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ABSTRACT 

Comparative s u r f a c e  area da ta  can be ob ta ined from t h e  exothermic heat l i b e r a t e d  
when a s o l i d  substance i s  immersed i n  a s u i t a b l e  l i q u i d  penet ran t .  This heat o f  
immersion i s  dependent on t h e  heat  o f  w e t t i n g  p l u s  o t h e r  e f f e c t s .  The apparent 
surface of a sample i s  p r o p o r t i o n a l  t o  t h e  heat o f  w e t t i n g  term. The su r face  areas 
determined by t h i s  method p r o v i d e  an exp lana t ion  of  r e s u l t s  o f  thermal t rea tment  and 
s u p e r c r i t i c a l  sol ven t  e x t r a c t i o n  o f  low- rank  coa l .  

The t h e r m a l l y  t r e a t e d  samples were prepared by d r y i n g  I n d i a n  Head (Nor th  Dakota) 
l i g n i t e  a t  330°C w i t h  ho t  n i t r o g e n  gas a t  atmospher ic pressure o r  w i t h  ho t  water  
under pressure.  L i g n i t e  and subbi tuminous coa l  samples were a l s o  s u p e r c r i t i c a l  l y  
so lvent  ex t rac ted  i n  a semicont inuous e x t r a c t i o n  system a t  temperatures o f  250' t o  
3 8 0 T  and reduced pressures  between 1.05 and 2.00 i n  methanol, benzene, and 
cyclohexane. These samples were then t e s t e d  i n  a s p e c i a l l y  cons t ruc ted  heat o f  
immersion c a l o r i m e t e r .  N i t rogen  Brunauer Emmett and T e l l e r  (BET) gaseous adsorp t ion  
der ived  su r face  areas  were a l s o  compared w i t h  t h e  r e s u l t s  f rom the  ca lo r ime te r .  

INTRODUCTION AND EXPERIMENTAL 

The su r face  a reas  determined i n  t h i s  s tudy  served as a va luab le  t o o l  w i t h  which 
t o  exp la in  t h e  r e s u l t s  ob ta ined  from thermal ,  and s u p e r c r i t i c a l ,  low-rank coa l  
t rea tments .  Two techn iques  were used t o  de termine t h e  su r face  area  o f  coal be fo re  
and a f t e r  processing. Heat o f  immersion c a l o r i m e t r y  was used ex tens i ve l y  t o  o b t a i n  
coal  surface areas and r e s u l t s  were compared t o  those from the  more standard 
gaseous adso rp t i on  method f o r  t h e  t h e r m a l l y  t r e a t e d  samples. 

Determinat ion  o f  Sur face  Area by Heat o f  Immersion 

D i f f e r e n t i a l  h e a t  o f  immersion c a l o r i m e t r y  ( 1 )  i s  a way t o  f i n d  s p e c i f i c  
surface, i n  square meters  per gram, by measurement o f  t he  heat re leased  when t h e  
sur face  i s  wetted by a l i q u i d .  Th i s  f a i r l y  p r e c i s e  measurement i s  an i n d i c a t i o n  o f  
t h e  number o f  mo lecu les  needed t o  coat  t h e  su r faces  of c racks  or  pores. S ince  
smal le r  pores  l i m i t  t h e  a c c e s s i b i l i t y  of mo lecu les  o f  i nc reas ing  s i z e  and 
complex i ty ,  t h e  r a t e  and ex ten t  o f  heat re leased by  t h e  w e t t i n g  process can be used 
as a measure of pore  s i z e  d i s t r i b u t i o n  and hence a su r face  area  de terminat ion .  

The d i f f e r e n t i a l  heat o f  immersion c a l o r i m e t e r  c o n s i s t s  o f  two Dewar f l a s k s ,  
each w i t h  i t s  own s t i r r e r ,  heater ,  and tempera ture  sensor. An equal amount o f  
l i q u i d  i s  pu t  i n t o  each Dewar f l a s k ,  bo th  imbedded i n  a massive aluminum heat s ink ,  
and the  coal  o r  carbon sample i s  added t o  one Dewar only.  Temperature i s  measured 
by a matched p a i r  o f  t h e r m i s t o r s  forming opposing arms o f  a Wheatstone br idge.  The 
heat  l i b e r a t e d  when t h e  s o l i d  sample i s  added t o  the  working Dewar produces a 
cu r ren t  imbalance which i s  recorded d i r e c t l y .  F i g u r e  1 shows a c ross -sec t i ona l  v iew 
of one c a l  o r ime te r .  
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Determinat ion  o f  Sur face  Areas by Gaseous Adsorp t i on  

