
WEATHERING EFFECTS ON YIELD AND COMPOSITION OF PYROLYTIC COAL TARS 

I 

I 
Emma Jakab, W i l l i am H. McClennen, Barbara Hoesterey, 

Henk L.C. Meuzelaar and George R. H i l l  

391 S. Chipeta Way, S u i t e  F, Research Park 
S a l t  Lake C i t y ,  Utah 84108 

U n i v e r s i t y  o f  Utah, B iomate r ia l s  P r o f i l i n g  Center 

INTRODUCTION 

Over the  past  few years the  main t h r u s t  o f  ou r  f o s s i l  f u e l s  research program a t  the 
U n i v e r s i t y  o f  Utah Biomater ia ls  P r o f i l i n g  Center has been t o  i n v e s t i g a t e  the  oxida- 
t i o n  ("weathering") behavior o f  coals  and coal  l i q u i d s .  
program are:  e l u c i d a t i o n  o f  r e l e v a n t  s t r u c t u r e l r e a c t i v i t y  r e l a t i o n s h i p s  and o f  
reg ress i ve  r e a c t i o n  mechanisms; determinat ion o f  the i n f l uence  o f  weathering on 
technologica l  p roper t i es  (e.g., caking, c a l o r i f i c  value, f l o t a b i l i  t y  and e x t r a c t i -  
b i l i t y  as we l l  as l i q u e f a c t i o n  and g a s i f i c a t i o n  behavior ) ;  and development of novel, 
r e l i a b l e  methods f o r  measuring the  "weathering index"  o f  coal  samples from a g iven 
seam o r  f i e l d .  

Our experimental approach has been p r i m a r i l y  based on a combination o f  conventional 
coal p y r o l y s i s  and c h a r a c t e r i z a t i o n  methods and more advanced inst rumenta l  techni -  
ques, such as p y r o l y s i s  mass spectrometry (Py-MS), thetmogravimetry (TG) and 1 i q u i d  
chromatography (LC), w i t h  soph is t i ca ted  numerical ana lys i s  methods, such as fac to r  
and d i sc r im inan t  ana lys i s  (1,2,3). 

I n  previous repo r t s  we have discussed our f i n d i n g s  w i t h  regard t o  weather ing e f f e c t s  
on s t r u c t u r e / r e a c t i v i t y  r e l a t i o n s h i p s  ( l ) ,  f r e e  swe l l i ng  index (1,2), c a l o r i f i c  
va lue (1,2), e x t r a c t a b i l i t y  (1.4) and tub ing  bomb reac to r  (TBR) conversion y i e l d s  
(1). 
and thus lend a d d i t i o n a l  suppor t  t o  - a "b ina ry "  coal s t r u c t u r e  model, r e c e n t l y  
proposed by Given ( 5 ) .  According t o  t h i s  model, most coals  con ta in  a s i zeab le  
f r a c t i o n  o f  "mobile phase" components, many o f  which are p h y s i c a l l y  t rapped i n  
c l a t h r a t e - l i k e  s t ruc tu res  formed by t h e  "network phase". From our weathering 
s tud ies on HVB Hiawatha coa l  we concluded t h a t  t he  main weathering e f f e c t  could be 
expla ined as a l oss  o f  mobi le  phase components through " g r a f t i n g "  onto the  network 
phase (1 ) .  

I n  t h i s  paper, we present the  r e s u l t s  o f  a s tudy on t h e  e f f e c t s  o f  weathering on 
p y r o l y t i c  t a r s  produced by a vacuum mic ropy ro l ys i s  technique (Cur ie -po in t  Py-MS) 
which can be used as a model system f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  
bench scale, as we l l  as p i l o t  p l a n t  sca le  reac to rs .  

EXPERIMENTAL 

Coal samples were obta ined from f r e s h  channel cuts  i n  the Hiawatha and A d a v i l l e  #6 
(Kemmerer f i e l d ,  Wyoming) seams as we l l  as from a recent, c a r e f u l l y  preserved, d r i l l  
core of t h e  Anderson seam (Powder R ive r  bas in,  Wyoming). A l l  samples were m i l l e d  t o  
4 0  mesh i n  n i t rogen  atmosphere. 
e t i c a l l y  closed g lass b o t t l e s  a t  -2OOC i n  t h e  dark. 
(Wasatch Plateau f i e l d ,  Utah) coal  t a r  sample was obta ined from a p i l o t  p l a n t  scale 
Wellman-Galusha g a s i f i e r  r u n  ( 3 )  and stored i n  tough f luorocarbon p l a s t i c  conta iners 
immersed i n  l i q u i d  n i t rogen.  

