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Phenomenological aspects of coal devolatilization are known to vary significantly 
with coal rank and the experimental conditions (1). Arrhenius rate parameters or 
volatile yields and product distributions can differ appreciably (2,3,4,5) for coals 
Of similar rank depending on the experimental configuration. Differences in pro- 
posed chemical kinetic mechanisms undoubtedly account for part of the differences 
in reported rate parameters. 
product yields and distributions and temperature sensitivities of global rates for 
similar coals implies that the observable path of the devolatilization process is 
the result of coupled chemical and transport processes. The physical characteris- 
tics of coal devolatilizing in a given set of conditions are also observed to vary 
significantly with chemical characteristics of the parent coal (6,7,8). And for a 
particular coal, the physical characteristics during devolatilization are observed 
to be a function of the conditions of heating (9.10,11,12). 
imply that observable behavior during coal devolatilization is a result of the 
coupling between the chemical nature of the parent coal and particular conditions 
of the experiment. 

Polycyclic aromatic hydrocarbon species represent a major fraction of the volatile 
yields obtained from a wide range of coals. The overwhelming majority of these 
species are condensible under conditions of normal temperature and pressure and 
are operationally referred to as coal tars. Tar yields obtained from the devolatil- 
ization of coal are sensitive functions of the chemical characteristics of the 
parent coal and the conditions of devolatilization. As tar yields for a particular 
coal are changed by variation o f  either the chemical characteristics of the parent 
coal or conditions of devolatilization, the yield structure and characteristics of 
the products are also changed. 

The purpose of this communication is to demonstrate that progress in understanding 
the relative importance of chemical and physical factors in coal devolatilization 
is linked to progress in understanding the formation, evolution and secondary reac- 
tions of PAH species which are apparently formed within the coal particle very 
early in the devolatilization process. More specifically, the objectrves are to 
demonstrate the significance of the tar formation and evolution phase of coal de- 
volatilization in detennining: 

However, experimentally associated variation of 

Such associations also 

1. 

2. 

3. 

the yield structure o f  volatile products from a range of coals; 

the change in yield structure with conditions of devolatilization; 

the degree of coupling between chemical and physical phenomena 
during the main phase of mass release. 

265 

I 



Experimental 

Two experimental techniques were employed i n  obtaining the r e su l t s  - a heated grid 
apparatus and a f lash  lamp chamber. Figure 1 shows the heated g r i d  and associated 
control and monitoring connections. Since the power supply driving the  grid i s  
programmable, the heating r a t e  of t he  gr id  can be controlled by interfacing the  
power supply t o  microprocesses o r  c i r cu i t ry .  
t o  lo3 OC/sec a re  available by use of t h i s  technique. 
faced t o  an infrared gas c e l l .  
immediate analysis of low molecular we igh t  vo la t i l e s .  
the  heated grid (screen preparation, sample loading, thermocouple measurements) 
a re  given elsewhere (13,14). 

The grid technique, as employed in t h i s  laboratory,  cannot be used with par t ic les  
l e s s  than - 70 urn and heating r a t e s  are prac t ica l ly  limited t o  upper values 
- lo3 OC/sec. 
range a t  programmed heating r a t e s  of lo5  OC/sec. 
large thermal f lux /par t ic le  diameter r a t io s  a f lash  lamp assembly replaces the 
heated grid chamber of Fig. 1. 
tube i s  dusted with the coal. The tubes a re  2.5 cm in diameter and - 10 cm long 
and sealed a t  one end. The coated reac tor  tube i s  placed inside a helical  Xenon 
f lash  coil .  The f lash  in tens i ty  delivered t o  the  reactor tube i s  varied by the I 

energy stored in the 1125 uf capacitor bank attached t o  the f lash  lamp. 
to t a l  energy stored i n  the capacitor system i s  % C V 2 ,  an increase i n  voltage from 
1.5 t o  2.5 kV represented approximately a 2.8 increase i n  f l a sh  energy output. 
Since the discharge time and reactor geometry remain constant the increase in pro- 
grammed voltage represents an increase of 2.8 i n  radiation flux delivered t o  t h e  
I c o b ~ ~ r  chaiiiber. Pyrex reactor chambers were employed i n  most t e s t s  t o  avoid UV- 
induced secondary reactions. 

