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INTRODUCTION 

Recently,  r e sea rch  concerned w i t h  u t i l i z a t i o n  of t h e  v a s t  r e s e r v e s  of  American 
l i g n i t e s  h a s  expanded g r e a t l y .  S t u d i e s  have shown t h a t  l i g n i t e s  r e a c t  q u i t e  d i f f e r -  
e n t l y  than c o a l s  of h ighe r  rank when sub jec t ed  t o  u t i l i z a t i o n  and conversion schemes. 
The behavior of l i g n i t e s  is be l i eved  t o  be g r e a t l y  in f luenced  by t h e  ino rgan ic  con- 
s t i t u e n t s  p r e s e n t .  The most s i g n i f i c a n t  f e a t u r e  of t h e  ino rgan ic  c o n s t i t u t e n t s  
of l i g n i t e s  i s  t h e  l a r g e  c o n c e n t r a t i o n  of exchangeable metal-cat ions.  These c a t i o n s  
a r e  mainly a l k a l i  and a l k a l i n e  e a r t h  metals a s s o c i a t e d  with t h e  carboxyl  groups 
p r e s e n t  in  l i g n i t e s .  Th i s  r e s e a r c h  is concerned wi th  t h e  e f f e c t  of exchangeable 
c a t i o n s  on r ap id  p y r o l y s i s  of a l i g n i t e .  

EXPERIMENTAL 

Pyro lys i s  w a s  c a r r i e d  o u t  i n  a d i lu t e -phase  entrained-f low r e a c t o r .  The system 
i s  a modified v e r s i o n  (1) of t h a t  u t i l i z e d  by Sca ron i  e t  a l .  ( 2 ) .  The system a l lows  
p y r o l y s i s  t o  be s tud ied  under h igh  h e a t i n g  and coo l ing  r a t e s  (104 - lo5 K / s ) .  Under 
t h e s e  cond i t ions ,  examination of p y r o l y s i s  over  r e s idence  t imes from 0.03 t o  0.30 s 
and a t  temperatures  up to*1300 K is p o s s i b l e .  P y r o l y s i s  occur s  i n  a d i l u t e  s t ream 
i n  o r d e r  to  reduce t h e  r o l e  of secondary r e a c t i o n s  r e s u l t i n g  from c o n t a c t  between 
t h e  p y r o l y s i s  p roduc t s .  

A Montana l i g n i t e  (Fort  Union Seam) was u t i l i z e d  i n  t h i s  s tudy .  D e t a i l s  of 
t h e  organic  and ino rgan ic  ana lyses  of t h i s  c o a l  can be  found elsewhere (3 ) .  I n  
t h i s  s tudy ,  t h r e e  types  of  samples were u t i l i z e d :  raw l i g n i t e ,  acid-washed l i g n i t e  
and cat ion-loaded l i g n i t e .  I n  t h e  acid-washed l i g n i t e  t h e  ca rboxy la t e  c a t i o n s  a r e  
in t h e  hydrogen ( ac id )  form. In t h e  a c i d  washing procedure,  50 g of r a w  l i g n i t e  
were mixed with 900 m l  of 0 .1  N HC1 f o r  16-24 h ,  f i l t e r e d ,  mixed w i t h  a new ba tch  
of H C 1  f o r  an a d d i t i o n a l  4 h ,  f i l t e r e d ,  and washed r epea ted ly .  I t  was then  re- 
f luxed  i n  1000 m l  of b o i l i n g  d i s t i l l e d  wa te r  f o r  1 h t o  remove excess  H C 1  (3 ,4 ) .  

Ca t ion  load ing  w a s  always performed on t h e  acid-washed samples because i t  
f a c i l i t a t e s  t h e  de t e rmina t ion  of t h e  e x t e n t  of c a t i o n  loading and e l i m i n a t e  com- 
p l e x i t i e s  caused by t h e  presence of  more than one c a t i o n .  The c o n d i t i o n s  u t i l i z e d  
f o r  ion exchange can be  seen i n  Table  1. Fur the r  d e t a i l s  can  be  found elsewhere 
(5).  
t h e r e  a r e  four  d i f f e r e n t  l oad ings  of  calcium. Calcium was chosen as t h e  c a t i o n  
t o  be s tud ied  most, because i t  i s  t h e  predominant c a t i o n  i n  American l i g n i t e s  (3).  