H i s t o r i c a l l y ,  i t  has been known t h a t  a porous s o l i d  can t a k e  up r e l a t i v e l y  l a r g e  
volumes o f  a condensable gas. F resh ly  c a l c i n a t e d  charcoa l ,  coo led  under mercury,  
has the  p roper t y  o f  adsorb ing  severa l  t imes i t s  own volume o f  v a r i o u s  gases. Th is  
i s  because t h e  molecules i n  t h e  su r face  l a y e r  o f  a s o l i d  a re  bound on one s i d e  t o  
i n n e r  molecules o f  t h e  s o l i d  and hound t o  no th ing  on t h e  su r face  s ide ,  c r e a t i n g  an 
imbalance o f  atomic and m l e c u l a r  bonding fo rces  on t h e  s u r f a c e  s ide .  Therefore.  
surface molecules a t t r a c t  gas, vapor,  o r  l i q u i d  mo lecu les  i n  o r d e r  t o  s a t i s f y  these 
unbalanced, bonding forces. The a t t r a c t i o n  may be e i t h e r  p h y s i c a l  o r  chemica l ,  
depending on t h e  system i n v o l v e d  and the  tempera ture  employed. 

Physical  adso rp t i on  (Van d e r  Waal's adso rp t i on )  i s  t h e  r e s u l t  o f  a r e l a t i v e l y  
weak i n t e r a c t i o n  between a s o l i d  and a gas. Th is  t y p e  o f  adso rp t i on  has one p r imary  
c h a r a c t e r i s t i c .  E s s e n t i a l l y  a l l  o f  a gas adsorbed can be removed by evacuat ion  a t  
t h e  same tempera ture  a t  which i t  was adsorbed, b u t  t h e  q u a n t i t y  o f  p h y s i c a l l y  
adsorbed gas a t  a g i ven  pressure  inc reases  w i t h  decreas ing  tempera ture .  
Consequently, adso rp t i on  measurements f o r  t h e  purpose of de te rm in ing  su r face  area  o f  
pore s i z e  d i s t r i b u t i o n s  a r e  made a t  a l ow  temperature.  

The phys i ca l  adso rp t i on  o f  a gas on a smooth su r face  w i l l  con t i nue  as t he  gas 
pressure i s  inc reased a t  a cons tan t  tempera ture  u n t i l  a condensed l a y e r ,  5 o r  6 
molecules t h i c k ,  i s  formed. I f t h e  sur face  con ta ins  cracks,  c rev i ces ,  o r  pores,  t h e  
adsorbed l a y e r  w i l l  f i l l  these as i t s  t h i ckness  inc reases .  The sma l le r  pores w i l l  
be engu l fed  f i r s t  and, p rog ress i ve l y ,  t h e  l a r g e r  ones w i l l  f i l l .  F i l l i n g  occurs  
because a concave l i q u i d  su r face  has a lower vapor p ressure  than  a f l a t  sur face .  
When a po re  f i l l s ,  i t s  su r face  area  becomes a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  
measured su r face  area. Conversely,  t he  pore s u r f a c e  c o n t r i b u t i o n  again comes i n t o  
p l a y  as adsorbed gas l aye rs  a re  removed (desorbed) and pore  w a l l s  a r e  re-exposed. 

Cont inu ing  the  adsorp t ion  by inc rementa l  s teps  as descr ibed e a r l i e r  t o ,  o r  
n e a r l y  to ,  t he  s a t u r a t i o n  p o i n t  y i e l d s  a conp le te  adso rp t i on  isotherm. Revers ing  
the  procedure by s u b j e c t i n g  t h e  sample t o  s tepwise  reduc t i ons  i n  pressure  r h i l e  
con t inu ing  t o  reco rd  volumes and e q u i l i b r i u m  pressures  pe rm i t s  o b t a i n i n g  t h e  
deso rp t i on  isotherm. Adsorp t ion  and deso rp t i on  iso therms c o i n c i d e  p r e c i s e l y  o n l y  
when t h e  s o l i d  i s  c a n p l e t e l y  nonporous and t h e r e  a re  no con tac t  p o i n t s  among 
p a r t i c l e s  c r e a t i n g  t h e  e f f e c t  o f  pores. 

