  hydroaromatic and 
a l i c y c l i c  systems has been suggested a s  a model f o r  carbonizat ion by e a r l y  c o a l  
workers (28) .  However, 1 3 C  CP/MAS NMR r e s u l t s  give an i n s i q b t  i n t o  the  chanqes 
of t he  organic  mat ter  of cha r s .  

Table 2. The atomic r a t i o  of hydrogen t o  carbon (H/C) f o r  coa l  and cha r s  a t  each 
temperature s t ep .  

Temperature ("C) Raw coa l  300 400 500 600 700 800 

H/C 0.R7 0.87 0.85 0.82 0.57 0.54 0.36 

I 3 C  CP/MAS NMR s p e c t r a  of t h e  raw coa l  and the  s i x  cha r s  a r e  i l l u s t r a t e d  i n  
Figure 2.  I n  gene ra l ,  t he  s p e c t r a  e x h i b i t  two broad c h a r a c t e r i s t i c  peaks.  The 
chemical s h i f t s  a r e  referenced t o  t e t r ame thy l s i l ane  (TMS) with hexamethylbenzene 
( H M B )  used a s  a secondary e x t e r n a l  s tandard.  The chemical s h i f t  of t h e  aromatic  
peak of HMB i s  taken t o  be 132.3 ppm r e l a t i v e  t o  TMS. The peak a t  129 ppm i s  
assigned t o  sp2  
sp3  ( sa tu ra t ed )  carbon. 

(mainly aromatic)  carbon and t h e  peak a t  3 0  ppm i s  assiqned to  

The I 3 C  CP/MAS NMR spec t r a  show ( f i g .  2 )  t h a t  t h e  a l i p h a t i c  carbon peak i s  
progressively decreasing a s  the  temperature is inc reased ;  while  t h e  aromatic  
carbon peak r e t a i n s  approximately the  same he igh t  and shape. The peaks a t  298 
ppm and -37 ppm a r e  spinning s i d e  bands (SSB). For a given temperature t h e  NMR 
spec t r a  provide a measure of  t h e  r e l a t i v e  carbon d i s t r i h u t i o n  of the  organic  
ma te r i a l  remaining i n  t h e  cha r .  The r e l a t i v e  percentages of aromatic ( f a r )  and 
of a l i p h a t i c  ( f a l l  carbons a r e  ca l cu la t ed  by d iv id ing  t h e  i n t e g r a t e d  a rea  of each 
ind iv idua l  carbon peak by the  sum of t h e  a r e a s  of the  peaks.  The f a l  values of 
cha r s  a r e  shown i n  Figure 2 .  The f a r  of  t h e  raw coa l  i s  67%. The i n i t i a l  s t a g e  
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of heat ing (30OoC) produces a cha r  w i th  68% of f a r ,  and success ive  hea t ings  give 
cha r s  w i t h  far  of 70% (4OO0C), 73% 
(800°C). However, t he  a c t u a l  amount of aromatic  (war) and a l i p h a t i c  ( w a l )  carbon 
i n  cha r  can be ca l cu la t ed  by using the NMR measurements ( f a r ;  f a l ) ,  t he  organic  
carbon content of t he  cha r  (%Corg) ,  and t h e  weight of  t he  char  (wchar). 

(5OO0C), 89% (6OO0C), 95% (7OO0C), and 96% 

Figure 3 shows t h e  c a l c u l a t e d  values  and the weiqht  of char based on 100 g 
of raw coal  used i n  r e l a t i o n  to  temperature:  t he  amount of  aromatic  carbon i n  
cha r  (war) remains r e l a t i v e l y  cons t an t  a t  each temperature ,  while t h e  amount of 
a l i p h a t i c  carbon i n  char  ( w a l l  i s  reduced during higher  temperature charr ing.  A t  
600"C, both a l a r g e  reduct ion of  t he  a l ipha t i c -ca rbon  con ten t  and a maximum 
weight l o s s  occur.  

This s tudy  shows t h a t  t he  a l i p h a t i c  p a r t  of t h e  organic  ma t t e r  i n  coal  i s  
s u b s t a n t i a l l y  l o s t  during p y r o l y s i s  a t  temperature g r e a t e r  than 5OOOC. 
t h e  l o s s  of a l iphat ic-bound carbon from c o a l  may involve s e v e r a l  mechanisms, it 
may have been v o l a t i l i z e d  d i r e c t l y  o r  i t  may have been converted t o  an aromatic 
form fromwhich i t  could v o l a t i l i z e  o r  could become f ixed a s  p a r t  o f  the char.  
The maximum temperature f o r  e f f i c i e n t  evo lu t ion  of  v o l a t i l e s  from coal  by h e a t  i s  
a t  600°C to 700'C. A l s o ,  t h e  amount o f  carbonaceous r e s idue  a t  800°C can be 
est imated from the  aromatic-bound carbon o f  raw coa l .  
CP/MAS NMR technique a s  a t o o l  f o r  coa l  process  research i s  c l e a r l y  demonstrated. 