A number of  gauges of t h e  e f f e c t s  of p y r o l y s i s  were u t i l i z e d ,  t h e  most i n fo r -  
mat ive i s  weight l o s s .  Because of expe r imen ta l  cond i t ions ,  weight l o s s  was d e t e r -  
mined by using a sh  a s  a t r a c e r .  T h i s  technique has  been used p rev ious ly  by a num- 
be r  of workers (2 ,6 ,7) .  

I n  add i t ion ,  t h e  decomposition of t h e  carboxyl  groups w a s  s tud ied  by measuring 
t h e  carboxylate  concen t r a t ions  i n  t h e  c h a r s  a f t e r  py ro lys i s .  The technique t o  de t e r -  
mine t h e  carboxyl group con ten t  i s  o u t l i n e d  i n  d e t a i l  elsewhere ( 3 ) ,  and is based 
on t h e  work of Schafer  (8 ) .  There a r e  t h r e e  b a s i c  s t e p s  involved:  a c i d  washing, 
exchange with barium a c e r a t e  and de te rmina t ion  of t he  e x t e n t  of exchange. 

Also shown i n  Table  1 a r e  t h e  r e s u l t s  of t h e  c a t i o n  loading.  A s  can be seen,  
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TABLE 1 

I O N  EXCHANGE CONDITIONS AND RESULTS 

Sample Exchange Media S t a r t i n g  pH g c o a l / l  S t i r  Period m moles/g DICF Coal 

Ca4 1 H Ca Aceta te  8.0 

Na 1 M Na Aceta te  8.0 
Mg 1 M Mg Aceta te  8 .O 
Raw _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _  --- 

0 . 8 4  
0.75 

Cal 1 M Ca Aceta te  8.0 55 24 h 
Ca2 . 2 5  M Ca Aceta te  + 6.0  100 24 h 

Ca3 . 2 5  M C a  Aceta te  5.5 160 24 h 0 . 4 9  
55 24 h + 1.11 

. 2 5  H C a C l  

24 h + 
24 h + 
24 h 

55 24 h 0 . 9 4  
55 24 h 0 .71  

0 . 9 4  ------ 

RESULTS AND DISCUSSION 

To ta l  Weight Loss -- In Figure  1, the  weight l o s s  ve r sus  t ime behavior f o r  
t h e  raw, acid-washed and Cal-form samples a r e  d i sp l ayed .  A s  can be seen, t he  pre- 
sence of meta l -ca t ions  d rama t i ca l ly  a f f e c t s  t he  weight l o s s  behavior i n  t h e  en- 
t r a ined  flow r e a c t o r .  All t h r e e  samples undergo a per iod  of rap id  weight loss  f o l -  
lowed by a region of slow weight loss. I n  the  case  of t he  raw and Cal-form sam- 
p l e s ,  weight l o s s  l a s t s  f o r  about  0.15 s u n t i l  a value  of about 30 w t %  (Dry Inor- 
ganic  Content Free-DICF) i s  achieved .  For t he  acid-washed sample, t h e  r ap id  weight 
loss i s  completed i n  0 . 0 5  s and t h e  f i n a l  weight loss  va lue  is 5 0  w t %  (DICF). It 
i s  very i n t e r e s t i n g  to no te  t h e  s i m i l a r i t y  between t h e  behavior of t h e  raw and Cal 
samples. This  s i m i l a r i t y  i n d i c a t e s  t h e  r e v e r s i b i l i t y  of t h e  ion  exchange t r e a t -  
ments i n  terms of coa l  p y r o l y s i s  behavior .  Th i s  s t r o n g l y  sugges ts  t h a t  t he  d i f f e r -  
ence i n  py ro lys i s  behavior between the  metal  c a t i o n  and hydrogen-form samples i s  
mainly due t o  t h e  presence  of c a t i o n s ,  and not to t h e  chemical t r ea tmen t s  to which 
t h e  c o a l s  were sub jec t ed .  