Thermal Treatments o f  Coal 

Raw l i g n i t e  f r a n  t h e  I n d i a n  Head Mine i n  N o r t h  Dakota was t h e r m a l l y  dewatered 
us ing  ho t  n i t r o g e n  a t  atmospher ic pressure and ho t  water under p ressure  t o  
i n v e s t i g a t e  the  amenab i l i t y  of f ue l  s l u r r y  p r e p a r a t i o n  o f  t h e  d r i e d  produc t  (2, 
3). Products d r i e d  a t  330°C and 34OOC were used i n  t h e  present  study. Resu l ts  o f  
t h e  prox imate  and u l t i m a t e  analyses of t h e  raw coa l  and the  t h e r m a l l y  dewatered 
samples a re  given i n  Table 1. 

The ho t -gas-dr ied  sample was prepared by t r e a t i n g  t h e  I n d i a n  Head l i g n i t e ,  s i z e d  
t o  7m x l h m .  a t  33OOC under a n i t r o g e n  atmosphere, and was conducted u s i n g  a 
l abo ra to ry -sca le  f ixed-bed coa l  d r y e r  a t  a tmospher ic  pressure.  T h i s  d r y i n g  
apparatus cons is ted  o f  a 3.8 cm IO by 152 on l ong  v e r t i c a l  d r y i n g  chamber t h a t  was 
jacke ted  f o r  r a p i d  heat-up and cooldown us ing  steam and c o l d  water ,  r e s p e c t i v e l y .  
Exper imental  d e t a i l s  have been pub l i shed  elsewhere (2).  

The o b j e c t i v e  of  t h e  ho t -wa te r  d r y i n g  process, (HWO) a s  w i th  t h e  hot-gas d r y i n g  
process, i s  t o  i nc rease  the  energy dens i t y  of low-rank coa l /wa te r  s l u r r i e s  by 
changing t h e  chemical and phys i ca l  su r face  c h a r a c t e r i s t i c s  o f  t h e  coa l ,  a l l o w i n g  
s i g n i f i c a n t l y  h ighe r  s o l i d s  con ten t  i n  a water s l u r r y .  Sur face  a rea  measurements o f  
t h e  paw and t r e a t e d  coa ls  a re  impor tan t ,  s ince  a decreased coa l  s u r f a c e  means l e s s  
water i s  r e q u i r e d  t o  wet t h e  coa l  d u r i n g  s l u r r y  p repara t i on .  
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TARLE 1 

PERTINENT TEST DATA AND ANALYSIS OF RAW AND 
THERMALLY DEWATERED INDIAN HEAD LIGNITE 

Treatment 

Drying Temperature "C, 
Drying Pressure, p s i a  

Drying Apparatus 

E q u i l i b r i u m  M o i s t u r e  Content, W t  % 

Proximate Ana lys is ,  w t  'x 

Ash 
V o l a t i l e  mat te r  
F ixed Carhon (hy  d i f f . )  

m o i s t u r e  ash f r e e  (maf) 

Carbon 
Hydrogen 
N i t rogen 
S u l f u r  
Oxygen ( b y  d i f f )  

