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Supercritical f lu id  extraction of coals has been investigated as a promising 
method f o r  the  production of l i q u i d  fuel products f ran  coal under mild conditions. 
Studies w i t h  alcohols a s  the  supercrit ical  f lu id  have recently been reported (1, 2, 
3, 4 ) .  Alcohols would be expected t o  exhibit  g rea te r  so lubi l i ty  f o r  polar organic 
molecules, because of hydrogen bonding or dipole a t t r ac t ive  forces;  they also 
provide the  opportunity f o r  chemical reactions during the  extraction, because of t he  
nucleophilicity of the  alcohol oxygen and the tendency t o  act  as a hydrogen donor. 
Alkylation reactions can also occur. Chen and coworkers have shown tha t  su l fur  
compounds were removed se lec t ive ly  i n  supercri t i c a l  methanol and ethanol extractions 
( 4 ) .  This potentially useful application may involve reaction of the  alcohol w i t h  
some of the organosulfur moieties and possibly pyrite i n  the coal. The exact 
mechanism o f  t h ?  sulfur ranoval reaction i s  unknown. Earlier worken used alcohols 
a t  very high temperatures (460-600OC) (5) or in  combination with sodium hydroxide 

As a part of our study of the interaction of supercrit ical  solvents w i t h  low- 
rank coals, a se r ies  of extractions of l ign i tes  and subbituminous coals were 
performed w i t h  supercri t i ca l  methanol i n  a semicontinuous extraction apparatus. 
These studies were concerned with establishing yield and conversion data f o r  several 
coals a t  various supercrit ical  conditions. Not only can the solvation power of the 
solvent (hhich depends on the  f lu id  density) be conveniently controlled over a large 
range w i t h  changes i n  solvent pressure or tenperature, hut the rates of chemical 
reactions occurring i n  and with the  solvent may also be controlled by the wide 
variation i n  viscosity and density which are obtained w i t h  supercrit ical  f lu ids .  

Experimental 

Supercri t i ca l  methanol extractions were performed using the  semiconti nuous 
processing unit described e a r l i e r  ( 7 ) .  Methanol solvent was pumped through the  
fixed coal bed (50 g of dried coal) a t  120 ml/hr f o r  2 hr. The pressure of the 
supercrit ical  solvent was reduced to  atmospheric pressure a f t e r  passing a back 
pressure regulator. The extract and solvent were collected in a chil led sample 
vessel. The  noncondensable product gas was measured and collected for  subsequent GC 
analysis. B o t h  the  solvent-extract mixture and the extracted coal residue were 
rotary vacuum d i s t i l l ed  t o  give a moisture and methanol f ree  product. Extr cts were 

methylated (di  azomethane) samples a n d  GC for  quantitative determination of 
i ndi vi dual phenols and carboxyli c acids. The phenol analysis involved addi t i  on of 
2-fluorophenol BS an in te rna l  standard, extraction in to  base t o  remove hydrocarbons 
and amsoles,  addition of acid and extraction i n t o  chloroform, Kuderna-Danish 
evaporation of the chloroform and GC analysis on a calibrated 60 m OB5 capillary 
column (FID). Photoacoustic spectra of the coal residues were obtained using a cell  
obtained from MTech Photoacoustics w i t h  a Nicolet 2OSXR spectrometer. 
Themogravimetric analyses of the coal residues were obtained using a Cahn 2000 
thermobalance w i t h  an argon atmosphere and a 20°C/min temperature ramp. 

(6) * 

analyzed by a number of methods including extraction in to  base, HPLC and I H-NMR of 
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Results and Discussion 

E f f e c t s  of Temperature and Pressure on Yie lds 

Table 1 summarizes t h e  operat ing condi t ions and t h e  experimental resul&s 
obtained f o r  t he  s u p e r c r i t i c a l  methanol ext ract ions.  A ser ies of runs a t  250 C 
us ing  Ind i  an Head l i g n i t e  was performed a t  pressures rangi ng fran 1233 p s i  a t o  2935 
p s i a  (P = 1.05 t o  2.5). The conversions (weight 1 m s  on a maf bas is)  were found t o  
increas; w i t h  increas ing pressure (i.e. fran 4.3 t o  6.1 X ) ,  wh i le  t h e  e x t r a c t  y i e l d s  
(weight of extracted materi a1 recovered on an maf bas i s )  increased from 1.8 t o  4.4% 
respect ive ly .  This increase i n  e x t r a c t  y i e l d s  w i t h  pressure can be a t t r i b u t e d  t o  
change i n  solvent density. F igu re  1 i s  a p l o t  of t h e  e f f e c t  of ca lcu la ted  so lvent  
dens i t y  on t h e  ex t rac t  y i e l d s  f r a n  Ind i  an Head l i g n i t e .  

