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ABSTRACT 

High conversions can now be achieved using lower reac to r  temperatures and 
a temperature programing technique. Various temperature programs using times 
between 7.5 and 60 minutes and temperatures from 300" t o  480°C were used t o  
l i q u e f y  Indianhead l i g n i t e .  The inorgan ic  solvent system H S-H 0 was used i n  
conjunct ion w i t h  CO, H and p y r r h o t i t e  as the  l i q u e f a c t i o n  nkdic-?. Programming 
the  temperature produczd higher THF so lub le  and cyclohexane soluble y i e l d s  than 
the  use o f  isothermal temperatures. The maximum overa l l  conversions obtained 
t o  date using temperature programming were 94.8% THF solubles,  83.2% toluene 
solubles and 70.5% cyclohexane solubles. THF-soluble conversions over 90%, 
were obtained a t  350°C w i t h  temperature programming. 

INTRODUCTION 

Most modern coal l i que fac t i on  processes cons is t  o f  heat ing a coal  i n  the 
presence o f  a hydrogen donor solvent and an overpressure o f  reducing gas. The 
theory behind such procedures i s  t h a t  coal molecules are homo ly t i ca l l y  cleaved 
a t  the elevated temperature (equat ion 1 )  and then hydrogenated by e i t h e r  the 
solvent (equat ion 2 )  o r  the  reducing gases (equat ion 4)  (1-4). Complicating 
t h i s  scenario i s  the  p c s s i b i l i t y  t h a t  thermal ly generated coal rad i ca l s  
dimerize t o  produce high molecular weight products (equat ion 5). The 
occurrence o f  rad i ca l - rad i ca l  react ions and t h e i r  del  i t e r i o u s  e f f e c t  on coal 
l i q u e f a c t i o n  y i e l d s  have been reported (5). 

R - R 4 2R' (1) 

R' + SH + RH + S' (2 )  

25' + H2 + 2SH (3)  

2R' + H2 + 2RH 

2R' + R - R 

(4) 

(5 )  

When the  above mechanism operates dur ing coal  l i que fac t i on ,  maximum l i q u i d  
y i e l d s  w i l l  be produced when the r a t e  o f  coal-der ived rad i ca l  format ion does 
not.exceed the  r a t e  o f  hydrogen atom donation. I f  coal rad i ca l s  are generated 
r a p i d l y  by a sudden thermal jump, then the c a p a b i l i t y  o f  the  solvent/gas system 
t o  donate hydrogen atoms by equations 2 and 3 might no t  be able t o  compete 
e f fec t i ve l y  w i t h  the  d imer iza t ion  step (equat ion 5). The goal o f  t h i s  
i nves t i ga t i on  was t o  use var ious temperature programs t o  match the  r a t e  o f  
rad i ca l  product ion w i t h  the  solvent/gas system's a b i l i t y  t o  cap these rad i ca l s  
and determine i f  such a procedure could subs tan t i a l l y  increase l i q u e f a c t i o n  
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y i e l d s ,  I n i t i a l  repo r t s  on the  use o f  temperature programming have been 
favorable (6,7). 

EXPERIMENTAL 

A 12-1111 batch autoclave (8) was used f o r  t he  present study. For a l l  
react ions,  1 g o f  as mined Indianhead (Zap, ND) l i g n i t e  ground t o  > 200 mesh 
was charged along w i t h  1 g H 0, 0.117 g py r rho t i t e ,  ground t o  > 200 
mesh, 250 ps i  H S, 490 p s i  CO?md 490 p s i  H i n t o  the  :%%iave. The heat ing 
block was prehei ted t o  the  i n i t i a l  temperadre,  and the  autoclave reached the  
i n i t i a l  temperature 2.0 min a f t e r  inser t ion .  A f t e r  react ion,  the products were 
washed w i t h  the  des i red  solvent i n t o  a g lass f i b e r  soxhlet  ex t rac t i on  th imb le  
and extracted u n t i l  constant weight was achieved. The proximate and u l t i m a t e  
analyses o f  Indianhead l i g n i t e  are: moisture 29.5%, ash 9.0% moisture f ree  
(mf) ,  carbon 65.0% mf ,  hydrogen 4.2% m f ,  n i t rogen 1.9% m f ,  s u l f u r  0.8% m f  and 
O2 19.11 m f  by d i f fe rence.  

