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ABSTRACT 

To assess f a c t o r s  t h a t  a f f e c t  t h e  sur face behavior  o f  coals,  f l o w  
m ic roca lo r ime t ry  s tud ies  were c a r r i e d  ou t  t o  measure t h e  heat evolved when 
methanol i s  d isp laced by water. Th is  heat appears t o  be a f u n c t i o n  o f  coa l  
rank and coa l  ox ida t i on .  I n  general, ox id i zed  coa ls  evolve l e s s  heat, which 
i s  ascr ibed t o  t h e  increase o f  p o l a r  s i t e s  and t h e  p r e f e r e n t i a l  adsorpt ion o f  
methanol over water on t h e  coa l .  However, coa ls  having a h i g h  mois ture con- 
t e n t  behave o p p o s i t e l y  i n  t h a t  d u r i n g  t h e  i n i t i a l  stages o f  o x i d a t i o n  t h e  c o a l  
becomes more hydrophobic. These f a c t o r s  a re  de l i nea ted  through f low c a l o r i  - 
metry, f unc t i ona l  group ana lys is ,  and w e t t a b i l i t y  s tud ies .  

INTRODUCTION 

I n t e r f a c i a l  p r o p e r t i e s  of coa l  a re  impor tant  i n  a number o f  coa l  
process ing and u t i l i z a t i o n  technologies.  Al though severa l  exper imental  
methods such as e l e c t r o k i n e t i c  p o t e n t i a l s ,  adsorpt ion,  con tac t  angle, etc., 
a r e  a v a i l a b l e  t o  assess i n t e r f a c i a l  behavior,  each method measures a somewhat 
d i f f e r e n t  aspect o f  i n t e r f a c i a l  behavior.  I n  t h i s  i n v e s t i g a t i o n ,  f l o w  
m ic roca lo r ime t ry  s tud ies  were c a r r i e d  ou t  t o  study t h e  na tu re  o f  s u r f a c e  
groups on t h e  su r face  o f  coal .  The f l o w  c a l o r i m e t r y  r e s u l t s  have been 
compared wi th  func t i ona l  group ana lys i s  and w e t t a b i l i t y  measurements. 

Coal sur faces a re  pos tu la ted  t o  c o n s i s t  of severa l  oxygen c o n t a i n i n g  
f u n c t i o n a l  groups, which i n c l u d e  -COOH, =CO, -0CH3 and -OH (bo th  a l c o h o l i c  and 
pheno l i c )  (1). Since these f u n c t i o n a l  groups a re  expected t o  i n t e r a c t  w i t h  
water molecules, f l o w  m ic roca lo r ime t ry  has been used t o  measure t h e  heat  
evolved when methanol, used as a c a r r i e r  f l u i d ,  i s  d i sp laced  by water.  
Func t iona l  groups i n  coal  samples were a l s o  determined by chemical  a n a l y s i s  
methods ( 2 )  and i n f r a r e d  spectroscopy (3). 

Charac te r i za t i on  o f  coa l  w e t t a b i l i t y  by c l a s s i c a l  con tac t  ang le  
measurements requ i res  c a r e f u l  sample s e l e c t i o n  t o  avo id  cracks and o the r  
phys i ca l  imper fec t i ons  and a p roper  p o l i s h i n g  procedure t o  avo id  
contaminat ion.  Furthermore, t h e  l a r g e  he te rogene i t y  o f  coa l  may r e s u l t  i n  
s i g n i f i c a n t  v a r i a t i o n  o f  measured con tac t  angles f rom sample t o  sample. 
Therefore,  i n  o rder  t o  assess t h e  w e t t a b i l i t y  of f i n e  coa l  p a r t i c l e s  and how 
i t  i s  i n f l u e n c e d  by coal  rank and t h e  degree o f  su r face  ox ida t i on ,  t h e  
immersion t ime measurement technique has been employed (4 ,5) .  

Coal Samples: 

The chemical ana lys i s  and su r face  areas o f  t h e  f o u r  coal  samples used i n  
t h i s  i n v e s t i g a t i o n  a re  g iven i n  Table 1. Four w ide ly  d i f f e r e n t  samples were 
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Table 1 - C h a r a c t e r i s t i c s  o f  Coal Samples 

PROPERTY 

Proximate Ana lys i s  

Mois ture 
Ash 
Vol a t i  1 e 
F ixed Carbon 
C a l o r i f i c  Value ( B t u / l b )  

U l t ima te  Ana lys i s  
( X ,  as-received)  

Mo is tu re  
Carbon 
Hydrogen 
Ni t rogen 
Ch lo r ine  
S u l f u r  
Ash 
Oxygen (by d i f f . )  

Sur f  ace Area ,m2/g 
(as-received)  

Ni t rogen (B.E.T. a n a l y s i s )  

Carbon d i o x i d e  
(0-P a n a l y s i s )  

