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INTRODUCTION 

The establ ishment  o f  t h e  Argonne Premium Sample Bank (1) w i l l  a l l ow  more 
meaningful comparisons t o  be made between p y r o l y s i s  s tud ies from d i f f e r e n t  
laborator ies.  Th is  sample bank a l so  provides a good s u i t e  o f  coals f o r  examining 
rank de endent phenomena, such as the  k i n e t i c s  o f  primary gas evolut ion.  
"generay" model of coal p y r o l y s i s  proposed by our  research group (2-4) has as one 
of  i t s  assumptions t h a t  the k i n e t i c s  o f  primary product e v o l u t i o n  are rank- 
insensi t ive.  
experiments where o n l y  coal type was va r ied  as we l l  as data from s i m i l a r  
experiments i n  t h e  l i t e r a t u r e  (5). 
the k i n e t i c  r a t e  constants f o r  i n d i v i d u a l  species evolved from coals  pyrolyzed 
under t h e  same cond i t i ons  show l i t t l e  v a r i a t i o n  w i t h  rank. 
conclusion remains con t rove rs ia l .  
oppor tun i ty  t o  f u r t h e r  t e s t  t h i s  assumption with a set of coals  t h a t  was designed 
t o  coyer a ~ i d e  ran:e o f  coal types. P. S I C P I ,  c ~ n s t a n t  heat ing r z t c  e x p e r i m ~ t  iia: 
used, which i s  t h e  most s e n s i t i v e  t o  r a t e  va r ia t i ons .  

A second con t rove rs ia l  area i s  t he  importance o f  heat ing r a t e  on the v o l a t i l e  
product y i e l d  and d i s t r i b u t i o n .  
i n t r i n s i c  e f f e c t  o f  heat ing r a t e  on p y r o l y s i s  y i e l d s  (6 )  and other  s tud ies have 
ind icated t h e  converse t o  be t r u e  (7.8). 
done under s u f f i c i e n t l y  d i f f e r e n t  experimental condi t ions t h a t  d i r e c t  comparisons 
are d i f f i c u l t .  
f o r  bituminous c o a l s  and on t a r  molecular weight d i s t r i b u t i o n s  f o r  l i g n i t e s  (3,9). 
We plan t o  extend t h i s  work t o  t h e  Argonne coals i n  order t o  b e t t e r  es tab l i sh  these 
trends. 
coals under slow heat ing cond i t i ons  i n  a unique TG-FTIR instrument developed i n  ou r  
laboratory .  
also presented. 
These w i l l  be the  sub jec t  o f  another paper. 

A recen t  

This assumption was tested by a thorough examination o f  our  data from 

The conclus ion was tha t ,  w i t h  few exceptions, 

However, t h i s  
The Argonne premium samples prov ide an 

Evidence has been presented which suggests no 

However, o f t e n  these s tud ies have been 

Our own work has i nd i ca ted  a r o l e  f o r  heat ing r a t e  on t a r  y i e l d s  

The c u r r e n t  paper i s  concerned p r i m a r i l y  w i t h  p y r o l y s i s  of the Argonne 

Resul ts  from slow heat ing r a t e  p y r o l y s i s  i n t o  a FIMS apparatus are 
Experiments have a l so  been done under r a p i d  heating condi t ions.  

EXPERIMENTAL 

Coal Properties - Elemental data are given f o r  t he  Argonne coals  i n  Table I. 
in format ion was obtained from Ref. .I. 

Th is  
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TABLE 1 - ELEMENTAL ANALYSES o$ ARGONNE PREMIUM COAL SAMPLES (1) 

%daf bas is  % d r y  bas is  
C H 0 S Ash 

1. Pocahontas 91 4.7 3 0.9 5 
2. Upper Freeport 87 5.5 4 2.8 13 
3. P i t t sbu rgh  #8 83 5.8 8 1.6 9 
4. Upper Kanawha 81 5.5 11 0.6 20 
5. Utah B l i n d  Canyon 79 6 .O 13 0.5 5 
6. I l l i n o i s  No. 6 77 5.7 10 5.4 16 
7. Wyodak 74 5.1 19 0.5 8 
8. Beul ah-Zar, 73 5.3 21 0.8 6 