I n  t h e  l abo ra to ry  weathering experiments, 15-20 9 a l i q u o t s  o f  coals  were exposed t o  
a i r  a t  d i f f e r e n t  temperatures us ing  a s p e c i a l l y  const ructed bench sca le  weathering 
equipment described elsewhere (6 ) .  Weathering temperatures and t imes o f  t he  coals  

S p e c i f i c  o b j e c t i v e s  o f  t h i s  

I n  many instances, i n t e r p r e t a t i o n  o f  ou r  f i n d i n g s  appeared t o  b e n e f i t  from - 

Sample s torage took p lace under n i t r o g e n  i n  herm- 
A f r e s h  B l i n d  Canyon seam 
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s tud ied  are l i s t e d  i n  Table I .  Weathering of t he  coal t a r  took p lace i n  oxygen 
hea t ing  150-300 mg samples i n  sealed g lass v i a l s  a t  80°C f o r  64 hours. Contro l  coal 
and t a r  samples were exposed t o  n i t rogen  atmosphere under s i m i l a r  cond i t i ons  as the  
a i r  and oxygen weathered samples. 

Py ro l ys i s  experiments were performed us ing an Ext ranuclear  5000-1 Cur ie -po in t  Py-MS 
system ( 7 ) .  Twenty f i v e  pg coal samples were coated on fer romagnet ic  wi res from 
methanol o r  to luene suspensions. 
f o l l o w s :  heat ing r a t e  approx. lOO"C/s, end temperature 61OoC, t o t a l  heat ing t ime 
10 s, e lec t ron  energy 12 eV, masf range scanned m/z 20-260. 
p y r o l y s i s  spectra were obta ined under the  same cond i t i ons  by coa t ing  10 ug samples 
o n  t h e  wires from dichloromethane s o l u t i o n s .  
weathered Hiawatha coa ls  were obta ined by scanning 3-8 mass peaks dur ing each p y r o l -  
y s i s  experiment and reco rd ing  the  envelopes o f  t he  i o n  i n t e n s i t i e s .  

Computerized data analyses were performed on the  Py-MS data se ts  of f resh,  N2 
exposed and a i r l oxygen  weathered coal  and t a r  samples. Weathering-induced d i f f e r -  
ences were analyzed us ing  f a c t o r  and d i sc r im inan t  ana lys i s  methods (8,g). 

RESULTS AND DISCUSSION 

A systematic i n v e s t i g a t i o n  o f  t he  e f f e c t s  o f  coal weathering on the  y i e l d  and com- 
p o s i t i o n  o f  p y r o l y t i c  t a r s  requ i res  the a v a i l a b i l i t y  o f  s u i t a b l e  model systems fo r  
c o n t r o l l e d  weathering and p y r o l y s i s  o f  w e l l  de f i ned  coal samples. Bench scale 
equipment f o r  weathering coal  samples i n  c o n t r o l l e d  atmospheric environments has 
been described i n  p rev ious  r e p o r t s  (6, lO). 
equipment has been used w ide ly  t o  study coal  p y r o l y s i s  behavior and i s  repo r ted  t o  
p rov ide  a v a l i d  model f o r  p i l o t  p l a n t  sca le  coal  conversion processes (11). 

Un fo r tuna te l y ,  even TBR runs r e q u i r e  time-consuming equipment p repara t i on  and 
product  work-up steps. One o f  t he  l a r g e s t  TBR s tud ies  repor ted i n  the  l i t e r a t u r e ,  
i n v o l v i n g  104 U.S. coals ,  was c a r r i e d  ou t  by Given and co-workers (12) over a one 
year  per iod.  The s i z e  o f  t h e  s tudy was d i c t a t e d  by the need t o  perform a thorough 
s t a t i s t i c a l  ana lys i s  o f  t h e  r e l a t i o n s h i p s  between coal c h a r a c t e r i s t i c s  and coal 
y i e l d .  I n  con t ras t ,  a vacuum mic ropy ro l ys i s  study o f  102 U.S. coals  by means of 
Cur ie-point  Py-MS, as repo r ted  by Meuzelaar e t  aZ. (13), was c a r r i e d  out  i n  on l y  two 
weeks wh i l e  i n c l u d i n g  quadrup l i ca te  runs o f  each sample t o  f u r t h e r  enhance s t a t i s -  
t i c a l  ana lys i s  p o s s i b i l i t i e s .  