Although, 

The use fu lness  of the I 3 C  
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INTRODUCTION 

Coal d e r i v e d  naphthas have been observed t o  produce depos i t s  

Th is  r e s u l t s  i n  a shut-  

i n  hyd ro t rea te rs ,  hea t  exchangers, heaters ,  and r e a c t o r  i n l e t s  which 
operate a t  app rox ima te l y  400°C. 
and cause p lugg ing  o f  t h e  r e a c t o r  components. 
t i n g  down o f  the system. 
t i o n  losses and r e p a i r  c o s t s .  
i d e n t i f i e d  and a probable mechanism found, i t  shou ld  be p o s s i b l e  t o  
decrease o r  e l i m i n a t e  t h i s  expensive r e a c t o r  downtime. 

There a re  two main o b j e c t i v e s  f o r  t h i s  s tudy.  
what c lasses o f  compounds a re  respons ib le  f o r  d e p o s i t  f o rma t ion .  
i n v o l v e s  concen t ra t i ng  va r ious  c lasses  o f  compounds by b o t h  d i s t i l  l a t i o n  
and chromatographic means and developing a way t o  i n d i c a t e  t h e i r  poten- 
t i a l  f o r  d e p o s i t  f o rma t ion .  2 )  I n d i c a t e  a p o s s i b l e  mechanism f o r  de- 
p o s i t  format ion.  Th is  i nc ludes  an examinat ion o f  t h e  d e p o s i t  and t h e  
i d e n t i f i c a t i o n  o f  secondary products  o f  d e p o s i t  f o rma t ion .  

EXAMINATION OF DEPOSIT 

These depos i t s  a r e  b l a c k  i n  appearance 

Such downtime i s  expensive due t o  b o t h  produc- 
I f  causes f o r  d e p o s i t  f o rma t ion  can be 

1 )  Determine 
Th is  

A d e p o s i t  was formed i n  a p i l o t  p l a n t  heat  exchanger f rom a 
coa l  d e r i v e d  naphtha. 
i n  an atmosphere c o n s i s t i n g  o f  vapor ized naphtha and hydrogen. 
fo rma t ion  o f  t he  d e p o s i t  had r e s u l t e d  i n  s h u t t i n g  down t h e  p i l o t  p l a n t .  
It was es t ima ted  t h a t  l o g  o f  d e p o s i t  was formed from 50 g a l l o n s  o f  f u l l  
range (66-204OC) naphtha. 
was i n v o l v e d  i n  d e p o s i t  format ion.  

The d e p o s i t  was d r i l l e d  o u t  o f  t h e  plugged h e a t  exchanger. 
was i n s o l u b l e  i n  pentane, dichloromethane, ch lo ro fo rm,  methanol, d i -  
methyl s u l f o x i d e ,  and p y r i d i n e .  The e lementa l  a n a l y s i s  o f  t h e  d e p o s i t  
i s  g i ven  i n  Table 1, a l o n g  w i t h  t h a t  o f  a t y p i c a l  naphtha feed.  These 
analyses were performed by  M ic ro -Ana lys i s  o f  Wilrnington, Delaware. 

The N / C  r a t i o  i n  t h e  d e p o s i t  r e l a t i v e  t o  t h e  feed increased by 
a fac to r  o f  15.0 w h i l e  t h a t  o f  S / C  and O / C  i nc reased  by  9.9 and 1.8, 
r e s p e c t i v e l y .  Therefore, t he  n i t r o g e n  and s u l f u r  compounds were h e a v i l y  
i nvo l ved  i n  d e p o s i t  f o rma t ion .  

The heat  exchanger was r u n  a t  app rox ima te l y  400°C 
The 

Therefore,  o n l y  0.006% o f  t h e  o r i g i n a l  m a t e r i a l  

I t  

The S / N  r a t i o  of t h e  d e p o s i t  was 0.11. 
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Th is  i n d i c a t e s  t h a t  t h e  d e p o s i t  was n o t  comprised predominant ly  o f  
ammonium p o l y s u l f i d e s .  
m a t e r i a l s  i n  hydro t rea tment  runs .  