TG-FTIR - The apparatus i s  the TG/PLUS o f fe red  by Bomem, Inc.. It cons is t s  o f  
a sample suspended from a balance i n  a gas stream w i t h i n  a furnace. As the sample 
i s  heated, t h e  evolv ing t a r s  and gases are c a r r i e d  out o f  the furnace d i r e c t l y  i n t o  
a 5 cm diameter gas c e l l  (heated t o  150°C) f o r  analys is  by FT-IR. The TG/PLUS 
couples a Dupont 951 TGA w i t h  a Bomem Michelson 100 FT-IR spectrometer. 

gas c e l l  over a short path t o  minimize secondary react ions o r  condensation on c e l l  
wal ls. I n  add i t i on ,  t h e  furnace geometry, the sample size, the sweep gas and f l ow  
ra te  have been chosen t o  ensure t h a t  the condensable products form a submicron 
aerosol mis t .  This s i z e  aerosol has two advantages: 1 )  the p a r t i c l e s  f o l l o w  t h e  
gas stream l i n e s ,  thus min imiz ing condensation; and 2) the p a r t i c l e s  produce l i t t l e  
sca t te r i ng  i n  the  mid I.R., so the  condensable products can be analyzed d i r e c t l y  i n  
the  FT-IR c e l l .  

The FT-IR can ob ta in  spectra every 30 seconds t o  determine q u a n t i t a t i v e l y  the 
evolut ion r a t e  and composition o f  most p y r o l y s i s  products. 
sample t o  be heated i n  a gas f l o w  o f  selected composition on a pre-programmed 
temperature p r o f i l e  a t  ra tes between 1°C min-1 and 100°C min- l  up t o  a temperature 
between 20 and 1000°C and held f o r  a spec i f i ed  time. The system cont inuously  
monitors: 1) the  time-dependent evo lu t i on  o f  t h e  gases ( i nc lud ing  s p e c i f i c  
i d e n t i f i c a t i o n  o f  the i n d i v i d u a l  species such as CO, COz, H20, CH4, CzH 
benzene, heavy paraff ins, heavy o le f i ns ,  HCN, HC1, NH3, NO, NO2, SO2, C$,c$s: 
CH30H. CH3CHO and CH3COCH3); 2) the t a r  evo lu t i on  r a t e  i nd  i t s  i n f r a r e d  spectrum 
w i t h  i d e n t i f i a b l e  bands from t h e  funct ional  groups; and 3) weight o f  t h e  non- 
v o l a t i l e  ma te r ia l  (char  plus minera l  components). An analys is  of C, H, N and S i n  
t h e  residue a t  t he  end o f  the p y r o l y s i s  experiment can be obtained by  i n t roduc ing  
oxygen t o  burn the residue and analyzing the combustion products. 

For t h e  experiments repor ted here, approximately 351119 o f  each coal sample was 
heated a t  30°C/min, f i r s t  t o  150°C-for d ry ing  and then t o  900°C f o r  py ro l ys i s .  
Addi t ional  d e t a i l s  on the  TG-FTIR apparatus can be found i n  Refs. 10 and 11. 

FIMS - Molecular weight d i s t r i b u t i o n s  o f  t h e  primary py ro l ys i s  t a r s  were 
determined a t  S R I ,  I n te rna t i ona l  using the  F i e l d  Ion i za t i on  Mass Spectrometry 
(FIMS) apparatus described by S t .  John e t  a l .  (12). 
0.05'C/sec i n  a vacuum chamber. 

The apparatus i s  designed t o  c a r r y  evolved products from the furnace t o  t h e  

The system al lows t h e  

The samples were heated a t  

RESULTS AND DISCUSSION 

The q u a n t i t a t i v e  gas evo lu t i on  p l o t s  from a l l  e i g h t  coals are presented i n  
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Figs. 1-6 f o r  t a r s  p l u s  a l i p h a t i c s ,  CH4, Cop, CO, SO2 and H20 respec t i ve l y .  
coals are arranged on each p l o t  according t o  t h e  rank o rde r  g iven i n  Table 1. The 
actual temperature-t ime p r o f i l e s  are given on the f i r s t  p l o t  i n  each f i gu re .  