Moreover, several o t h e r  s tud ies  have prov ided s t rong  i n d i c a t i o n s  t h a t  Cur ie-point  
Py-MS can be used as a v a l i d  model f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  TBR 
systems. 
r a p i d  heat ing TBR system has been shown t o  be comparable t o  t h a t  o f  coal pyro lyzates 
obta ined by d i r e c t  Py-MS (1). Moreover, p y r o l y s i s  t a r  from a p i l o t  p l a n t  sca le  
Wellman Galusha f i x e d  bed r e a c t o r  (F igu re  l a )  can be seen t o  be q u i t e  s i m i l a r  t o  a 
Cur ie-point  py ro l yza te  ( F i g u r e  l b )  when a l l ow ing  f o r  t he  l o s s  o f  gaseous products 
d u r i n g  c o l l e c t i o n  o f  t he  Wellman-Galusha t a r .  More r e c e n t l y ,  a systematic Py-MS 
study of 47 U.S.  coals ,  c a r r i e d  o u t  by Voorhees and co-workers (14), has f u r t h e r  
demonstrated the v a l i d i t y  o f  Cur ie-point  Py-MS as a coal p y r o l y s i s  model capable of 
P red ic t i ng  t a r  y i s ld :  iii TBR experiments as w e l l  as i n  l a r g e r  sca le  p y r o l y s i s  r e -  
t o r t s .  

Examples of t he  use o f  t h e  Cur ie -po in t  Py-MS technique t o  study the composit ion of 
P y r o l y t i c  coal  t a r s  from t h r e e  Western coals ,  a Hiawatha h igh  v o l a t i l e  A bituminous 
coa l ,  an A d a v i l l e  #6 subbituminous coal  and an Anderson seam l i g n i t e ,  are shown i n  
F igu re  2. 
r e f l e c t e d  by an increase i n  dihydroxybenzenes and phenols and a r e l a t i v e  decrease i n  
naphthalenes and s h o r t  cha in  a l i p h a t i c  hydrocarbons (13) are dominant i n  the spectra. 

Py ro l ys i s  and mass spectrometry cond i t i ons  were as 

Tar evaporat ion/ -  

Time-resolved spect ra o f  f r e s h  and 

Moreover, t ub ing  bomb r e a c t o r  (TBR) 

For  instance,  t h e  composit ion o f  p y r o l y t i c  t a r s  obta ined by means of a 

AS expected, rank r e l a t e d  d i f f e rences  between the  three coals ,  e.9. 
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Nevertheless, weathering-induced changes (marked by arrows on the  spect ra o f  f resh 
coa ls  i n  F igure 2) ,  e.g., i n v o l v i n g  an increase i n  a l i p h a t i c  ca rboxy l i c  ac ids and 
ketones accompanied by decreased y i e l d s  of phenols and dihydroxybenzenes i n  the  
l i g n i t e  and subbituminous coal  samples as w e l l  as a s t rong  reduc t i on  i n  naphthalen ic  
peak i n t e n s i t i e s  i n  t h e  hvb coal ,  a re  a l s o  e a s i l y  recognizable. 
weathered Hiawatha coal  samples showed t h a t  conversion y i e l d s  obta ined by s h o r t  
con tac t  t ime  p y r o l y s i s  i n  a tub ing  bomb r e a c t o r  (25 s a t  4 2 O O C )  decreased by 50% 
(11, whereas m ic ropy ro l ys i s  (Cur ie -po in t  Py-MS a t  610°C f o r  5 s) y i e l d s  decreased 
by an estimated 20% (4 ) .  P re l im ina ry  r e s u l t s  from Py-MS experiments on a l l  t h r e e  
Western coals  discussed here i n d i c a t e  t h a t  vacuum mic ropy ro l ys i s  conversion y i e l d s  
decrease by an estimated 10-30% upon weathering. 