While C a l  con ta ins  about t he  same amount of exchangeable c a t i o n s  a s  t he  raw 
c o a l ,  i t  is  p o s s i b l e  to load  va r ious  amounts of calcium onto  t h e  acid-washed l i g -  
n i t e .  Figure 2 d i sp lays  the  r e s u l t s  of a s tudy  on t h e  e f f e c t s  of vary ing  the  quan- 
t i t y  of exchanged calcium. I n  t h i s  f i g u r e ,  t he  weight l o s s  a t  maximum res idence  
time i n  t h e  en t r a ined  flow r e a c t o r  a t  1173 K is p l o t t e d  f o r  samples ( 2 7 0 x 4 0 0  mesh) 
with f i v e  l e v e l s  of calcium ranging from 0 t o  4 . 7  w t %  (DICF). A s  can be seen, a s  
t h e  calcium con ten t  of t h e  coa l  is increased  the re  i s  a gradual  and s i g n i f i c a n t  
decrease  i n  the  maximum weight loss. This  behavior is s i m i l a r  t o  t h a t  observed 
by Tyler and Schafer  ( 9 ) .  

Other exchangeable c a t i o n s  a r e  found i n  l i g n i t e s ,  t h u s ,  a s tudy  was made i n t o  
the  e f f e c t s  of sodium and magnesium on py ro lys i s .  Resu l t s  of t h i s  s tudy  a r e  sum- 
marized i n  Table 2 which l i s ts  weight l o s s  va lues  a t  maximum res idence  t ime f o r  
a number of d i f f e r e n t  c a t i o n  loaded samples pyrolyzed a t  1173 K. F i r s t l y ,  i t  can 
be seen t h a t  t h e  presence of metal  c a t i o n s  always r e s u l t s  i n  a dec rease  i n  weight 
l o s s .  Th i s  r e s u l t  is important i n  i t s e l f  i n  t h a t  i t  reemphasizes the  importance 
of c a t i o n s  in  l i g n i t e  py ro lys i s .  Secondly, in format ion  can  be gained about t he  
r e l a t i v e  a c t i v i t y  of t he  va r ious  c a t i o n s  s tud ied .  I f  one compares the  two d iva l -  
e n t , c a t i o n s  (calcium and magnesium), i t  can be seen t h a t  t h e  elements have a s i m i -  
l a r  e f f e c t  on a per  mole b a s i s .  The samples Ca2 and Mg have almost t he  same num- 
be r  of moles oE c a t i o n s ,  and both  samples l o s e  approximately t h e  same weight.  I f  
one tries t o  a s s e s s  the  r e l a t i v e  a c t i v i t y  of sodium, i t  can be seen t h a t ,  i n  gener- 
a l ,  t he  sodium-form coa l  undergoes a r e l a t i v e l y  l a r g e  weight loss  dur ing  py ro lys i s .  
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TABLE 2 

EFFECT OF CATIONS ON MAXIMUM WEIGHT LOSS I N  ENTRAINED FLOW REACTOR 
1173  K ,  DICF BASIS 

Sample Weight Loss 

Raw 3 0 . 8  
C a l  28 .7  
Ca 2 3 4 . 9  
Ma 3 3 . 4  
N a  3 8 . 7  
Acid Washed 4 9 . 4  

The monovalent n a t u r e  of sodium makes a comparison of the  concen t r a t ions  d i f f i c u l t .  
It c o n t a i n s  t h e  h ighes t  molar concen t r a t ion  of c a t i o n s ,  bu t  they cover t h e  l e a s t  
number of carboxyl groups.  