moisture f r e e  (mf)  bas is  

U l t i m a t e  Ana lys is ,  w t  % 

Heating Valiie, maf b a s i s  

MJIkg 
B t u l l  b 

Raw 

--- 
--- 

35.0 

14.5 
47.5 
38.0 

72.1 
4.9 
1.5 
1.5 

2o.n 

28.7 
12,350 

Hot 
Ni t rogen 

3% 
4 

1.0 l i t e s  
F ixed 

Sed 

27.3 

13.0 
39.7 
47.3 

74.1 
4.9 
1.4 
1.4 

18.2 

29.1 
12,500 

Hot 
Water - 

341) 
2400 

2.2 mtfday 
P i l o t  
P lant  

16.2 

22.02 
34.6 
43.4 

75.2 
4.5 
1.4 
1.6 

17.11 

29.6 
12,700 

Feed coal  f o r  t h e  p i l o t - p l a n t  t e s t  was a h i g h  ash I n d i a n  Head l i g n i t e .  
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Process development u n i t  (PDU) runs,  us ing  t h e  HWD p r i n c i p l e ,  were t y p i c a l l y  120 
hours i n  d u r a t i o n  i n c l u d i n g  s t a r t - u p  and shutdown; t h r e e  tons o f  c o a l  were u s u a l l y  
processed. A schematic o f  t h e  POU i s  shown i n  F i g u r e  2. The feed t o  t h e  PDU was a 
s l u r r y  c o n t a i n i n g  a 50/5D m ix tu re ,  by we igh t ,  o f  de ion i zed  water and p u l v e r i z e d  c o a l  
(80% l e s s  than  75 mic rons) .  The produc ts ,  a f t e r  t rea tment  f o r  5 m inu tes  a t  
temperatures between 270" t o  340'C and cor respond ing  pressures between 800 and 2400 
Ps ig ,  were concent ra ted  and formulated i n t o  f u e l  s l u r r i e s  c o n t a i n i n g  between 55 and 
65  w t %  coal  s o l i d s  on a d r y  basis.  The sample used i n  t h i s  s tudy  was t r e a t e d  a t  
33OOC. A more d e t a i l e d  d e s c r i p t i o n  of t h e  POU o p e r a t i o n  has been pub l i shed  
elsewhere (4).  

S u p e r c r i t i c a l  So lven t  E x t r a c t i o n s  

S u p e r c r i t i c a l  so l ven t  e x t r a c t i o n s  were performed us ing  a semicont inuous  
e x t r a c t i o n  system i n  which t h e  HPLC grade so lvent ,  i .e.  methanol, benzene, 
cyclohexane, etc., was passed through a f i x e d  bed o f  coa l  w h i l e  under s u p e r c r i t i c a l  
cond i t i ons .  The coa ls  ex t rac ted  i n  these exper iments were I n d i a n  Head l i g n i t e  and 
Wyodak subbi tuminous coa l  (Campbell Co., WY) which had been s i zed  between -60 and 
+325 mesh. Proximate and u l t i m a t e  analyses f o r  these coa ls  a re  g iven i n  Tab le  2. 
The f lowsheet  f o r  t h i s  t e s t  system i s  shown i n  F i g u r e  3. The f i x e d  bed o f  coa l  was 
conta ined i n  a 25.4 un by  1.75 cm I D  s e c t i o n  o f  h igh-pressure  t u b i n g  which h e l d  
approx imate ly  50 gm o f  coa l  between two one-micron s i n t e r e d  metal  f r i t s .  
S u p e r c r i t i c a l  c o n d i t i o n s  were achieved i n  approx imate ly  seven minutes by immersing 
t h e  so l ven t  p reheat ing  c o i l s  and t h e  f i x e d  bed of coa l  i n  a preheated f l u i d i z e d  sand 
ba th  i n  a such manner t h a t  no so lvent  f l o w  th rough t h e  bed o f  coa l  occu r red  d u r i n g  
s ta r t -up .  A Ruska p o s i t i v e  displacement pump and h igh-pressure  p i s t o n  accumula tor  
were used t o  p rov ide  a pu l se less  f l ow  o f  so l ven t  th rough the  system once 
S u p e r c r i t i c a l  c o n d i t i o n s  were obtained. An e x t r a c t i o n  t ime  o f  two hours  and a 
so lvent  f l ow  r a t e  o f  120 c c / h r  were t y p i c a l l y  used i n  these exper iments.  The 
pressure  o f  t h e  s u p e r c r i t i c a l  so l ven t  and t h e  e x t r a c t e d  m a t e r i a l  was reduced t o  
atmospher ic pressure a f t e r  passing th rough  a back pressure r e g u l a t o r  where t h e  
e x t r a c t  and so l ven t  were c o l l e c t e d  i n  a c h i l l e d  sample vessel .  The volume o f  
noncondensible product gas was measured and c o l l e c t e d  f o r  a n a l y s i s  by gas 

TABLE 2 

PROXIMATE AND ULTINATE ANALYSES OF COALS USED I N  
SUPERCRITICAL SOLVENT EXTRACTION EXPERIMENTS 

Sample Name and L o c a t i o n  
I n d i a n  Head Wyodak 
Mercer Co., Campbel 1 Co., 

ND WY 

Proximate Ana lys is ,  MF, ( w t % )  

V o l a t i l e  Ma t te r  
F i x e d  Carbon 
Ash 

U l t i m a t e  Ana lys is ,  MF, (wt%) 

Hydrogen 
Carbon 
N i t rogen  
s u l f u r  
Oxygen ( I n d )  
Ash 

43.8 
48.0 

8.2 

4.74 
66.20 

0.96 
0.72 

19.19 
8.2 

43.5 
50.0 

6.5 

4.26 
64.62 

1.01 
0.58 

23.04 
6.5 

/ 
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chromatography. A f t e r  each exper iment,  t h e  e x t r a c t e d  res idue  and t h e  so l ven t  
e x t r a c t  m i x t u r e  were r o t a r y  vacuum d i s t i l l e d  a t  0.6 p s i a  and 8OoC and weighed. Th is  
p rocedure  a l l owed  s o l v e n t  and mo is tu re - f ree  p roduc ts  t o  be ob ta ined f o r  m a t e r i a l  
balance purposes. 