Comparison o f  the i o n  i n t e n s i t i e s  as a f u n c t i o n  o f  p y r o l y s i s  t ime ( t ime  p r o f i l e  
curves)  reveals  t h a t  the e v o l u t i o n  shape o f  several i o n  i n t e n s i t y  curves i s  d i f f e r -  
e n t  between f resh  and a i r  weathered coals  as shown f o r  Hiawatha coal i n  F igure 3. 
Increased so lvent  (methanol; m/z 32) r e t e n t i o n  i n d i c a t e s  increased p o l a r i t y  i n  the  
weathered coal .  The f a c t  t h a t  carbon d i o x i d e  (m/z 44) as w e l l  as benzene (m/z 78) 
curves both show an inc reas ing ,  e a r l y  component may i n d i c a t e  aromatic c a r b o x y l i c  
a c i d  formation dur ing weathering. Moreover, a l i p h a t i c  ca rboxy l i c  a c i d  i ons  show 
increased e a r l y  components as w e l l  (e.g., CH3COOHt i n  F igure 3 f ) .  
alkylnaphthalenes (e.g., t h e  C2-alkylnaphthalene i n  F igu re  3c )  show a s t rong  de- 
crease a t  lower temperatures i n  the weathered coal .  

The d i sc r im inan t  ana lys i s  r e s u l t s  shown i n  Table I and Figure 4 reveal  cha rac te r i s -  
t i c  changes i n  the composit ion o f  t h e  p y r o l y t i c  t a r s  obta ined from coa ls  weathered 
i n  a i r ,  whereas l i t t l e  o r  no change i s  observed i n  the  c o n t r o l  samples exposed t o  N2 
atmospheres. Although a q u a n t i t a t i v e  comparison o f  weathering-induced changes i n  
the  d i f f e r e n t  coals  i s  n o t  poss ib le  because o f  v a r i a t i o n s  i n  the t o t a l  d u r a t i o n  o f  
t h e  th ree  experiments as w e l l  as i n  the  weathering temperatures, q u a l i t a t i v e  analy-  
s i s  o f  t h e  three d i sc r im inan t  spect ra i n  F igure 4 revea ls  marked d i f f e rences .  For 
example, the p y r o l y t i c  t a r  obta ined from weathered Anderson l i g n i t e  shows a de- 
creased c o n t r i b u t i o n  o f  d i  hydroxybenzenes, whereas t h e  spectrum o f  t he  subbituminous 
A d a v i l l e  #6 t a r  e x h i b i t s  a more pronounced decrease i n  phenolic compounds as w e l l .  
Moreover, s l i g h t  increases i n  the  r e l a t i v e  c o n t r i b u t i o n s  of aromatic hydrocarbons 
(benzenes t naphthalenes) can be noted i n  the l a t t e r .  Furthermore, t he  py ro l yza te  
o f  weathered hvb Hiawatha coa l  t a r  shows a pronounced loss  o f  naphthalen ic  com- 
pounds. 

Although the d e t a i l e d  mechanism behind these changes a re  no t  y e t  understood the  
d i f ferences between th ree  d i sc r im inan t  spec t ra  i n  F igu re  4 are more o r  l ess  con- 
s i s t e n t  w i t h  the d i f f e rences  observed between the  composit ion of t h e  p y r i d i n e  
e x t r a c t a b l e  f r a c t i o n s  o f  each o f  t h e  th ree  coals  (no t  shown here). Consequently, 
our  e a r l i e r  i n t e r p r e t a t i o n  o f  t he  l oss  o f  naphthalen ic  components i n  the  py ro l yza te  
o f  Hiawatha coal as due t o  " g r a f t i n g "  o f  e x t r a c t a b l e  mobi le  phase components onto 
the  network phase ( l ) ,  may w e l l  ho ld  t r u e  f o r  t he  two lower rank coals  as w e l l .  
Obviously, f u r t h e r  work i s  requ i red  t o  con f i rm  these f i n d i n g s  and i n t e r p r e t a t i o n s .  