Extended Residence T i m e  S tud ie s  -- It was j u s t  po in ted  o u t  t h a t  c o a l s  undergo 
r ap id  weight loss  followed by what appea r s  t o  be a reg ion  of l i t t l e  weight loss 
i n  the  en t r a ined  flow r e a c t o r .  
s t a n t  weight loss, no samples undergo complete py ro lys i s  i n  t h e  res idence  times 
a v a i l a b l e .  Rather,  t h i s  "p la teau"  r eg ion  of weight loss i s  a regime of r e l a t i v e l y  
slow decomposition. While it t a k e s  as l i t t l e  a s  0.05 t o  0.15 s t o  r each  t h i s  
l e v e l i n g  off p o i n t ,  i t  can take  on t h e  o rde r  of minutes t o  complete py ro lys i s .  

However, a l though samples reach  t h i s  reg ion  of con- 

I n  order t o  determine t h e  t o t a l  p y r o l y s i s  y i e l d ,  another  technique was used. 
B a s i c a l l y ,  the  approach invo lves  c a p t u r i n g  t h e  pyro lyz ing  coa l  p a r t i c l e s  i n  a c ru-  
c i b l e  a t  the maximum res idence  d i s t a n c e  i n  t h e  r e a c t o r .  The captured  samples are 
then  he ld  i n  t h e  r e a c t o r  f o r  10 min t o  complete py ro lys i s .  It i s  thought  t h a t  t h i s  
technique  g ives  a reasonable  e s t ima t ion  of t h e  t o t a l  p y r o l y s i s  y i e l d  p o s s i b l e  in 
an en t r a ined  flow r e a c t o r .  

The r e s u l t s  of t h i s  s tudy  can be seen in  Table 3 i n  which weight loss  va lues  
f o r  extended res idence  time runs  a r e  l i s t e d .  If one compares the  weight l o s s  of 

TABLE 3 

EXTENDED RESIDENCE TIME RUNS I N  THE EFTRAINED FLOW REACTOR 
1173  K. DICF BASIS 

Sample 

Raw 
Acid Washed 
Cal 

5 4 . 0  
6 3 . 3  
46.1 

A.S.T.M. V o l a t i l e  
Matter Content 

4 3 . 7  
4 3 . 2  
4 3 . 0  

t h e s e  samples, i t  can  be  seen ,  once a g a i n ,  t h a t  t h e  presence  of meta l -ca t ions  
g r e a t l y  reduces the  amount of v o l a t i l e  ma te r i a l  evolved. 
pa re  these  r e s u l t s  wi th  those  gained by the  ASTM v o l a t i l e  ma t t e r  test. The ASTM 
v o l a t i l e  matter con ten t s  d i sp l ay  no e f f e c t  of ca t ion- loading .  
t h a t  t h i s  tes t  i s  performed i n  a f i x e d  bed ( c ruc ib l e )  which is  f e l t  t o  inc rease  
t h e  anount of  secondary char-forming r e a c t i o n s .  
r eac t ions  a r e  increased ,  t he re  i s  l i t t l e  d i f f e r e n c e  i n  t h e  weight l o s s  v a l u e s  f o r  
py ro lys i s .  However, decreas ing  t h e  l i ke l ihood  of t hese  r e a c t i o n s  l eads  t o  l a r g e  
d i f f e r e n c e s  i n  t o t a l  weight loss. 

I t  is i n t e r e s t i n g  t o  com- 

I t  w i l l  be r e c a l l e d  

Thus, when secondary char-forming 
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Kine t i c s  of To ta l  Weight Loss -- The method chosen i s  a simple f i r s t  o rde r  
Arrhenius t rea tment  i n  which a s i n g l e  o v e r a l l  a c t i v a t i o n  energy is u t i l i z e d .  The 
technique  has  been app l i ed  t o  t h e  k i n e t i c s  of t h e  i n i t i a l  weight l o s s ,  and there-  
f o r e ,  t he  weight l o s s  va lues  were compared t o  t h e  ma..imum weight loss in  t h e  en- 
t r a ined  flow r e a c t o r .  
f a c t o r  found i n  t h i s  s tudy  a r e  d isp layed  i n  Table 4 .  It is c l e a r  t h a t  t h e r e  is 
a s i m i l a r i t y  i n  the  behavior of t h e  raw and calcium-form c o a l s .  The acid-washed 
coa l  e x h i b i t s  the  l a r g e s t  a c t i v a t i o n  energy, almost t h r e e  times l a r g e r  than t h a t  
found f o r  t h e  raw l i g n i t e  and 50X g r e a t e r  than t h a t  of t h e  calcium form. Again, 
i t  is  obvious t h a t  t he  absence of meta l -ca t ions  can have a profound e f f e c t  on py- 
r o l y s i s  k i n e t i c s  and mechanisms. 