The r e s u l t s  show how the s t r u c t u r e  o f  the product gas evo lu t i on  curves va r ies  
from simple i n  the case o f  hydrocarbons t o  complex i n  the  case o f  oxygenated 
species. One reason i s  t h a t  t h e  l a t t e r  are l i k e l y  t o  be in f luenced by mineral 
decomposition peaks. 
demineralized samples, which we are i n  the  process o f  doing. 

assumption o f  rank - insens i t i ve  k i n e t i c s ,  a compi la t ion was made o f  t he  temperatures 
f o r  maximum evo lu t i on  r a t e  f o r  the evo lu t i on  o f  the most cons i s ten t l y  prominent 
peaks f o r  each gaseous product. This was d i f f i c u l t  i n  some cases because o f  t he  
fac t  t h a t  'numerous "subpeaks", shoulders and minor peaks were o f t e n  present. 
However, i t  was t h e  usual case t h a t  an i d e n t i f i a b l e  peak appeared i n  t h e  same 
temperature v i c i n i t y  f o r  each coal. 
Table 2. 

I n  general,  t he  standard dev ia t i ons  are greatest  f o r  oxygenated gases (COP, 
CO, S02, H20) compared t o  hydrocarbon gases (CH4, t a r / a l i p h a t i c s ) .  Th is  phenomena 
was also observed p rev ious l y  (5) .  
a range i n  the peak temperature o f  4OoC corresponds t o  a f a c t o r  o f  5 i n  the r a t e  
whi le  a range i n  t h e  peak temperature o f  65OC corresponds t o  a f a c t o r  o f  10 (5). 
It appears t h a t  about one-half o f  t he  10 products show a v a r i a t i o n  o f  x5 o r  less, 
wni le  one-haif show a v a r i a t i o n  o f  x10 o r  less. 

temperature evo lu t i on  peak which i s  probably due t o  unattached guest molecules i n  
the coal. These are most apparent i n  the P i t t sbu rgh  and Upper Freeport evo lu t i on  
curves. A comparison o f  t he  i n f ra red  spectra obtained a t  the l ow  and h igh  
temperature peaks i s  presented i n  Fig. 7. The spectrum taken a t  the e a r l y  peak 
(Fig. 7b) has been scaled up t o  compare t o  the spectrum from t h e  l a t e r  peak (Fig. 
7c). The e a r l i e r  peak appears t o  have a s l i g h t l y  h igher  a l i p h a t i c  t o  aromatic 
content compared t o  t h e  l a t e r  peak. This would be consis tent  w i t h  t h e  concept o f  
some guest polynethylene i n  the coal ,  perhaps mixed w i t h  small molecules more 
representat ive of t he  c o a l ' s  average organic s t ructure.  

The 

O f  course t h i s  can be assessed t o  a l a rge  extent  by running 

I n  order t o  determine how wel l  py ro l ys i s  o f  t he  Argonne coals  agreed w i t h  t h e  

The r e s u l t s  o f  t h i s  ana lys i s  are tabulated i n  

If one assumes a 50 Kcal/mole a c t i v a t i o n  energy, 

An i n t e r e s t i n g  fea tu re  o f  t he  t a r  evo lu t i on  curves i n  Fig. 1 i s  a low 

FIW Analysis 

Molecular weight d i s t r i b u t i o n s  o f  coals  were obtained a t  S R I  I n te rna t i ona l  
using the  F i e l d  I o n i z a t i o n  Mass Spectrometry (FIMS) apparatus described by S t .  John 
e t  a l .  (11). The coal samples were pyrolyzed d i r e c t l y  i n  the FIMS apparatus. The 
FIMS technique produces l i t t l e  fragmentation o f  t he  evolved t a r s  and so provides a 
good determinat ion o f  t he  t a r  molecular weight d i s t r i b u t i o n .  
present t he  weight l o s s  o f  s i x  O f  t he  e i g h t  Argonne coals  heated i n  t h e  FIMS 
apparatus a t  O.O5'C/sec. 

The spectra show a d i s t i n c t  progression from low t o  h igh rank. The highest 
rank coals, Pocahontas (Fig. 8a) and Upper Freeport (Fig. 8b) both show low 
i n t e n s i t i e s  a t  low molecular weights (100 - 200 amu). Th is  suggests few one and 
two r i n g  c lusters .  The i n t e n s i t y  i n  the 200 - 600 amu range, however, suggests t h e  
presence o f  three,  f o u r  and h igher  r i n g  c l u s t e r  sizes and dimers and t r i m e r s  of 
these. 
t a r  peak i n  Fig. 1) and lower number o f  small r i n g  c l u s t e r s  capable o f  being 
vo l  a t i  1 i zed. 