A ser ies of i s o b a r i c  experiments were performed a t  2348 psi a (Pr = 2.0) w i t h  
tenperatures a t  250, 275, 300 and 35OoC us ing several coals. The conversion and 
ex t rac t  y i e l d s  a l l  increased s i g n i f i c a n t l y  w i t h  temperature, however, a t  t h e  h ighe r  
tenperatures the  ex t rac t  and gas y i e l d s  becane s i g n i f i c a n t l y  h igher  than t h e  actual 
weight l oss  of t h e  o r i g i n a l  coal .  This net  y i e l d  of products suggests t h a t  t h e  
methanol i s  being incorporated i n t o  t h e  products by reac t i ng  w i t h  var ious groups i n  
t h e  coal and ex t rac t  components and a l so  being converted t o  gas, which conta ins 
l a r g e  amounts of methane. 

Table 1. Operating Condit ions and Results from t h e  Ex t rac t i on  o f  Various Coals w i t h  
Superc r i t i ca l  Methanol. See Table 3 f o r  coal analyses. Reduced tempera- 
t u r e  (T r )  and reduced pressure (P r )  are t h e  r a t i o s  of temperature and 
pressure t o  supercr i  t i c a l  temperature and pressure. 

Coal 

I nd ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 

Wyodak 
Wyodak 

1 Wyodak 
Wyodak , Wyodak 
Wyodak 

Deer Creek 
I Deer Creek 

Deer Creek 
Deer Creek 

- 

i 

f M a r t i n  Lake 
M a r t i n  Lake h M a r t i n  Lake 

i 

Temp. 
0 

25n 
250 
250 
250 
250 
27 5 
300 
350 

250 
25 0 
300 
300 
350 
350 

250 
250 
300 
350 

250 
300 
350 

Tr 

1.021 
1.021 
1.021 
1.021 
1.021 
1.069 
1.118 
1.216 

1.021 
1.021 
1.118 
1.118 
1.216 
1.216 

1.021 
1.021 
1.118 
1.216 

1.021 
1.118 
1.216 

- 
Pressure 

(ps i  a) 

1233 
1468 
17 61 
2348 
2935 
2348 
2348 
2348 

1233 
2 348 
1233 
2348 
1233 
2348 

1233 
2348 
2348 
2348 

2348 
2348 
2348 

P r  

1.050 
1.250 
1.500 
2.000 
2.500 
2.000 
2 .ooo 
2.000 

1.050 
2.000 
1.050 
2.000 
1.050 
2.000 

1.050 
2.000 
2 .ooo 
2.000 

2 .ooo 
2.000 
2 .ooo 

- 

Cal c. 
Sol vent 
Oensi ty  
J s l m l )  