Programmed heating ra tes  of < 1°C/sec 
The heated grid ce l l  i s  inter-  

The ce l l  i s  coupled t o  an FT-IR instrument t o  allow 
Details of the operation of 

A d i f fe ren t  technique i s  needed t o  heat par t ic les  in the 1-70 um 
To obtain these conditions of 

In t h i s  technique the inside of a pyrex or quartz 

Since the 

I 

_^._ &-.- 

Sample s i zes  range in value from 3-10 mg. 

Coal Characterist ics 

The  location of the  samples on a H / C  vs. O/C p lo t  a r e  shown i n  Fig. 2 .  Figure 3 
displays changes i n  functional group absorption charac te r i s t ics  as  a function o f  
rank. I n  general, an increase i n  rank i s  associated with an increase in the  
resolution of the aromatic -H bending (680-920 cm-1 region) and aromatic -H 
stretching (3000-3100 an-'), a decrease in the  hydroxyl -H assoicated absorption i n  
the 3100-3600 cm-1 region, and a maximum i n  a l ipha t ic  -H absorption modes 2600- 
3000 cm-1 and - 1400 cm-1 regions f o r  h v  bituminous coals. I t  should be noted tha t  
these functional group spectra were obtained by a r t i f i c i a l l y  establishing a base- 
l ine .  
and 2000 an-l. The so-called "background" absorption beneath t h i s  chord l i ne  and 
the  raw spectra,  zero absorbance l i n e  i s  subtracted,  leaving the  chord l i ne  as  
the  new zero absorbance l i ne .  Although th i s  i s  a convenient method fo r  comparing 
changes i n  functional group appearance, i t  ignores the  substantial  changes i n  
op t ica l  density of coal with rank. 

Figure 4 shows the background absorption subtracted i n  t h i s  manner as  a function of 
carbon percentage content of the coal samples. 

A chord i s  drawn through the  loca l  spectra absorption minima a t  - 3600 cm-1 

Figure 5 shows the  remaining 
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i n teg ra ted  absorpt ion area (400-4000 un-'). 
be associated wi th  s p e c i f i c  f u n c t i o n a l  group c h a r a c t e r i s t i c s ,  t h e  area between the 
chord drawn base l i ne  and t h e  abso rp t i on  curve. 
cates t h a t  as t h e  f u n c t i o n a l  group abso rp t i on  c h a r a c t e r i s t i c s  o f  coa l  decrease, i t s  
amorphous background abso rp t i on  sha rp l y  increases.  
background abso rp t i on  a r e  n o t  w e l l  understood. 
o p t i c a l  a t tenua t ion  t o  p a r t i c l e  s c a t t e r i n g  e f f e c t s  i n  t h e  h a l i d e  m a t r i x  (15,16). 
Others a t t r i b u t e  t h e  b u l k  o f  t h i s  abso rp t i on  t o  photoabsorpt ion by condensed 
aromatic r i n g  species i n  t h e  coal  sample (17,18,19,20). 
of t h e  coal t h e  .g rea te r  t h e  photoabsorpt ion e f f e c t ,  t h a t  i s ,  t he  g r e a t e r  t h e  back- 
ground absorpt ion.  
r e f r a c t i v e  index f o r  a p a r t i c u l a r  coal r e l a t i v e  t o  t h e  h a l i d e  m a t r i x .  The s t reng th  
Of coupl ing remains t o  be q u a n t i f i e d .  Overa l l ,  t h e  t o t a l  o p t i c a l  d e n s i t y  of a Coal 
i s  a s t rong f u n c t i o n  o f  rank as measured by %C(daf). 

W i th in  the  hv b i tuminous coals ,  t h e  Western b i tuminous coals ,  a l though s i m i l a r  i n  
elemental composit ion t o  some i n t e r i o r  and Appalachian p rov ince  coals ,  show absorp- 
t i o n  c h a r a c t e r i s t i c s  i n d i c a t i n g  a lower degree o f  a r o m a t i c i t y .  Th i s  i s  i n d i c a t e d  
by the  ill resolved aromat ic  -H abso rp t i on  modes (680-920 un-l and 3000-3100 cm-l) 
and t h e  lower background absorpt ion than t h e  o t h e r  b i tuminous coals .  