Table 3 summarizes t h e  opera t i ng  cond i t i ons  and r e s u l t s  from supercr i  t i c a l  
so l ven t  e x t r a c t i o n  exper iments performed on I n d i a n  Head l i g n i t e  and Wyodak 
subbi tuminous coa l  u s i n g  t h r e e  so l ven ts :  methanol ,  benzene, and cyclohexane. The 
r e s u l t s  i n d i c a t e  t h a t  t h e  we igh t  l oss  of t h e  o r i g i n a l  coa l  (and t h e  cor respond ing  
e x t r a c t  y i e l d )  i nc reased  w i t h  inc reas ing  pressure .  T h i s  would be expecked due t o  
t h e  r a p i d l y  i n c r e a s i n g  s o l v e n t  d e n s i t y  exper ienced by so l ven ts  i n  t h e  s u p e r c r i t i c a l  
region. However, t h e  i n c r e a s i n g  we igh t  l o s s  o f  t h e  coa l  observed w i t h  i nc reas ing  
tempera ture  r e s u l t e d  i n  s p i t e  o f  a decreas ing  s o l v e n t  dens i t y .  Th i s  i n d i c a t e s  t h a t  
tempera ture  has a l a r g e r  e f f e c t  on convers ions  than  on s o l v e n t  dens i t i es ,  
p a r t i c u l a r l y  a t  tempera tures  between 300" t o  350°C. Thus, i n  t h i s  temperature 
range, thermal  decanpos i t i on  o f  t he  coa l  becomes s i g n i f i c a n t ,  r e s u l t i n g  i n  the  
l i b e r a t i o n  o f  s m a l l e r  and more s o l u b l e  f r a c t i o n s  f rom t h e  coa l .  

RESULTS AND DISCUSSION 

Thermal ly  T r e a t e d  Samples 

Table 4 shows t h e  r e s u l t s  o f  t h e  sur face  area  de terminat ions  by heat  o f  
immersion c a l o r i m e t r y  f o r  raw I n d i a n  Head l i g n i t e  and t h e  two t h e r m a l l y  t r e a t e d  
samples. 

TABLE 4 

Surfa e Area 5 Heat o f  Immersion 
Sample ( c a l  /gm 1 (m /gm) 

As-mined Coal 
340°C Ho t -wa te r -d r i ed  Coala 
33OOC Ho t -n i  t r o g e n - d r i e d  Coal 
340°C Ho t -wa te r -d r i ed  ( f r e e z e  d r i e d )  

14.3 
9.2 

24.5 
16.0 

153 
98 

26 3 
17 1 

a The HWD coa l  was separa ted  from s l u r r y  by f i l t r a t i o n ;  t h e  f i l t e r  cake was then  
a i r  d r i e d  t o  remove su r face  mois tu re .  

The su r face  a rea  f o r  t h e  raw l i g n i t e  sample was determined t o  be 153 sq. 
meters/gram. A s i m i l a r  de te rm ina t ion  on t h e  340°C HWD I n d i a n  Head coa l  showed a 
sur face  area  o f  98  sq. meters/gram. The h o t - n i t r o g e n - d r i e d  (HND) sample 
( e v a p o r a t i v e l y  d r i e d )  showed a sur face  area  va lue  o f  263 sq. meters/gram. 

Evapora t i ve l y  d r y i n g  t h e  coa l  w i t h  n i t r o g e n  a t  33OoC, b u t  a t  atmospher ic 
pressure,  i nc reased  t h e  apparent su r face  area o f  t h e  coa l .  Th i s  inc rease was 
probab ly  due t o  t h e  v o l a t i l i z a t i o n  and removal o f  coa l  t a r s  and waxes which 
o therw ise  may have been f i l l i n g  o r  s e a l i n g  some o f  t h e  coa l  micropores.  Th is  
exp lana t ion  i s  i n  accordance w i t h  observa t ions  made d u r i n g  t h e  d r y i n g  experiments. 
Accumulat ions o f  waxes and t a r s  were apparent i n  t h e  o u t l e t  p i p i n g  o f  t h e  f ixed-bed 
coa l  d rye r ,  and i n  t h e  condensate recovered when t h e  h o t - n i t r o g e n  was quenched (5 ) .  
Therefore,  d r y i n g  low- rank  coa l  w i t h  33OOC n i t r o g e n  inc reased  t h e  coa l  su r face  areas 
because t a r s  were e x t r a c t e d  w i t h  the  hot-gas stream. Vacuum f reeze  d r y i n g  and a i r  
d r y i n g  were bo th  used f o r  sample p repara t i on  on t h e  HWD coa l .  
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TABLE 3 