0.134 
0.295 
0.368 
0.412 
0.434 
0.320 
0.224 
0.144 

0.134 
0.412 
0.079 
0.224 
0.063 
0.144 

0.134 
0.412 
0.224 
0.144 

0.412 
0.224 
0.144 

Pct. . .._ 

Cow. Pct  Y i  e ld ,  maf 
(maf) Ex t rac t  

4.27 1.76 
4.98 2.86 
4.17 3.05 
5.49 3.80 
6.13 4.43 
8.20 3.88 
9.55 4.74 

23.30 12.43 

1.56 3.08 
4.16 6.33 
2.73 11.28 
6.17 6.59 

14.74 12.39 
17.55 23.29 

0.20 4.02 
10.11 10.50 
7.99 8.69 

11.79 13.69 

3.95 5.57 
5.60 6.64 

18.24 17.54 

2.25 
2.05 
1.36 
1.66 
2.23 
3.67 
6.91 

22.04 

0.70 
0.65 
3.49 
3.10 

21.60 
22.61 

0.37 
0.16 
0.75 
5.17 

0.69 
1.93 

19.88 



Composition of t h e  E x t r a c t e d  Mater i  a1 

The canpos i t ion  of t h e  ex t rac t  obtained f r a n  each of t h e  coals var ied  
s u b s t a n t i a l l y  w i t h  t h e  inc rease i n  temperature of t h e  e x t r a c t i o n  w i t h  s u p e r c r i t i c a l  
methanol. The e x t r a c t s  contained t h e  waxy ma te r ia l  (alkanes and long  cha in  f a t t y  
ac ids)  which were a l s o  present i n  t h e  hydrocarbon ex t rac ts  of t h e  these coa ls  (7 ) .  
I n  addi ti on, the  methanol e x t r a c t i  om conta i  ned phenol ics , am so les  and methyl 
es te rs  of  mono and d i c a r b o x y l i c  acids. The pheno l ics  and an iso les  predominate i n  
t h e  ex t rac t i ons  of I n d i a n  Head l i g n i t e  which were c a r r i e d  out a t  t h e  h igher  
temperatures (Table 2). The methyl e s t e n  of d i c a r b o x y l i c  acids,  such as dimethyl 
succinate,  predominate a t  t h e  lower tenperature.  The amso les  and methyl esters 
have not been found i n  any s u p e r c r i t i c a l  hydrocarbon so lvent  o r  water e x t r a c t i o n  
products f r a n  coal  n o r  i n  any py ro l ys i s  products. The anisoles resu l ted  fran 
methy la t ion  of  t he  corresponding phenol hydroxyl  groups. The esters have resu l ted  
from e s t e r i f i c a t i o n  of c a r b o x y l i c  acids i n  t h e  s u p e r c r i t i c a l  m t h a n o l ;  however, t h e  
d i ca rboxy l i c  acids r e q u i r e d  f o r  these reac t ions  a r e  produced f r a n  t h e  coal by 
o x i d a t i o n  r a t h e r  t h a n  py ro l ys i s .  Thus t h e  reac t ions  f o r  fo rmat ion  of esters have 
no t  been s u f  f i c i  en tl y el u c i  dated . 
Table 2. Yields o f  Phenols i n  S u p e r c r i t i c a l  Methanol Ex t rac t ions  as WtX o f  Ex t rac t  

Weight. 

I n d i a n  Head L i g n i t e  (11 I.lyodak Subbi tumi nous 

Phenol 25 0 300 350 250 (1 )  300 (1 )  350 (1 )  350 ( 2 )  

Phenol .18 .44 .77 .059 .056 .066 .OB 
o - C r e s o 1 .01 .36 2.02 .007 .065 .149 .132 
m-Cresol -0 3 .33 1.25 .024 .080 .056 .060 
p-Cresol t .47 .45 .032 .037 .045 .030 
Guaiacol .42 1.17 1.30 t t .003 t 
2 . 6 4  MePhe t .19 3.86 .003 .041 .435 ,388 
2-EtPhe 0 .O 5 0.43 .003 .014 .019 ,022 
2,4-DiMePhe t .41 5.57 .005 .123 .178 ,199 
2,5-DiMePhe t .04 .97 .002 .020 .041 .055 
2.3-DiMePhe -02 .32 2.37 .006 .045 .117 .116 
4-MeGuaicol .10 .82 1.98 t t .035 .030 
2.4,6-TriMePhe t .29 13.22 .001 .070 A 4 9  ,571 
2,3,6-Tri MePhe t .08 3.61 t -024 .211 .311 
4-MeOPhe 0 .01 .43 t t .004 ,012 
2.43-Tt-i MePhe t .04 4.42 .007 .040 .092 .114 
4,6-Di MeGua t .41 1.86 t t .045 ,004 
4-Indanol t .24 1.77 .003 .081 .099 .127 
3.4,5-Tri MePhe t t .a4 0 0 .004 .003 
5-Indanol t .O 3 .57 A01 .014 .024 .032 
2,3,5,6-MePhe t .07 5.59 .003 .016 .147 .252 I 
4-nPrGuai acol  .o 2 .22 .58 0 0 .002 .om 
2- Naphthol t .05 1.40 t t .019 .001 

Pressures: (1) = 2348 psia;  (2)  = 1233 p s i a  

1-Napht hol t .02 .28 .006 .002 .001 .003 

1 
Abbreviat ions:  Phe = phenol; Me = methyl; E t  = e t h y l ;  Pr = propyl ;  Gua = guaiacol ;  
Me0 = methoxy; T = t e t r a ;  t = t r a c e  

Other  phenols i d e n t i f i e d  by GC/MS and r e t e n t i o n  t ime bu t  not q u a n t i t a t i v e l y  
determined: 6-MeGuai acol  , 3,4-DiMePhe, 3,5-DiMePhe, 4-EtPhe. 4-EtGuai acol , 2,3,5- 
T r i  MePhe, 2,3,4,6-TMePhe, EtMePhe (5). 
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The d i s t r i b u t i o n  of phenol types found i n the  ex t rac ts  of Ind i  an Head l i g n i t e  
c a r r i e d  out a t  250" (Table 2 )  was s i m i l a r  t o  t h a t  found i n  py ro l ys i s  products (8) ;  
t h a t  i s ,  l a r g e  amounts of phenol and cresols ,  sma l le r  amounts of v i r t u a l l y  every 
type of a l k y l  phenol isomer, a l i m i t e d  ser ies o f  main ly  4 s u b s t i t u t e d  guai acols and 
catechols ( these were not q u a n t i t a t i v e l y  analyzed). Since t h e  Wyodak subbi tumi nous 
coal has a very small  methoxy group content ,  correspondi ng t o  a 1 ow concen t ra t i on  o f  
guaiacol groups i n  the  coal, on l y  traces of guaiacols were found i n  t h e  low- 
temperature ext racts .  The y i e l d s  of phenols fran t h e  Ind ian Head ex t rac t i ons  were 
much h igher  than those fran t h e  Wyodak coal a t  a l l  tmpera tu res .  