As noted below, the  degree o f  aromatic r i n g  condensation has a s u b s t a n t i a l  in f luence 
on t h e  maximum PAH y i e l d s  ob ta inab le  f rom a coal  as w e l l  as t h e  s e n s i t i v i t y  o f  t h e  
y i e l d  t o  changes i n  p y r o l y s i s  cond i t i ons .  

Tar Evo lu t i on :  Coupling Between Coal C h a r a c t e r i s t i c s  and Moderate Heating Rates 

F igure 6 d i sp lays  t h e  mass f r a c t i o n  o f  d r y  coa l  evolved as v o l a t i l e s  f o r  t h e  range 
o f  coals  i n v e s t i g a t e d  and a t  t h e  hea t ing  cond i t i ons  i nd i ca ted .  A t  these cond i t i ons ,  
t o t a l  y i e l d  i s  e s s e n t i a l l y  independent o f  rank c h a r a c t e r i s t i c s  through h i g h  v o l a t i l e  
bituminous coals .  
f u n c t i o n  o f  rank c h a r a c t e r i s t i c s  o f  a coal .  
h igh  v o l a t i l e  bituminous coals  g i v e  h ighes t  y i e l d s  o f  t a r s  and, w i t h  the  except ion 
o f  a medium v o l a t i l e  bituminous coal ,  d i s p l a y  t h e  g r e a t e s t  f r a c t i o n  o f  v o l a t i l e s  
evolved as condensible PAH species. 
w i t h  hea t ing  cond i t i ons  f o r  a Western b i tuminous coa l .  
v o l a t i l e  y i e l d s  w i t h  hea t ing  cond i t i ons  f o r  f i n a l  temperatures beyond 700° C i n  
t h e  t ime  pe r iod  o f  t h i s  experiment. 
t a r  decreases s i g n i f i c a n t l y  w i t h  changes i n  programmed h e a t i n g  r a t e  from 150' C/sec 
t o  - 1000° C/sec. 
coals  y i e l d  t a r  species which a re  much l e s s  s e n s i t i v e  t o  changes i n  programmed heat- 
i n g  ra tes .  
programmed hea t ing  r a t e  i n  t h e  100-1000° C/sec range, whereas t a r  y i e l d s  from sub- 
bituminous and Western bituminous coals  can va ry  by as much as 50% over  t h i s  range. 
The a romat i c i t y ,  and, consequently t h e  chemical and thermal  s t a b i l i t y  o f  t h e  mix 
o f  molecular  components i n  t h e  parent  coa l  has a g r e a t  deal  o f  i n f l u e n c e  on t h e  t a r  
e v o l u t i o n  p r o p e r t i e s  o f  a coa l .  

The t a r  e v o l u t i o n  p o t e n t i a l  o f  a coal i s  a l s o  observed t o  have a s i g n i f i c a n t  i n f l u -  
ence on the  temperature t r a j e c t o r y  o f  t he  heated g r i d  i n  immediate con tac t  w i t h  t h e  

Th is  i s  t h e  abso rp t i on  area assumed t o  

Inspec t i on  o f  F igs.  4 and 5 i n d i -  

Some i n v e s t i g a t o r s  r e l a t e  such 
The under l y ing  cause of t he  

The g rea te r  t h e  a r o m a t i c i t y  

The two phenomena a re  undoubtedly coupled v i a  t h e  complex 

However, as F igs.  7 and 8 i n d i c a t e ,  t h e  t a r  y i e l d  i s  a s e n s i t i v e  
Appalachian and I n t e r i o r  prov ince 

F igure 9 i n d i c a t e s  t h e  v a r i a t i o n  i n  t a r  y i e l d s  
There i s  l i t t l e  change i n  

However, t h e  f r a c t i o n  o f  v o l a t i l e s  evolved as 

Tar y i e l d s  from Appalachian and I n t e r i o r  p rov ince  b i tuminous 

Such coals  show l e s s  than 10% change i n  t a r  y i e l d  w i t h  changes i n  
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coal sample. 
can have on a programmed temperature t r a j ec to ry  i n  low pressure conditions,  

Figure 11 shows the time resolved associated between the l o w  pressure evolution of 
the  t a r  component of the vo la t i l e s  and the warp i n  the  programed temperature 
t ra jec tory .  Figures 9 and 11 indicate t h a t  i n  low ambient pressure conditions 
the  formation and evolution of PAH species precedes s ign i f icant  l i gh t  gas evolution. 
To verify the r e l a t ive  release times, high speed films of the t a r  release process 
were made. 