Values of t h e  apparent  a c t i v a t i o n  energy and preexponent ia l  

TABLE 4 

KINETIC PARAMETRS FOR TOTAL. WEIGHT LOSS 

Sample 

Raw 
Acid Washed 
Cal 

Activation-Energy 
(kJ/mole) 

58 
147 

99 

Preexponent ia l  F a c t o r  
(S-1) 

8 lo3  
2 103 
5 105 

E f f e c t  of Exchangeable Cat ions  on Tar Release  -- Table 5 l ists  the  r e s u l t s  
of a study i n  which t h e  q u a n t i t y  of t a r ,  c o l l e c t e d  on a f i l t e r ,  i n  t h e  o u t l e t  gas  

TABLE 5 

TARS RELEASED I N  ENTRAINED FLOW REACTOR 

Residence Time 
(S) 

0.042 
0.078 
0.112 

- 
Raw Coal Acid Washed Coal 

' mg Tar /g  Coal Fed 

-- 
3 
9 
3 

10 
30 
48 

stream, was measured for  t h e  r a w  and a c i d  washed samples a t  1173 K a t  t h ree  r e s i -  
dence times. 
c o a l  was s i g n i f i c a n t l y  g r e a t e r  than  those  r e l eased  by t h e  raw c o a l s .  
is in  t h e  same d i r e c t i o n  as t h e  weight l o s s , d a t a .  That i s ,  inc reases  i n  t o t a l  
weight loss when meta l  c a t i o n s  a r e  removed a r e  a l s o  accompanied by inc reases  i n  
t a r  y i e l d .  

A t  each r e s idence  t ime the  amount of tar r e l eased  by the  acid-washed 
Th i s  t r end  

Tar samples (1173 K, 0.078 s )  were analyzed by Four i e r  Transform I n f r a r e d  Spec- 
t roscopy,  spec t r a  were c r e a t e d  by use  of KBr p e l l e t s  i n  t h e  manner descr ibed  by 
P a i n t e r  e t  a l .  (10). Spec t r a  from the  r a w  and acid-washed c o a l  t a r s  were recorded  
as wel l  a s  t h e  "d i f f e rence  spectrum" from t h e  two samples. 

The spec t r a  of t hese  tars from the  raw and acid-washed c o a l s  were s i m i l a r  i n  
many ways. The same gene ra l  major f e a t u r e s  were p resen t ,  such a s  methyl, phenol 
and carboxyl groups.  However, t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  two 
spec t r a  in t h e  i n t e n s i t i e s  of t he  carbon-hydrogen a l i p h a t i c  bond s t r e t c h i n g  absor -  
bances a t  about 2800 - 3000 cm-1. 
l eads  t o  the  conclus ion  t h a t  t a r s  from the  r a w  coa l  con ta in  t h r e e  times t h e  quan- 
t i t y  of a l i p h a t i c  hydrogen a s  do the  t a r s  from t h e  acid-washed coa l .  

I n t e g r a t i o n  of t h i s  band f o r  t he  two samples 

Ef fec t  of Exchangeable Cat ions  on Carboxyl Group Decomposition -- Decomposi- 
t i o n  of the  carboxyl groups was followed by measuring the  q u a n t i t y  of carboxyl  
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groups i n  t h e  pa ren t  coa l  and i n  t h e  r e s u l t i n g  cha r s .  It should be pointed out 
t h a t  d a t a  on the  decomposition of carboxyl groups enab le s  one t o  s tudy  the  behavior 
of a s i n g l e  spec ie s  dur ing  p y r o l y s i s ,  thus  y i e l d i n g  informat ion  t h a t  cannot be ex- 
t r a c t e d  from o v e r a l l  weight l o s s  d a t a .  Also,  it should be noted t h a t  s i n c e  the re  
a r e  about 3.1 meq/g DICF of carboxyl  groups on t h i s  l i g n i t e ,  t h e  decomposition of 
t h i s  spec ie s  can account f o r  a weight  loss  of up t o  14% of t h e  l i g n i t e .  