OPERATING CONDITIONS AND RESULTS FRaM SUPERCRITICAL EXTRACTION EXPERIMENTS 
ON INDIAN HEAD AN0 WYODAK COALS USING SELECTED SOLVENTS 

Temp. 
- Coal ("c) 

Sol vent: Methanol 

I n d i a n  Head 250 
I nd ian  Head 250 
I n d i a n  Head 250 
Ind ian  Head 300 
I n d i a n  Head 350 

Sol vent:  Cyclohexane 

I n d i a n  Head 291 
Ind ian  Head 291 
Ind ian  Head 291 
Ind ian  Head 307 

So lvent :  Renzene 

Wyoda k 300 
Wyodak 300 
Wyodak 350 
Wyodak 350 

Tra  - 

1.021 
1.021 
1.021 
1.118 
1.216 

1.070 
1.020 
1.OM 
1.048 

1.020 

1.m 
1.020 

1.109 

Calc.  
So lven t  Pct.  

Pressure Dens i tg  Conv Pc t  Y i e l d ,  mf 
( p s i a )  &' (g/m l )  (maf jd  E x t r a c t  Gas 

1760 1.50 0.368 4.17 3.05 1.36 
2350 2.00 0.412 5.49 3.80 1.66 
2935 2.50 0.434 6.13 4.43 2.23 
2350 2.00 0.224 9.55 4.74 6.91 
2350 2.00 0.144 23.30 12.43 22.04 

885 1.511 0.471 6.7 2.14 4.7 
1180 2.00 0.465 9.1 2.50 4.6 
1480 2.50 0.489 9.1 2.68 4.9 
1180 2.00 0.425 10.8 2.64 4.6 

745 1.05 0.185 10.8 4.62 2.0 
1420 2.00 0.511 11.1 7.57 1.8 

1420 2.00 0.345 17.2 10.8 4.4 
745 1.05 0.112 15.9 6.31 4.0 

___~ ~ 

'Tr = ope ra t i ng  ;~~fizir-t~p;;iz;; ;-of-solvenf-~~;! temperature of so l ven t  ; 

bp = oe~r94lns_er_ess"rE_Of_lo!rn?4 I P Z l a )  
c r i t i c a l  p ressure  o f  so l ven t  TpsiaJ- 

'Calculated us ing  Lee-Kesler g e n e r a l i z a t i o n  o f  t h e  Benedict-Webb-Rubi n Equat ion  o f  

r 

s ta te .  
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The process o f  vacuum f reeze  d r y i n g  was found t o  inc rease t h e  su r face  area o f  
t h e  HWD c o a l ;  and i n  f a c t ,  t h e  su r face  area  de termined was found t o  be i n  excess o f  
t h a t  determined f o r  t h e  raw coal  (171 s q  meters/gram versus 153 s q  meters/gram). 
Th is  l a s t  r e s u l t  i n d i c a t e s  t h a t  t h e  t a r s  and waxes evolved du r ing  ho t -water  c o a l  
d r y i n g  m i g r a t e  o u t  o f  t he  pores t o  t h e  coa l  su r face  where they  p lug  o r  cap mic ropore  
entrances when c o o l e d  and r e s o l i d i f i e d .  Freeze d r y i n g  t h e  HWD coa l  i n  a vacuum, as  
compared t o  a i r  dy r ing ,  removes a t  l e a s t  some o f  these t a r s  and exposes the  pore 
entrances. This i s  be l i eved  t o  occur  because the  gases and water t rapped i n  t h e  
pores expand and push t a r  away from the  pore en t rance when t h e  sample i s  pu t  i n  a 
vacuum. The volume o f  t h e  newly exposed pores i nc ludes  the  added volume vacated 
when the  t a r s  m i g r a t e d  t o  t h e  sur face  o f  t he  coa l .  Add i t i ona l  pore volume i s  a l so  
c rea ted  when ca rboxy l  groups i n  the  coa l  m a t r i x  decompose and l i b e r a t e  carbon 
d iox ide .  