Figure 10 shows the e f f ec t  which t a r  evolution properties of a coal 

Frame-by-frame inspection o f  these fi lms were compared t o  the  rapid scan infrared 
data and real time pressure and temperature data.  For the  coals examined in t h i s  
manner. 

1 .  The i n i t i a l  temperature deviations a re  closely associated with the 
t a r  formation and release.  

2 .  The onset o f  the t a r  release precedes the onset of the  major l i gh t  
gas release.  

The l i gh t  gas evolution occurs mainly i n  t he  secondary temperature 
r i s e .  

3. 

4 .  Rocky M t .  province h i g h  v o l a t i l e  bituminous coals displayed more 
everlap i n  the  t a r  and l i g h t  gas evolution than the Appalachian 
province h i g h  vo la t i l e  bituminous coais. 

Lower -rank coals gave increasingly grea te r  degrees of overlap 
between the  l igh t  gas and t a r  evolution phases of devola t i l i za t ion .  

5.  

Dependence of Coal Nitrogen Evolution on Tar Evolution Characterist ics 

For f ina l  temperature < 1008C and heating r a t e s  102-103 OC/sec, t he  d is t r ibu t ion  
of coal nitrogen i n  the t a r ,  char o r  l i gh t  gases produced by devola t i l i za t ion  i s  
dependent on the chemical charac te r i s t ics  of the coal i n  a manner analogous t o  the 
d is t r ibu t ion  of coal mass as t a r .  char or l i g h t  gas .  An increase in the  t a r  f rac-  
t ion  of the vola t i les  w i t h  increase i n  aromaticity of the parent coal resu l t s  in 
a proportionate increase i n  coal nitrogen in the  t a r .  A decrease in t a r  y ie ld  f o r  
a par t icu lar  coal by increases i n  apparent heating r a t e  r e su l t s  in a proportionate 
decrease i n  coal nitrogen evolved as  t a r .  
nitrogen i s  primarily evolved as  H C N .  
evolution of the  coal nitrogen and the dependence on aromaticity of the  parent coal 
a r e  i l l u s t r a t ed  by Figs. 12-14. 
coals are given elsewhere (21). 

As the  tar yield decreases, t he  t a r  
The coupling between the  t a r  and gaseous 

Mass balance de t a i l s  and d is t r ibu t ions  f o r  other 

Effect of Low and High Programmed Heating Rates 

Table I displays the sizable var ia t ion  in so l ids  and t a r  y ie lds  w i t h  programmed con- 
di t ions  of heating for  two h v  bituminous coals.  Inspection of Table 1 indicates tar 



TABLE 1 

VARIATION OF CHAR AND TAR YIELDS WITH HEATING RATES 

~~ ~ 

0 Programed Heat ing W t %  Wt% Tar 
Coa 1 Rate (OC/sec) Char/Soot (THF So lub le )  F i n a l  Temp. C 

Utah B i t .  1 63 10  800 

1 o2 53 30 800 

1 o3 51 17 900 

+1 OS* 7bt 14 ** 

Ken B i t .  1 62 15 800 

1 o2 52 39 800 

103 50 35 900 

+1 OS* 61t 21 ** 

F lash  lamp operated a t  2.5 kV-1125 v f  d ischarge c o n d i t i o n s ,  2 msec f l a s h  p u l s e  
P a r t i c l e  s i z e  range o f  coal  -140+325 mesh i n  a l l  runs.  