The f a c t  t h a t  t he  O/C r a t i o  o n l y  inc reased by  a f a c t o r  o f  1.8 
p a r t i a l l y  r u l e s  o u t  an o x i d a t i v e  mechanism. The increase i n  oxygen 
c o u l d  have been due t o  a smal l  amount o f  o x i d a t i o n  which occur red  a f t e r  
t h e  d e p o s i t  was c o l l e c t e d .  
c o l l e c t i o n  t o  b l a n k e t  i t  w i t h  n i t r o g e n ,  and t h e  d e p o s i t  was seve ra l  
months o l d  a t  t he  t ime o f  a n a l y s i s .  

CONCENTRATION OF DEPOSIT PRECURSORS 

These p o l y q y l f i d e s  have been observed as d e p o s i t  

No p r e c a u t i o n s  were taken a t  t he  t ime  o f  

Coal l i q u i d  naphtha i s  a complex m i x t u r e .  I n  o r d e r  t o  iden-  
t i f y  the d e p o s i t  p recursors ,  t h e y  had t o  be concent ra ted .  
o f  d i s t i l l a t i o n  and i o n  exchange chromatography was used t o  do t h i s .  
The e f f e c t  o f  these two c o n c e n t r a t i o n  techniques was t e s t e d  u s i n g  TGA. 
From these exper iments i t  was p o s s i b l e  t o  i d e n t i f y  t h e  s t r u c t u r a l  types 
r e s p o n s i b l e  f o r  much o f  t he  d e p o s i t  fo rmat ion .  

The TGA exper iment used t o  t e s t  concent ra tes  f o r  d e p o s i t  f o r -  
m a t i o n  c o n s i s t e d  o f  h e a t i n g  t h e  sample i n  a p l a t i n u m  b o a t  f rom 25°C t o  
400°C, under n i t r o g e n ,  a t  20°/min. A t  400°C t h e  we igh t  was recorded and 
t h e  atmosphere switched t o  oxygen. The temperature was then increased 
t o  700"C, and the  m a t e r i a l  i n  t h e  pan was burned o f f .  
a l lowed t h e  t a r e  o f  t he  balance t o  be checked. 

400°C was i n s o l u b l e  i n  common o r g a n i c  so lvents .  
r e s i d u e  i s  designated as "depos i t . "  

produced more d e p o s i t  than t h e  f u l l  range (66-204OC) naphtha. There- 
fore,  var ious  d i s t i l l a t e  cu ts  o f  t h e  177-204°C sample were prepared and 
t e s t e d  f o r  d e p o s i t  fo rmat ion .  From these exper iments i t  was found t h a t  
t he  bottom 40% o f  t h e  177-204OC naphtha conta ined e s s e n t i a l l y  a l l  o f  t h e  
d e p o s i t p r e c u r s o r s .  The bottom 40% of t h e  naDhtha was used i n  t h e  

A combina t ion  

T h i s  l a t t e r  s tep  

I t  was determined t h a t  t h e  r e s i d u e  remain ing  i n  t h e  pan a t  
Herein,  t h e  i n s o l u b l e  

I t  was shown i n  t h e  p i l o t  p l a n t  t h a t  t h e  177-204°C naphtha 

remainder o f  t h e  exper iments.  
h e a t i n g  t o  400°C. 

I t  formed 1 . 7 3 i  .04 W t . %  d e p o s i t  on 

Because o f  t he  l a r g e  amount o f  n i t r o g e n  seen i n  t h e  d e p o s i t ,  
t he  n i t r o g e n  c o n t a i n i n g  compounds were concent ra ted  on an i o n  exchange 
r e s i n .  
amines a been r e p o r t e d  t o  be removed by  Amberlyst-15 ipg)exchange 

The r e s i n  was prepared as descr ibed elsewhere 
used t o  remove the  b a s i c  n i t r o g e n  compounds. 
t h a t  a r a t i o  o f  2 .3 : l : : res in :bo t tom 40% was needed t o  lower  t h e  bas i c  
n i t r o g e n  c o n t e n t  f rom 1.4% t o  88 ppm, as determined by nonaqueous t i t r a -  
t i o n .  

below 88 ppm, t h e  d e p o s i t  f o r m a t i o n  f rom t h e  sample o f  i o n  exchange 
t r e a t e d  e f f l u e n t  was reduced t o  34.7% of i t s  o r i g i n a l  l e v e l .  
r e l a t i o n  between d e p o s i t  f o r m a t i o n  as measured by TGA and b a s i c  n i t r o g e n  
l e v e l  i s  shown i n  Table 3. 