With bo th  coals the  h igher  temperature ex t rac t i ons  y ie lded  a d i s t r i b u t i o n  o f  
phenols d i s t i c t l y  d i f f e r e n t  f r a n  t h a t  obtained i n  the  low-temperature ext ract ions.  
Large increases i n  t h e  y i e l d s  o f  2.6-dimethylphenol and 2,4,6- t r imthy l  phenol were 
espec ia l l y  noticeable. This i s  evidence f o r  methy lat ion of t h e  r i n g  carbons of the  
phenols which occurs mainly a t  t h e  pos i t i ons  o r t h o  t o  t h e  hydroxyl group of t h e  
phenol. I n  add i t i on  t o  t h e  q u a n t i t i e s  repor ted i n  Table 2 f o r  t h e  phenols which 
were inc luded i n  our c a l i b r a t i o n ,  numerous o the r  C4-, C - and C s u b s t i t u t e d  phenols 
were i d e n t i f i e d  i n  t h e  350' e x t r a c t s  by GC/MS. Methy lat ion of t h e  a rana t i c  r i ngs  of 
t h e  guai acols and catechols was a l so  observed t o  have occurred du r ing  t h e  e x t r a c t i o n  
a t  h igh tenperatures; l a r g e  amounts of 4,6-dimethylguaiacol, 3,4-dimethylguaiacol, 
3,6-dimethylguai acol, C3-guai acols, C4-guai acols and C guai acols were found by 
GC/MS. Most of the  cmponents of t h e  product f ran e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  2 5 0 T  and most o f  t h e  l o w  molecular weight products from e x t r a c t i o n  a t  h ighe r  
tmpera tu res  have been i d e n t i f i e d ;  however, many o f  t h e  Wyodak e x t r a c t i o n  products 
are s t i l l  under i nvest i  gation. 

The e f f e c t s  of pressure on t h e  y i e l d s  o f  phenols was inves t i ga ted  a t  two 
pressures, 2348 psi a and 1233 psi a. The data f o r  e x t r a c t i o n  of Wyodak subbi tumi ncus 
coal a t  350°C a t  these two pressures are presented i n  Table 2. S i m i l a r  y i e l d s  f o r  
each of t h e  i n d i v i d u a l  phenols are observed. The phenol y i e l d  s t r u c t u r e  i s  
t he re fo re  domi nated by tenperature r a t h e r  than  pressure e f fec ts ,  cons i s ten t  with the  
hypothesis t h a t  release of phenols from t h e  coal ma t r i x  i s  c o n t r o l l e d  by a c t i v a t i o n  
energies f o r  bond cleavage r a t h e r  than  d i f f u s i o n .  Density and v i s c o s i t y  e f f e c t s  on 
t h e  phenol reac t i on  products are neg l i g ib le .  

Comparison of residue sur face groups 

The residues fran t h e  supercr i  t i c a l  methanol e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  t h ree  temperatures were examined us ing  photoacoustic spectroscopy t o  determine 
t h e  changes i n  func t i ona l  groups on t h e  sur face which r e s u l t  fran e x t r a c t i o n  and 
react ions of t h e  l i g n i t e  w i t h  t h e  solvent. The spect ra f o r  t h e  o r i g i n a l  d r i e d  
l i g n i t e  and th ree  residues a re  shown i n  F igu re  2. The broad carboxyl OH s t r e t c h i n g  
band extending f rom 3500 t o  2000 cm-l p rog ress i ve l y  decreases with samples o f  
i ncreasi ng e x t r a c t i o n  tenperatures, correspondi ng t o  conversion of t h e  ca rboxy l i c  
acids t o  methyl esters o r  t decarboxylat ion. The arbonyl s t r e t c h i n g  band i n  t h e  
o r i g i n a l  l i g n i t e  a t  1695 i s  changed t o  1717  cm-? ( w i t h  shoulder a t  h ighe r  wave 
number) i n  t h e  250" and 300°C ex t rac ts ,  a l so  i n d i c a t i n g  t h e  conversion t o  t h e  
ester .  The carbonyl band decreases somewhat and e x h i b i t s  a peak a t  1730 cm-l i n t he  
350°C ext ract ,  which i nd i ca tes  f u r t  e r  conversions. The i n t e n s i t i e s  of t h e  methyl 
absorptions a t  2960 and 1455 cm-! i nc rease  s i g n i f i c a n t l y  w i t h  t h e  e x t r a c t i o n  
temperature. These changes i n  v i b r a t i o n a l  bands of the  surface groups are 
consis tent  w i t h  t h e  a l k y l a t i o n  which has occurred during the e x t r a c t i o n  w i th  
supercr i  t i c a l  methanol. 