** 
Not known. 

'A f r a c t i o n  o f  non-THF s o l u b l e  t a r s  has s o o t - l i  ke phys i ca l  c h a r a c t e r i s t i c s .  
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y i e l d s  and char  y i e l d s  a re  min imized f o r  hv B i t  coa ls  i n  moderate hea t ing  condi t ions 
and low pressure cond i t i ons .  
have t h e  e f f e c t  o f  decreasing t a r  y i e l d s  w h i l e  i nc reas ing  s o l i d s  y i e l d s ,  e i t h e r  i n  
t h e  form o f  cha r  o r  a combination of char  and soot .  
thermal f l u x  c o n d i t i o n s  i n  t h e  t a r  f o rma t ion  and e v o l u t i o n  stages. 

Very low h e a t i n g  r a t e s  and ve ry  h i g h  hea t ing  ra tes  

L i g h t  gas y i e l d s  r e f l e c t  the 

Summary and Discuss ion o f  Resul ts  

The format ion and e v o l u t i o n  o f  PAH species i n  coal  d e v o l a t i l i z a t i o n  i s  observed t o  
be a s e n s i t i v e  f u n c t i o n  o f  t h e  mix o f  mo lecu la r  species present  i n  t h e  pa ren t  coal. 
Through h i g h  v o l a t i l e  b i tuminous c o a l s  and w i t h i n  moderate hea t ing  cond i t i ons ,  PAH 
y i e l d s  i nc rease  wi th  apparent a r o m a t i c i t y  o f  t h e  coal .  Those coa ls  having t h e  
g r e a t e r  a r o m a t i c i t y ,  as i n d i c a t e d  by i n f r a r e d  abso rp t i on  c h a r a c t e r i s t i c s ,  g i v e  con- 
s i s t e n t l y  g r e a t e r  t a r  y i e l d s  than l e s s  aromat ic  samples. Such coa ls  a l s o  show less 
v a r i a t i o n  i n  t a r  y i e l d s  w i t h  changes i n  hea t ing  r a t e .  For moderate hea t ing  ra tes  
t o  f i n a l  temperatures l e s s  than  1000° C, t h e  coal  n i t r o g e n  e v o l u t i o n  m i r r o r s  the  
pa ren t  coal e v o l u t i o n  as char, t a r  o r  l i g h t  gas species on a mass f r a c t i o n  bas is .  
Heating r a t e s  o f  l o  C/sec o r  l e s s  a r e  observed t o  lower  t a r  y i e l d s  o f  b i tuminous 
coa ls  wh i l e  i nc reas ing  char and l i g h t  gas y i e l d s .  On t h e  o t h e r  hand, p rog ramed  
hea t ing  r a t e s  o f  105-106 OC/sec a l so  r e s u l t  i n  a decrease i n  t a r  y i e l d s  w i t h  an 
increase i n  s o l i d  species products .  A f r a c t i o n  o f  these s o l i d s  appear t o  be soot 
p a r t i c l e s .  Gaseous y i e l d s  o f  coals  sub jec ted  t o  such h igh  thermal f l u x e s  show 
C2H2, CO, CH4, HCN, C2H4 and polyacety lenes as t h e  predominant gas phase species. 

Not on l y  do t a r  y i e l d s  vary w i t h  hea t ing  cond i t i ons  b u t  e v o l u t i o n  t imes va ry  s i g -  
n i f i c a n t l y  as w e l l .  
x d e r  o f  severa i  m i l l i s e c o n d s  i n  the  h ighes t  p rog ramed  h e a t i n g  r a t e s  employed t o  
f r a c t i o n  o f  seconds t o  seconds i n  moderate hea t ing  r a t e  cond i t i ons ,  and hundreds o f  
seconds i n  t h e  lowest  hea t ing  r a t e s  employed. 
spec ies appears t o  begin 
temperature range. 
heat  and mass t r a n s f e r  parameters as w e l l  as chemical c h a r a c t e r i s t i c s  o f  these 
p r imary  t a r s .  
t h e  l e s s  secondary chemical reac t i ons  i n f l u e n c e  observable behavior. For these 
coals ,  the i n i t i a l  mass loss o f  t h e  coa l  i s  l i k e l y  heat  and mass t r a n s p o r t  l i m i t e d .  
For  h ighe r  rank coa ls ,  t h e  p r imary  t a r s  are l i k e l y  t o  be o f  such molecular  weights 
and dimension t h a t  secondary char- forming reac t i ons  w i l l  become compe t i t i ve  w i t h  the  
t a r  e v o l u t i o n  process. 
r e s u l t s  r e f l e c t  t h e  coupled e f fec ts  o f  i n t r i n s i c  and e x t r i n s i c  parameters on pr imary 
PAH format ion and e v o l u t i o n .  