Figures 8 and 9 

The low  y i e l d  f o r  the Pocahontas i s  due t o  i t s  h igher  bond energies (525OC 
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The in termediate rank coals ,  P i t t sbu rgh  (Fig. sa), Utah (Fig. 9b) and Upper 
Knawha (Fig. 8c) a l l  have s i m i l a r  molecular weight d i s t r i b u t i o n s  showing 
substant ia l  i n t e n s i t i e s  i n  the  100 t o  200 amu region i n d i c a t i v e  o f  one and two r i n g  
c lus te rs  as we l l  as i n  the 200 t o  600 amu range. 

amu, but s u b s t a n t i a l l y  lower i n t e n s i t y  above 200 amu. 
l i g n i t e  also, and has been explained by extens ive cross l i n k i n g  re la ted  t o  carboxyl 
groups i n  low rank coa ls  (4). 

The low rank coal, Wyodak (Fig. 9c) shows h igh  i n t e n s i t y  between 100 and 200 
This  i s  t y p i c a l  o f  t he  Zap 

CONCLUSIONS 

1. For most species the re  i s  a t rend o f  increas ing evo lu t i on  tem e ra tu re  w i t h  
increas ing rank. However, t he  v a r i a t i o n s  are small enough t h a t  t i e  assumption o f  
rank - insens i t i ve  k i n e t i c s  i s  a good f i r s t  approximation f o r  nea r l y  a l l  o f  t h e  major 
v o l a t i l e  products. 

2. 
rank. 
(200-600 amu), wh i l e  lower rank coals  show greater  i n t e n s i t y  i n  the lower molecuqar 
weight range (100-200 amu). 

There i s  a systematic v a r i a t i o n  i n  the t a r  molecular weight d i s t r i b u t i o n  w i t h  
Higher rank coals  show greater  i n t e n s i t y  i n  t h e  h igh  molecular weight ran e 
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Figure 1. 
Coals in a TG-FTIR at 0.5"C/s. a) Pocdontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; 0 Illinois 
No. 6; g) Wyodak; h) Zap. 

Evolution Rate for Tars/Ali hatic from the Eight Argonne 
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Figure 2. Evolution Rate for CH4 from the Eight Argonne Coals 
in a TG-FTIR at 0.5"C/s. a) Pocahontas; b) Upper Freeport; 
C) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f~ Illinois 
No. 6; g) Wyodak; h) Zap. 
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Figure 3. Evolution Rate for CO from the Eight Argonne 
Coals in a TG-FTIR at 0.5OC/s. a)%ocahontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f l  Illinois 
No. 6; g) Wyodak; h) Zap. 
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Figure 4. 
in a TG-FTIR at 0.5"C/s. a) Pocahontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; 
No. 6; g) Wyodak; h) Zap. 
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Figure 5. from the Eight Argonne Coals 

c) Pittsburgh; d) Upper Knawha; e )  Utah Blind Canyon; f l  Illinois 
No. 6; g) Wyodak, h) Zap. 

Evolution Rate for S 
in a TG-FTIR at 0.5"Ch. a) Poca s ontas; b) Upper Freeport; 
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Figure 6. Evolution Rate for H 0 from the Eight Argonne Coals 
in a TG-FTIR at 0.5"Cls. a) Poca%ontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f) Illinois 
No. 6; g) Wyodak; h) Zap. 
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Bo 

Figure 7. Spectrum of Products Evolved in Pyrolysis. a) Rate 
for Tar Evolution showing two Peaks, b) Spectrum at First Peak and 
c) Spectrum at Second Peak. 
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Figure 8. Tar Molecular Weight Distributions for Three 
Argonne Coals Pyrolyzed in  the SRI FIMS Apparatus at 
0.05DC/s. a) Pocahontas; b) Upper Freeport; c) Pittsburgh. 
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Figure 9. 
Argonne Coals Pyrolyzed in the SRI FIMS Apparatus at 
O.O5"C/s. a) Upper Knawha; b) Utah Blind Canyon; 
c) Wyodak. 

Tar Molecular Weight Distributions for Three 
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