E a r l i e r  s tud ies  on 

On the  o the r  hand 

F i n a l l y ,  i t  should be noted t h a t  whereas changes i n  the  r e l a t i v e  abundance o f  
aromatic compound se r ies  appear t o  be q u i t e  s p e c i f i c  f o r  each coa l ,  a l l  t h r e e  coals  
show increased mass peak i n t e n s i t i e s  a t  m/z 28 (e.g., CO"), 44 (e.g. C0zt.) and 
60 (e.g. CH COOH+.). Apparently, t he  fo rma t ion  o f  p o l a r  f unc t i ona l  groups, e.g. i n  
s h o r t  ~ h a i n ~ a l i p h a t i c  mo ie t i es ,  i s  a general c h a r a c t e r i s t i c  o f  o x i d a t i v e  changes i n  
Western coals  independent o f  d i f f e rences  i n  rank.  

Whereas our experiments demonstrate t h a t  coal weathering in f luences the  composit ion 
o f  p y r o l y t i c  t a r s  i t  i s  a l so  known t h a t  such t a r s  a re  o f t e n  q u i t e  r e a c t i v e  and prone 
t o  reg ress i ve  reac t i ons  which may cause marked changes i n  the  phys i ca l  and chemical 
p roper t i es  o f  the t a r  (15). 
ac t i ons  on the composit ion o f  p y r o l y t i c  t a r s  w i t h  t h a t  o f  coal weathering processes, 

I n  order  t o  compare the  e f f e c t  o f  " regress ive"  r e -  
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c a r e f u l l y  preserved samples o f  " f resh"  t a r  f rom t h e  Wellman Galusha g a s i f i e r  and t a r  
samples exposed t o  oxygen as we l l  as c o n t r o l  samples exposed t o  N2 were analyzed by 
low vo l tage MS. Minor, bu t  h i g h l y  c h a r a c t e r i s t i c  changes i n  chemical composition 
were found i n  t h e  oxygen exposed samples by means o f  d i s c r i m i n a n t  ana lys is  techn i -  
ques. 
abundance o f  dihydroxybenzene peaks along w i t h  several  o the r  peak ser ies  thought t o  
represent naphthols and phenols (and/or quinones). 
ment w i t h  e a r l i e r  s tud ies  by McMil lan e t  aZ. (15).  

The B l i nd  Canyon coa l  used t o  produce the  Wellman Galusha t a r  i s  c l o s e l y  r e l a t e d  t o  
t h e  Hiawatha coa l  and shows s i m i l a r  weathering behavior (10).  
i n t e r e s t i n g  t o  no te  t h a t  whereas naphthalene m o i e t i e s  p lay  a prominent r o l e  i n  coal  
weathering r e l a t e d  changes they do not appear t o  be d i r e c t l y  invo lved i n  ox ida t i ve  
t a r  processes. Th is  would seem t o  i n d i c a t e  t h a t  both types o f  o x i d a t i v e  processes 
i n v o l v e  q u i t e  d i f f e r e n t  r e a c t i o n  mechanisms. 
aromat ic and hydroxyaromat ic t a r  components i s  thought t o  be due p r i m a r i l y  t o  
" g r a f t i n g "  reac t i ons  between t h e  mob i le  and the  network phase, loss o f  hydroxy- 
aromat ic components du r ing  t a r  o x i d a t i o n  i s  more l i k e l y  t o  be caused by simple 
condensation reac t ions .  Add i t i ona l  evidence f o r  such reac t i ons  i s  found i n  Figure 5 
showing an increased abundance o f  smal l  mass peaks i n  t h e  h igh  mass range (poss ib ly  
represent ing  condensed t a r  components) upon weathering. 

CONCLUSIONS 

The d i s c r i m i n a n t  spectrum i n  F igure  5 revea ls  a decrease i n  the  r e l a t i v e  

These observat ions a r e  i n  agree- 

Therefore i t  i s  

Whereas weathering induced loss  o f  

Weathering-induced decreases i n  r e l a t i v e  y i e l d s  of p y r o l y t i c  t a r s  f rom Western 
coa ls  o f  d i f f e r e n t  rank ( l i g n i t e  t o  hvb) may range from 20 t o  50%, depending on 
py ro l ys i s  cond i t i ons .  

P y r o l y t i c  coa l  t a r s  o f  remarkably s i m i l a r  composi t ion are obtained from a 
Wellman Galusha r e a c t o r  and from a vacuum m i c r o p y r o l y s i s  experiment i n  s p i t e  of 
8-9 o rders  o f  magnitude d i f f e r e n c e s  i n  sample s ize .  