Tar format ion and e v o l u t i o n  t i m e s  ITP oS:~TL'E: io Le o f  t n e  

Formation o f  p o l y c y l c i c  aromat ic  
a t  r e l a t i v e l y  low temperature, t h a t  i s  i n  t h e  300-4750 C 

The u l t i m a t e  t a r  y i e l d  than appears t o  be a complex f u n c t i o n  o f  

Fo r  hv B i t  coa ls  and lower  ranks, t he  more aromat ic  t h e  p r imary  ta rs ,  

I n  view of such considerat ions,  t h e  wide v a r i a t i o n  i n  repo r ted  

Low hea t ing  r a t e s  a l l o w  secondary char- forming reac t i ons  o f  t a r s  t o  take  p lace w i t h i n  
t h e  coa l  p a r t i c l e .  Very h igh  hea t ing  r a t e s  i n t roduce  secondary c rack ing  and r i n g  
condensation r e a c t i o n s  o f  Primary t a r s  as they  evolve.  
mary t a r s  t o  undergo char- forming o r  c rack ing  reac t i ons  i s  a f r a c t i o n  o f  chemical 
c h a r a c t e r i s t i c s  o f  t h e  pr imary t a r s .  As noted i n  t h e  I n t r o d u c t i o n  t h e  development 
o f  a comprehensive model o f  coa l  devolatilizationlpyrolysis f o r  a s i n g l e  rank o f  
coal  i n  a range o f  cond i t i ons  o r  a range o f  coa ls  i n  a s i n g l e  c o n d i t i o n  i s  cont ingent  
upon fundamental s tud ies  of  t h e  fo rma t ion  and e v o l u t i o n  of pr imary PAH species. 

The s u s c e p t i b i l i t y  o f  p r i -  
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TOP VIEW 
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FIG. 1. Schematic of coal/devolatilization appa 
ntus. 
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Fig .  2 .  Sample locat ions  on c o a l i f i c a t i o n  band. 
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c f r a c t i o n  ca lcu la ted  dry and 
f ree  (OAF) basis.  
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Fig. 6. Programd heating r a t e  500° C/sec; f i n a l  
temperature 900° C; see Ref. 13. 14 f o r  sample loading 
conditions; dry sample used as basis o f  calculation; 
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Fig. 7. Conditions as noted i n  Fig.  6.  
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Fig. 8. Fraction of total volatiles evolved as PAH species. 
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Fig. 9. Time resolved temperature and 
CH4 evolution data for Rocky Mt. bituminous 
coal; a = 55.4% char; 30% tar; b = 52.6% 1 

Char, 24.0% tar; C = 51.3% char, 17.0%. 

VARIATION OF THERMAL LOADING 
WITH RANK - CATS SYSTEM 

- 1bP mp ump** I 

Fiq. 10 a = 39% tar; b = 24% tar; c = 
20% tar; d = 11% tar; c = 3% tar; see 
Ref. 13, 14 for loading conditions and 
thermocouple placement. 
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Fig. 11. Effect o f  t a r  release on temperature Fig. 12. Nitrogen d i s t r i b u t i o n  i n  
devolatilization products; Rocky 
M t .  bituminous coal ;O= char; 0 = prof i le ;  see Ref. 13 and 14 fo r  leading technique and 

thermocouple placement. 
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Fig. 13 Nitrogen d i s t r i b u t i o n  i n  
devolat i  1 i z a t i o n  products ; Appalachian 
Province bituminous coal; 0 = char, 

= t a r ,  A= HCN. 

ta r ;  A HCN. 

IN, MASS FRACTION OF COAL NITROGEN 
EVOLVED AS TAR 

Fig. 14. Mass f r a c t i o n  p a r i t y  between 
evolved t a r  and coal nitrogen as 
ta r ;  A = Rocky M t .  B i t ;  0 = Appalachian 
B i t ;  0 = Subbituminous. 
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