RESULTS 

The r e s u l t s  obtained from employing var ious temperature program t o  
l i q u e f y  Indianhead (Zap, ND) l i g n i t e  are shown i n  Tables 1 and 2. The 
temperature programs used are portrayed i n  Figure 1. Use o f  Figure 1 i n  
conjunct ion w i t h  Tables 1 and 2 w i l l  s i m p l i f y  the  c o r r e l a t i o n  o f  the  
temperature programs t o  conversion leve ls .  

Simply inc reas ing  the residence time o f  l i g n i t e  i n  the  autoclave a t  300°C 
(F igure  1, +A+B+C+D) i n i t i a l l y  enhanced the conversion t o  tetrahydrofuran 
(THF), to luene and cyclohexane solubles (Table 1). When the reac t ion  was 
continued f o r  longer  times, e.g., 60 minutes, t he  THF-soluble products 
decreased i n  amount from t h a t  o f  shor te r  reac t ion  times a t  t h a t  temperature. 

Increasing t h e  temperature from 300°C t o  350°C (F igure  1, +E+F+G+H) 
enhanced the conversion t o  THF, toluene and cyclohexane solubles. Leaving the  
autoclave a t  350°C f o r  t imes up t o  37.5 minutes (Figure 1, p o i n t  G )  produced 
increased y i e l d s  o f  a l l  th ree  categor ized products. Once t h i s  time was 
reached, no fu r the r  increases i n  product y i e l d s  were obtained by extending the 
residence times; i n  fac t ,  a s l i g h t  decrease i n  THF solubles was noted. 

Employing a f i n a l  reac t ion  temperature o f  400°C (F igure  1, +I+J+K+L) 
y ie lded  h igher  l e v e l s  o f  conversion products than 300" o r  350°C. Increasing 
the  residence time a t  t h i s  temperature t o  a t o t a l  t ime o f  20.0 min (Figure 1, 
p o i n t  J )  increased a l l  product y ie lds .  Further increases i n  the  residence time 
had l i t t l e  e f f e c t  on t he  THF-soluble product y i e l d  wh i l e  the to luene solubles 
increased then decreased w i t h  residence t ime and the cyclohexane solubles 
increased slowly. 

When 450°C was the f i n a l  reac t ion  temperature (Figure 1, +M+N+O) prolonged 
residence times increased the toluene so lub le  products but had no e f f e c t  on the  
THF and cyclohexane-soluble y ie lds .  Increasing the  temperature t o  480°C 
(F igure  1, +P) enhanced the  cyclohexane solubles bu t  d i d  not increase 
THF-soluble y ie lds .  

The use of  temperature programming (va r ied  heat ing ra tes  up t o  a maximum 
temperature) enhanced l i q u e f a c t i o n  y i e l d s  over isothermal employment o f  t h i s  
maximum temperature (Table 2). The THF- and cyclohexane-soluble y i e l d s  a t  
450°C are both much grea ter  i n  the programmed runs than i n  the  isothermal ones. 

Results obtained from temperature programs a t  which an i n i t i a l  heat ing 
per iod  a t  3 O O O C  was employed are shown i n  Table 3 and Figure 2. The 
conversions t o  THF solubles so obtained were l a r g e r  than the  those already 
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I described. This demonstrates t h a t  the  heat ing r a t e  o f  t he  i n i t i a l l y  chosen 
program was too  f a s t  t o  produce maximum conversions. The toluene and 
cyclohexane solubles were a lso  genera l l y  but no t  un i fo rmly  h igher  when the  
second program was used ins tead o f  the  f i r s t .  

DISCUSSION 

The r e s u l t s  o f  the  temperature programmed runs demonstrate t h a t  the  r a t e  
a t  which a l i q u e f a c t i o n  system i s  heated can dramat ica l l y  vary the  ex ten t  of 
conversion observed, The temperature program t o  480°C produced s l i g h t l y  higher 
y i e l d s  than the  isothermal case. The temperature program t o  450°C produced 
higher conversions than the  isothermal use o f  t h i s  temperature. With 
temperature programming t o  350°C i n  the  more re f i ned  mode o f  Figure 2 (da ta  i n  
Table 3). THF-soluble products were produced i n  y i e l d s  o f  91.6-94.6%. These 
r e s u l t s  are cons is ten t  w i t h  the hypothesis t h a t  enhanced 1 i que fac t i on  y i e l d s  
can be obtained i f  the coal-der ived rad i ca l s  a re  generated slowly i n  order t o  
enhance the  e f f i c i e n c y  o f  the hydrogen donating media. Therefore, h igh 
conversion l eve l s  can be obtained through the  employment o f  lower temperatures 
v i a  the  temperature programming technique. 
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Table 1. Effec t  of  Temperature Programming on the  Liquefaction of Indianhead 
Lignite i n  H20-H2S. 