Thennogravimetri c data obtained w i t h  t h e  ex t rac ted  coal residues i ndi c a t e  t h a t  
t he  s u p e r c r i t i c a l  methanol ex t rac ts  a s i g n i f i c a n t  p o r t i o n  of t h e  compounds which 
would have normally v o l a t i l i z e d  i n  t h e  200" t o  400°C range. These curves also 
e x h i b i t  t h e  e f f e c t  of methy lat ion of oxygen groups which the rma l l y  decompose a t  
tenperatures above 400' r e s u l t i n g  i n  re lease of add i t i ona l  products. 
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Table 3. Proximate and U l t i m a t e  Analyses o f  Coal Samples Used. i n  Experiments. 

Proxi mate Analysi s 
V o l a t i l e  M a t t e r  
F ixed Carbon (by d i f f )  
Ash 

U l t ima te  Analysi s 
Hvdrown 
Carbon 
Ni t rogen 
S u l f u r  
Oxygen (by d i f f )  
Ash 

Wyodak 

43.5 
50.0 

6.5 

4.26 
64.62 

1.01 
.58 

23.04 
6.5 

Deer 
Creek - 
42.0 
47.2 
10 .A 

5.66 
71.21 

1.27 
.36 

10.70 
10.8 

Gascoyne 

40.1 
41.2 
18.6 

3.93 
57.56 

.8 7 
1.76 

17.28 
18.6 

Ind ian  
Head - 

43.8 
48.0 

8.5 

4.74 
66.20 

.9 6 

.72 
19.19 

8.2 

Nar t i  n 
Lake 

42.2 
42.8 
15.0 

0.32 
61.88 

1.23 
1.17 

20.40 
15.0 

References 

1. 

2. 
3. 

4. 

5. 

6. 
7. 

8. 

W.P. Scarrah, i n "Cheni cal Engi neeri ng a t  Supercri  t i c a l  F l u i d  Condi t i o r s " ,  M.E. 
P a u l a i t i s ,  J.M.L. Penninger, R.D. Gray and P. Davidson, eds., Ann Arbor Science, 
Ann Arbor, M I ,  (1983) Chapter 18. 
L.A. Amestica, and €.E. Wolf, Fuel (1984) 63, 227-30. 
E.S. Olson and M.L. Swamon, UNOERC Q u a r t e r l y  Technical Progress Report f o r  t h e  
Period, J u l y  t o  Dec.1985. 
J. W. Chen, C.B. Muchmore, A.C. Kent and Y.C. Chang, ACS Div. Fuel Chem. 
Prepr in ts  (1985) 30 ( 3 ) ,  173-182. 
D. N. Garner, W.J. Huffman and H.W. Parker, AIChE, 7 9 t h  Nat ional  Meeting, 
Houston TX (1975). 
H. Makabe, Y. H i rano and K. Ouchi, Fuel (1978) 57, 289. 
M.L. Swanson, J. D o l l i m r e ,  E.S. Olson and J.W. Diehl, ACS Div. Fuel Chem. 
P rep r in t s  (1985) 30 (3) .  130-138. 
E.S. Olson, J.W. D ieh l  and D. J. M i l l e r ,  30th Ann. Conf. on Mass Spectran. and 
A l l i e d  Topics, June 6-11, 1982, Abstracts, p 818. 

Acknowledgment 

Agreement No. DE-FC2 1-83FE60181. 
This work was supported by t h e  U.S. Department of Energy under t h e  Cooperative 

68 



8 I I I I I I I ~ I I I I I I  
8 I 'l 8 4 8 8 7 8 8 I8 It n U I4 
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Figure 1. Plot of extraction yields from Indian Head lignite Venus solvent'density 
of methanol a t  250'C. 
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Figure 2.  Photoacoustic spectra of dried Indian Head coal and residues from 
supercri tical methanol extraction. 
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