Measurements of  t h e  coa l  su r face  area b e f o r e  and a f t e r  ho t -water  d r y i n g  a t  340°C 
have shown t h a t  t h e  s u r f a c e  area  i s  decreased by  50% due t o  the  hydrothermal 
t rea tment  and t h e  subsequent capping of pores. The d i scove ry  t h a t  pore capping by 
t h e  exuded coa l  t a r s  was o c c u r r i n g  he lped t o  e x p l a i n  t h e  mechanism of inc reased 
energy d e n s i t y  a f t e r  ho t -wa te r  d r y i n g  of low-rank coa l .  U n t i l  t h i s  d iscovery ,  pore 
co l l apse  was b e l i e v e d  t o  produce the  decreased su r face  area i n  the  t r e a t e d  coa l  
p a r t i c l e s .  

S u p e r c r i t i c a l l y  So lven t  Ex t rac ted  Samples 

S u p e r c r i t i c a l l y  s o l v e n t  e x t r a c t i n g  I n d i a n  Head l i g n i t e  w i t h  methanol produced 
two major r e s u l t s .  F i r s t ,  i n c r e a s i n g  t h e  e x t r a c t i o n  pressure wh i l e  keeping t h e  
tempera ture  cons tan t ,  inc reases  t h e  su r face  area  o f  t he  s u p e r c r i t i c a l  l y  ex t rac ted  
l i g n i t e  res idues .  Secondly, an i nc rease  i n  t h e  e x t r a c t i o n  temperature,  wh i l e  
keeping t h e  p ressu re  cons tan t ,  decreases t h e  su r face  area. The da ta  l i s t e d  i n  Table 
5 shows t h e  e f f e c t  o f  changing t h e  methanol e x t r a c t i o n  pressure wh i l e  keeping t h e  
tempera ture  cons tan t .  The e f f e c t  o f  changes i n  t h e  methanol e x t r a c t i o n  temperature 
a t  a cons tan t  p ressure  a re  shown by the  da ta  l i s t e d  i n  Table 6. 

TABLE 5 

EXTRACTION OF INDIAN HEAD LIGNITE WITH METHANOL 

E x t r a c t i o n  Parameters Sur face  Area By 
Temperature,  C” P ressure ,  p s i g  Heat o f  Immersion, m2/gm 

. 

250 
250 
250 

1761 
2348 
2935 

105.6 
120.7 
138.4 

TABLE 6 

EXTRACTION OF I N D I A N  HEAD LIGNITE WITH METHANOL 

E x t r a c t i o n  Parameters Sur face  Area by 
Pressure,  p s i 1  Temperature, O C  Heat o f  Immersion, rn2/gm 

250 2348 
300 2348 
3 50 2348 

120.7 
110;5 

97.5 
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As presented  i n  Table 7, t h e  use o f  cyclohexane t o  e x t r a c t  I n d i a n  Head l i g n i t e  
a t  cons tan t  tempera ture  and i n c r e a s i n g  e x t r a c t i o n  pressure inc reased t h e  measured 
sur face  area. The da ta  i n  Tab le  8 show t h a t  changes i n  the  su r face  area  of a 
subbi tuminous c o a l ,  a f t e r  e x t r a c t i o n  wi th benzene, were s i m i l a r  t o  those  e x h i b i t e d  
by  l i g n i t e .  As e x t r a c t  p ressure  i s  inc reased a t  a cons tan t  temperature,  t h e  su r face  
area  inc reased and as e x t r a c t  tempera ture  was increased a t  cons tan t  p ressures  t h e  
measured su r face  area  decreased. 

TABLE 7 

EXTRACTION OF I N D I A N  HEAD LIGNITE WITH CYCLOHEXANE 

2 
E x t r a c t  i on  Parameters Sur face  Area By 

Temperature OC Pressure, p s i g  Heat o f  Immersion, m /gm 

291 887 

291 1182 

291 1478 

307 1182 

86.1 

97.7 

118.9 

97.2 

TABLE a 

EXTRACTION OF WYOOAK SUBBITUMINOUS COAL WITH BENZENE 

E x t r a c t  i o n  Parameters Sur face  Area by  
Pressure ,  p s i g  T emperature, 'C Heat o f  Immersion, m2/gm 