Final Temp. Total  Time Temp. Conversion %e 
" C  ( m i n )  Program THF To1 uene Cyclohexane 

300 7.5 
20.0 
37.5 
60.0 

350a 7.5 
20.0 
37.5 
60.0 

400b 10.0 
20.0 
37.5 
60.0 

450' 22.5 
37.5 
60.0 

480d 60.0 

A 
B 
C 
D 

E 
F 
G 
H 

I 
J 
K 
L 

M 
N 
0 

P 

14.8 13.8 
50.2 16.4 
50.4 14.4 
28.2 

33.0 17.2 
71.8 24.9 
76.9 33.6 
72.2 32.8 

47.2 29.6 

77.7 60.1 
80.8 54.6 

77.1 49.7 
82.8 58.3 
84.9 81.8 

82.6 - 

79.1 48.5 

13.0 
17.2 
19.0 

20.5 
24.1 
27.8 
28.5 

26.5 
35.4 
42.4 
48.9 

38.1 
56.7 
56.9 

70.4 

a.  Temperature programed by ramping from 300-350°C f o r  2.5 min. 

b. Temperature programed by ramping 300-350°C f o r  2.5 m i n ,  5 m i n  @ 350°C, 
ramping 2.5 niin t o  400OC. 

Temperature programmed by ramping 300-350" 2.5 m i n ,  5 m i n  @ 35OoC, ramping 
2.5 m i n  t o  4OO0C, 5 min @ 400°C, 20 min t o  450°C. 

d. Temperature programmed by ramping from 300-350°C in 2.5 m i n ,  5 min @ 
350°C, ramping 2.5 m i n  t o  4OO0C, 10 min @ 4OO0C, 2.5 m i n  ramp t o  450°, 15 
min @ 450°C, 22.5 min ramp t o  480°C. 

The % o f  MAF l i g n i t e  so luble  i n  s t a t ed  solvent.  

c. 

e. 

f .  See f igu re  1. 
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Tab le  2. Comparison o f  I so the rma l  and Prog ramed  Reactions. 

F i n a l  Temperature T o t a l  Time Temp.d Convers ion %a 
" C  (m in )  Program THF Toluene Cyclohexane 

480 60 I so the rma l  76.4 
480b 60 P 82.6 
450 37.5 I so the rma l  64.7 61.1 49.6 
450' 37.5 N 82.8 58.3 56.7 

a. 

b. 

The % o f  MAF l i g n i t e  s o l u b l e  i n  s t a t e d  so l ven t .  

Temperature p r o g r a m e d  by 2.5 min ramp 300-35OoC, 5 min 4 35Ooc, 2.5 min 
ramp t o  4OO0C, 10 m in  4 400"C, 2.5 min ramp t o  450°C, 15 m in  4 450°C, 22.5 
min ramp t o  480°C. 

c. Temperature programmed by 2.5 min ramp t o  35OoC, 5 min @ 350°C, 2.5 min 
ramp t o  4OO0C, 10 m in  4 400"C, 2.5 m in  ramp t o  450°C. 

d. See F i g u r e  1. 

Table 3. The Conversion o f  Ind ianhead L i g n i t e  Using I n i t i a l  Hea t ing  a t  300°C. 

F i n a l  Temp. T o t a l  Time Temp. Convers ion xC 
" C  (min) Program THF To1 uene Cy c 1 o hexa ne 

91.6 41.3 32.2 
94.6 51.7 39.3 

400 57.5 T 94.8 83.2 56.6 

350 40a Q 
350 80a R 
400 37.5b s 93.1 44.8 34.5 

a. 

b. Temperature programmed by 17.5 min @ 3OO0C, 2.5 min ramp t o  350°C. 15 rnin 

c. 

d. See F i g u r e  2. 

Temperature p r o g r a m e d  b y  17.5 rnin @ 300°C. 2.5 min ramp t o  350°C. 

@ 350°C. 2.5 m in  ramp t o  400°C. 

The 'x o f  MAF l i g n i t e  s o l u b l e  i n  s t a t e d  so l ven t .  
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TEMPERATURE PROGRAMS USED TO 
LIQUEFY INDIANHEAD LIGNITE 
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Figure 1. Temperature programs used t o  obta in  the data i n  Table 1. 

Figure 2. Temperature programs used t o  o b t a i n  t h e  data i n  Table 3. 
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