Vacuum m i c r o p y r o l y s i s  experiments on th ree  Western coa ls  o f  d i f f e r e n t  rank 
(1 i gn i te ,  subbituminous and hvb-A) which were o x i d i z e d  ("weathered") under 
c o n t r o l l e d  l a b o r a t o r y  cond i t ions  show marked d i f f e r e n c e s  i n  the  behavior o f  
aromat ic t a r  components bu t  an o v e r a l l  s i m i l a r i t y  i n  the  inc rease o f  po la r ,  
a1 i p  h a t i  c compounds. 

I n  each coal  t he  observed changes i n  the  r e l a t i v e  abundance o f  aromat ic com- 
Eounds appear t o  be exp la inab le  by a l oss  o f  mob i le  phase components through 

S m a l l  bu t  c h a r a c t e r i s t i c  changes which occur i n  t h e  composi t ion of a Wellman 
Galusha r e a c t o r  coa l  t a r  d u r i n g  exposure t o  oxygen a t  8OoC p o i n t  t o  the  
occurrence o f  condensat ion reac t ions  i n v o l v i n g  dihydroxybenzenes and o the r  
hydroxyaromatic compounds. 

g ra f t i ng "  r e a c t i o n s  w i t h  the  network phase d u r i n g  coa l  weathering. 
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Sample 
Treatment Hiawatha 

A i r  weathered 100°C, 96 h r .  

N, exoosed 8OoC, 120 hr .  

TABLE I 1  

SCORES OF THE FIRST DISCRIMINANT FUNCTIONS OBTAINED FOR PYROLYSIS MS DATA ON 

FRESH, N2 EXPOSED AND AIR WEATHERED SAMPLES 

A d a v i l l e  # 6 Anderson 

100°C, 96 hr .  8OoC, 232 hr .  

100°C, 96 h r .  80°C, 232 h r .  

Sample* 
Treatment 

Fresh 

N2 exposed 

A i r  weathered 

* Weathering c o n d i t i o n s  a r e  shown i n  Table I. 

** Discr im inant  f u n c t i o n  r o t a t e d  f o r  maximum d i s c r i m i n a t i o n .  

D isc r im inan t  Scores (DI )  
H i  awatha A d a v i l l e  #6** Anderson 

1.61 f 0.34 0.88 f 0.07 1.68 t 0.34 

1.20 f 0.27 0.88 2 0.44 1.09 f 0.10 

-1.13 f 0.31 -0.98 f 0.33 -0.85 f 0.43 

142 

I 



/ 

2 In 0 
0 

8" 
0 
9 

8 
0 

0 cu 

0 
0 

J2 
E 

AlISrJ31NI NO1 3 A l l V 1 3 t l  

143 



0) HIAWATHA COAL 

110 b) ADAMLLE # 6 COAL 
I 124 (subbitumiwus) 

I t  
1% 281 132 

c)  ANDERSON COAL 
(lignite) 

dihydmxybenzenes 

40 60 80 Kx) 120 140 160 180 X X I  220 240 260 
m h  

\ 

F igu re  2. Low vo l tage  p y r o l y s i s  mass spect ra o f  f r e s h  coal  samples from ( a )  
Hiawatha seam (b) A d a v i l l e  #6 seam and ( c )  Anderson seam. 
ca te  changes i n  mass peak i n t e n s i t i e s  i n  the a i r  weathered coals .  
t h a t  mass spectrometry cond i t i ons  were d i f f e r e n t  from t h a t  i n  F igure 1 
r e s u l t i n g  i n  increased s e n s i t i v i t y  i n  h i g h  mass range. 

Arrows i n d i -  
Note 
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F igu re  4. D isc r im inan t  spect ra obtained on Py-MS data sets  o f  f r e s h  and a i r  
weathered coa ls  from: (a) Hiawatha seaq!; (b)  A d a v i l l e  #6 seam; and (c)  
Anderson seam. P o s i t i v e  components (DI ) represent  mass peaks decreased 
i n  weathered samples. Negative components (D I - )  represent  compounds 
increased i n  weathered samples. 
sol vent (s ). 

( 5 )  denotes peaks o r i g i n a t i n g  from 
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