300 746 

300 1420 

350 746 

350 1420 

109.9 

129.4 

95.7 

111.8 

F i n a l l y ,  a canpar ison  o f  t he  heat  o f  immersion c a l o r i m e t r y  r e s u l t s  was made w i t h  
t h e  gas adsorp t ion  r e s u l t s .  The sur face  areas  (BET) f o r  I n d i a n  Head l i g n i t e  
e x t r a c t e d  i n  methanol a re  l i s t e d  i n  Tab le  9. The BET su r face  areas ob ta ined  by 
n i t r o g e n  gas adsorp t ion  c o r r e l a t e  w i t h  the  heat of immersion c a l o r i m e t r y - d e r i v e d  
sur face  areas, b u t  a re  two orders  o f  magnitude lower  i n  value. The h i g h e r  measured 
coa l  sur face  areas determined by heat o f  w e t t i n g  o f  methanol compared t o  va lues  
ob ta ined by the  BET method i s  a common phenomenon (8). 
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TABLE 9 

COMPARISON BETWEEN NITROGEN GAS ADSORPTION: BRUNAER, EMETT 
AND TELLER (BET) AND HEAT OF IMMERSION D E R I V E D  SURFACE AREAS 

EXTRACTION OF INDIAN HEAD LIGNITE WITH METHANOL 

E x t r a c t  i o n  Parameters Sur face  Area 
Temperature,  "C P ressu re ,  p s i p  (BET), m2/gm Heat of Immersion, m2/gm 

250 

250 

250 

300 

350 

1761 

2348 

2935 

2348 

2348 

1.36 105.6 

1.56 120.7 

2.07 138.4 

1.47 110.5 

1.12 97.5 

SUMMARY AND CONCLUSIONS 

Sur face  area de te rm ina t ions  o f  s u p e r c r i t i c a l  res idues  i n d i c a t e  t h a t  i n c r e a s i n g  
e x t r a c t i o n  pressure  i nc reases  t h e  su r face  area o f  t h e  e x t r a c t e d  residues. For a 
s o l v e n t  under s u p e r c r i t i c a l  cond i t i ons ,  so l ven t  d e n s i t y  inc reases  r a p i d l y  w i t h  
i n c r e a s i n g  pressure,  t h u s  t h e  s o l u b i l i t y  o f  l a r g e r  mo lecu la r  species can be g r e a t l y  
enhanced w i t h  i n c r e a s i n g  pressure.  The inc rease  i n  su r face  area which occurs  w i t h  
p ressure  i s  p robab ly  due t o  the  a b i l i t y  of t he  s u p e r c r i t i c a l  so lvents  t o  e x t r a c t  
s i g n i f i c a n t l y  l a r g e r  mo lecu les  f rom the  coa l ,  open ing  more o f  t he  mic ropores  t o  
access by t h e  penet ran t .  Conversely,  a decrease i n  the  res idue  su r face  area  was 
observed w i t h  i n c r e a s i n g  e x t r a c t i o n  temperatures.  I nc reas ing  methanol e x t r a c t i o n  
tempera tures  has been shown t o  a l t e r  t h e  su r face  f u n c t i o n a l  groups l e f t  i n  t h e  
res idue  (6,7). Thus, some o f  t h i s  decreas ing  su r face  a rea  cou ld  be due t o  t h e  
decrease i n  f u n c t i o n a l  groups w i th  which t h e  penet ran t  can hydrogen bond. However, 
t h e  n i t r o g e n  a d s o r p t i o n  su r face  area  de te rm ina t ions  (wh ich  a re  una f fec ted  by 
sur face-penet ran t  i n t e r a c t i o n s )  a l s o  decreased w i t h  i n c r e a s i n g  tempera ture ,  
i n d i c a t i n g  t h a t  t hese  i n t e r a c t i o n s  a re  a smal l  p a r t  of t he  measured heat  o f  
immersion. The decreased sur face  area  i s  p robab ly  due t o  t h e  e x t r a c t i o n  
temperatures approaching t h e  tempera ture  where t h e  coa l  t a r s  become p l a s t i c  and 
p a r t i  a1 l y  o b s t r u c t  some of t h e  micropores o f  t h e  coa l .  
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F i g u r e  1. Heat  o f  Immersion Ca lo r ime te r .  
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F i g u r e  2. Hyrothermal P r e p a r a t i o n  of Low-Rank Coal/Water Fue l .  
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F igu re  3. S u p e r c r i t i c a l  Sol ven t  E x t r a c t i o n  Apparatus. 
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