Bas ic  n i t r o g e n  compounds such as q u i n o l i n e s ,  p y r i d i n e s  and 

and i t  was 
It was u l t i m a t e l y  decided 

This was t h e  lowest  b a s i c  n i t r o g e n  l e v e l  t h a t  c o u l d  be achieved. 

Whi le i t  was n o t  p o s s i b l e  t o  g e t  t h e  b a s i c  n i t r o g e n  c o n t e n t  

The c o r -  
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The m a t e r i a l  r e t a i n e d  by  the  Amberlyst-15 i o n  exchange r e s i n  
was desorbed by a s o l u t i o n  o f  ammonia s a t u r a t e d  methanol. The methanol 
was s t r i pped  o f f  a t  50°C under a stream o f  n i t r o g e n .  
ma te r ia l  was a l l e d  t h e  bas ic  n i t r o g e n  concent ra te .  Examinat ion of t h i s  
m a t e r i a l  by "C NMR showed i t  t o  c o n t a i n  n i t r o g e n  h e t e r o c y c l e s ,  such as 
p y r i d i n e s  and q u i n o l i n e s ,  and phenols.  When heated t o  400°C, t h e  bas i c  
n i t r o g e n  concent ra te  gave 4.95% d e p o s i t  as compared w i t h  0.60% d e p o s i t  
from the  e f f l u e n t  f rom the  i o n  exchange r e s i n .  The weighted sum o f  the  
amounts o f  d e p o s i t  f rom t h e  b a s i c  n i t r o g e n  c o n c e n t r a t e  and t h a t  of t h e  
base- f ree  m t e r i a l  was 1.74%, which compares w e l l  w i t h  1.73% d e p o s i t  i n  
t h e  unseparated m a t e r i a l .  Th is  i n d i c a t e s  t h a t  t he re  i s  no i n t e r a c t i o n  
between the  bas i c  and base-free m a t e r i a l .  
t r a t e  was used i n  t h e  remainder o f  t h i s  work. 

The r e s u l t a n t  

The b a s i c  n i t r o g e n  concen- 

The elemental  a n a l y s i s  o f  t h e  b a s i c  n i t r o g e n  concent ra te ,  
base- f ree  m a t e r i a l  and bottom 40% o f  t h e  177-204OC naphtha i s  shown i n  
Table 2. Whi le t h e  Amberlyst-15 concent ra ted  t h e  b a s i c  n i t r o g e n  com- 
pounds, i t  a lso  c a r r i e d  a long a l a r g e  amount o f  oxygen i n  t h e  b a s i c  
n i t r o g e n  conce r a t e .  An examinat ion o f  t h e  m a t e r i a l  b o i l i n g  above 
200°C by bo th  "C NMR and Mass Spectrometry showed no evidence f o r  
molecules c o n t a i n i n g  bo th  bas ic  and p h e n o l i c  f u n c t i o n a l i t i e s  on t h e  
same molecule.  
oxygen by c a u s t i c  e x t r a c t i o n .  

It was n o t  p o s s i b l e  t o  comple te ly  separa te  t h i s  r e s i d u a l  

EFFECT OF HEATING ON STRUCTURE 

I n  o r d e r  t o  a r r i v e  a t  an unders tand ing  o f  t h e  mechanism o f  
d e p o s i t  fo rmat ion ,  t h e  e f f e c t  o f  h e a t i n g  on the  s t r u c t u r e  o f  t h e  b a s i c  
n i t r o g e n  concent ra te  was observed u s i n g  FT-IR. 
d e p o s i t  (-1-5mg) formed i n  t h e  TGA pan, t h e  use o f  o t h e r  a n a l y t i c a l  
techniques was n o t  p o s s i b l e .  

t r a t e  i n  the TGA a t  400°C f o r  a d e s i r e d  l e n g t h  o f  t ime .  The d e p o s i t  was 
recovered from the  pan by soaking t h e  pan w i t h  i t s  con ten ts  i n  methylene 
c h l o r i d e  and e v a p o r a t i n g  t h e  methylene c h l o r i d e  under n i t r o g e n .  
d e p o s i t  was then made i n t o  KBr p e l l e t s  as descr ibed p r e v i o u s l y .  
Spectra were r u n  on a - a i g i l a b  15B FTS System. 
in te r fe rograms a t  2cm 

Visual  o b s e r v a t i o n  o f  t h e  s p e c t r a  showed chfnges i n  a romat jc  
C-H, a l i p h a t i c  GTH and hydroxy l  bands a t  3000-3100cm- , 2820-3000cm- , 
and 3100-3600cm , r e s p e c t i v e l y .  These t h r e e  bands r e  c u r v e  reso lved 
and i n t e g r a t e d  u s i n g  the  methods of P a i n t e r ,  e t  The i n t e g r a t e d  
i n t e n s i t i e s  fo r  t h e  t h r e e  r e g i o n s  were p l o t t e d  a g a i n s t  h e a t i n g  t ime  a t  
400°C and a r e  shown i n  F i g u r e  1. 
t h r e e  o f  these r e g i o n s  w i t h  inc reased sample h e a t i n g  t ime. 