Resu l t s  from t h i s  s tudy  can be seen i n  F igure  3 i n  which t h e  q u a n t i t i e s  of 
carboxyl groups remaining on the  r a w  l i g n i t e  a s  a func t ion  of r e s idence  time a t  
1173 a r e  shown. The l o s s  of t he  carboxyl  groups is very s i m i l a r  t o  the  t o t a l  
weight-loss behavior presented  i n  F igu re  1. That i s ,  t h e r e  i s  a very  rap id  loss 
of carboxyl groups followed by a reg ion  of slow decomposition. It is  i n t e r e s t i n g  
t o  note  t h a t  both t h e  raw and Cal-form samples appear t o  complete decarboxyla t ion  
a t  about 2.6 meq/g DICF whi le  t he  acid-washed sample r e l e a s e s  a l l  of t he  3.1 meq/g 
DICF present .  

Although p rev ious  r e sea rche r s  have s tud ied  t h e  e f f e c t s  of c a t i o n s  on t h e  py- 
r o l y s i s  of carboxyl  groups,  most of  t h e  m r k  h a s  been concerned wi th  weight loss 
a s  a func t ion  of temperature and /o r  t h e  evo lu t ion  of ox ides  of carbon. L i t t l e  work 
h a s  been concerned wi th  d i r e c t  de te rmina t ion  of t h e  k i n e t i c s  of decarboxyla t ion .  
Table  6 l ists  t h e  r e s u l t s  of a f i r s t - o r d e r  k i n e t i c  a n a l y s i s  of decarboxyla t ion  of 
t h e  raw and a c i d  washed forms of t h e  l i g n i t e .  The a c t i v a t i o n  ene rg ie s  f o r  decar- 
boxyla t ion  a r e  somewhat d i f f e r e n t  f o r  the  two samples s t u d i e d ,  t h a t  found f o r  the  
raw l i g n i t e  i s  about 20% g r e a t e r  t han  t h a t  c a l c u l a t e d  f o r  t h e  acid-washed c o a l .  
However, t h e  va lues  are q u i t e  similar when compared t o  the  spread of a c t i v a t i o n  
ene rg ie s  found f o r  t h e  o v e r a l l  weight loss  d a t a  (Table 4 ) .  

CONCLUSIONS 

I t  must be concluded t h a t  t he  presence  of metal  c a t i o n s  i n  l i g n i t e s  dramatic- 
a l l y  a f f e c t s  p y r o l y s i s  behavior under rap id  hea t ing  cond i t ions .  The presence/ab- 
sence  of  meta l  c a t i o n s  a r e  important i n  terms of t he  rate of evo lu t ion  t o t a l  weight 
l o s s  and n a t u r e  of t he  p y r o l y s i s  products .  It is sugges ted  t h a t  t h e s e  da t a  have 
s i g n i f i c a n t  importance i n  g a s i f i c a t i o n  and combustion of l i g n i t e s .  
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TABLE 6 

KINETIC PARAMETERS FOR DECARBOXYLATION 

Activation Energy Preexponential Factor 
Sample (kJ/mole) (S-1) 

Raw 106 4 lo5 
Acid Washed 80 8 x 104 
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Figure 1. WEIGHT LOSS IN ENTRAINED FLOW REACTOR 
270 x 400 mesh Lignite at 1173 K 
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Figurn 2. WElGKT LOSS IN ENTRAINED FLOW REACTOR 
Effect 01 Ca Loading at 1173K 
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Figurn 3. OECOHPOSlTlON OF CARBOXYL GROUPS 11173 K) 
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