Due t o  smal l  amounts o f  

Samples were prepared by  h e a t i n g  the  b a s i c  n i t r o g e n  concen- 

(4The 
Two hundred co-added 

r e s o l u t i o n  were taken f o r  each sample. 

S u b s t a n t i a l  decreases were seen i n  a l l  

MECHANISTIC CONSIDERATIONS 

The decreases i n  aromat ic C-H, a l i p h a t i c  C-H, and hydroxy l  
bands descr ibed above have s u b s t a n t i a l  i m p l i c a t i o n s  f o r  d e p o s i t  fonna- 
t i o n .  The l o s s  o f  a l i p h a t i c  C-H i n d i c a t e s  a p y r o l y s i s  t ype  o f  r e a c t i o n .  
An a n a l y s i s  by  gas chromatography o f  t h e  TGA gaseous e f f l u e n t  shows t h e  
presence o f  l i g h t  a lkanes and alkenes as would be expected from a py- 
r o l y s i s  r e a c t i o n .  
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T h e  l o s s  of aromatic C-H ind ica tes  a cross-l inking of f ree  
radicals formed during pyrolysis w i t h  the  subsequent formation of higher 
molecular we igh t  molecules. The addition of octahydrophenanthrene to 
the basic nitrogen concentrate lowered the amount of deposit formed by 
52%. Presumably, this i s  due to the capping of f ree  rad ica ls  formed , 

d u r i n g  pyrolysis.  

The loss  o f  0-H ind ica tes  e i the r  a l o s s  of adsorbed water or 
a condensation reaction with a subsequent l o s s  of water. 
water formed during heating was measured by gas chromatography. The 
adsorbed water i n  the  feed was also measured. 
duced during heating was subs t an t i a l ly  l a rge r  t h a n  the amount of ad- 
sorbed water o n  a molar bas i s .  T h i s  indicates t h a t  some deposit for -  
mation occurs through condensation (phenol coup1 ing) reactions.  Reac- 
t ions \&%e these have been shown t o  occur upon heating naphthol to  
40O0c. S i ly la t ion  of the  phenols with BSTFA resulted in a 24% de- 
crease in  the  amount of deposit  formed. 

The amount of 

The amount o f  water pro- 

CONCLUSIONS 

The heat exchanger deposit  precursors a re  concentrated i n  the 
basic nitrogen concentrate obtained from the naphtha bottoms. T h i s  
concentrate contains both heterocyclic nitrogen compounds and phenols. 
The primary reactions responsible f o r  deposit  formation were: 1 )  con- 
densation of phenols, and 2 )  pyrolysis of alkylated nitrogen hetero- 
cycles.  
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TABLE 1 

ELEMENTAL ANALYSIS OF FEED AND DEPOSIT 

ELEMENTAL FEED 

%C 
%H 
IO 
%N 
%S 
%Ash 
u i r  " I  .d 

83.92 
10.86 
5.14 
0.52 
0.23 
0.00 
1.55 

DEPOSIT 

73.63 
5.74 
8.22 
6.86 
1.83 
3.73 
0.94 

TABLE 2 

ELEMENTAL ANALYSES OF BASIC NITROGEN CONCENTRATE, 
BASE FREE MATERIAL, AND BOTTOM 40% FRACTIONS 

B o t t o m  40% B a s i c  N i t r o g e n  C o n c e n t r a t e  Base F r e e  M a t e r i a l  

% Carbon 79.67 78.25 
% Hydrogen 8.44 7.95 
% N i t r o g e n  1.54 3.54 
% Oxygen 9.59 10.04 
% Sulfur  0.65 0.22 
H/C 1.27 1.22 

TABLE 3 

EFFECT OF BASIC NITROGEN ON DEPOSIT FORMATION 

B a s i c  N C o n t e n t  W t . %  D e p o s i t  

8 8  ppm 
173 ppm 
280 ppm 

1.39% 

.60% 

.83% 
1.40% 
1.73% 

80.30 
8.94 
0.14 

10.03 
0.58 
1.34 
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