COAL 

BMC-A - 
3.56 
5.06 
2.84 

13,270 
88.54 

3.56 
87.16 

1.45 
0.82 
0.80 
0.51 
5.06 
1.36 

274.42 

BMC-B 

2.31 
5.99 

17.98 
73.72 

14,290 

2.31 
82.07 

4.19 
1.52 
0.07 
0.73 
5.99 
3.12 

GMC-6 OJM-SB - -  
2.67 
8.22 

38.96 
50.15 

13,030 

2.67 
73.16 

4.98 
1.50 

" 0.02 
0.86 
8.22 
8.59 

7.50 3.60 

130.00 132.00 

27.65 
6.26 

34.02 
32.07 
8,230 

27.65 
48.1 7 

3.56 
0.60 
0.00 
0.54 
6.26 

13.22 

2.90 

219.00 

BMC-A: Pennsylvania A n t h r a c i t e  
BMC-B: Pennsylvania Bi tuminous 

GMC-B: Geneva Mine Coal, Utah, Bi tuminous 
DJC-SB: Dave Johnston Coal, Wyoming, Subbituminous 

se lec ted  t o  determine t h e  e f f e c t  o f  coal  rank and genesis on t h e  i n t e r f a c i a l  
c h a r a c t e r i s t i c s .  Dave Johnston coal  i s  p a r t i c u l a r l y  h i g h  i n  mois ture - a 
f a c t o r  t h a t  markedly a f f e c t s  t h e  i n t e r f a c i a l  behavior  as shown l a t e r  i n  t h i s  
paper. As can be seen f rom t h e  r e s u l t s  i n  Table 1, t h e r e  i s  a considerable 
d i f f e r e n c e  between t h e  su r face  areas obta ined by n i t r o g e n  adsorpt ion and those 
obta ined by carbon d i o x i d e  adsorpt ion.  Since micropores are e s s e n t i a l l y  
i n a c c e s s i b l e  t o  n i t r o g e n  molecules a t  l i q u i d  n i t r o g e n  temperatures, t h e  
sur face areas obta ined by n i t r o g e n  may be taken as a measure o f  t h e  ex te rna l  
surface. On t h e  o t h e r  hand, carbon d i o x i d e  molecules can adsorb i n  t h e  
micropores w i t h  no a c t i v a t i o n  energy needed a t  room temperature (6). The 
carbon d i o x i d e  su r face  areas, t he re fo re ,  represent  t h e  t o t a l  su r face  area. 

Y 
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I 
RESULTS AND D I S C U S S I O N  

Immersion Time Measurements: 

I n  a p rev ious  study (5),  t h e  technique o f  immersion t i m e  measurements was 
employed t o  cha rac te r i ze  coa ls  o f  d i f f e r e n t  rank and o r i g i n .  I n  t h i s  
technique, a smal l  mass o f  150 x 200 mesh coal i s  p laced on t h e  sur face o f  
aqueous methanol s o l u t i o n s  i n  a t e s t  tube and t h e  t i m e  f o r  t h e  p a r t i c l e s  t o  
s ink  i n t o  t h e  l i q u i d  i s  measured. The t ime, r e f e r r e d  t o  as t h e  immersion 
t ime, i s  a measure o f  t h e  r e l a t i v e  w e t t a b i l i t y .  The immersion t imes f o r  t h e  
Pennsylvania bi tuminous coal  a re  g iven as a f u n c t i o n  o f  methanol concen t ra t i on  
i n  F igure  1. The na tu re  o f  t h e  immersion t i m e  - vs - methanol concen t ra t i on  
p l o t s  i s  t y p i c a l  o f  t h e  var ious  coa ls  i nves t i ga ted .  The sur face tens ion  o f  
t he  methanol so lu t i ons  i s  a l s o  g iven i n  F igure  1. The- concen t ra t i on  o f  
methanol where w e t t i n g  behavior  changes ab rup t l y  f rom w e t t i n g  ( s h o r t  immersion 
t ime)  t o  non-wett ing ( l ong  immersion t ime)  i s  de f i ned  as t h e  c r i t i c a l  w e t t i n g  
concentrat ion,  CWC, and t h e  su r face  tens ion  corresponding t o  t h e  CWC i s  
def ined as t h e  c r i t i c a l  sur face tens ion  o f  t h e  coa l .  

The e f f e c t  of  su r face  o x i d a t i o n  on t h e  c r i t i c a l  su r face  tens ion  o f  
w e t t i n g  o f  t h e  var ious  coa ls  was determined by t h e  above procedure and t h e  
r e s u l t s  a re  p l o t t e d  i n  F igu re  2. For t h e  "as-received" samples, a minimum i s  
observed i n  the  c r i t i c a l  su r face  t e n s i o n  vs. t h e  carbon content  a t  about 80% 
carbon. These r e s u l t s  a re  i n  general  agreement w i t h  t h e  con tac t  ang le  
measurements o f  Gut ierrez-Rodriguez e t  a l .  (7) .  Brown (8) had a l s o  observed a 
s i m i l a r  v a r i a t i o n  of con tac t  ang le  w i t h  carbon conten t ,  bu t  t h e  maximum i n  
con tac t  ang le  occurred a t  somewhat h ighe r  values o f  t h e  carbon con ten t .  The 
e f f e c t  o f  coa l  rank on immersion t ime  can, therefore,  be exp la ined  i n  terms o f  
t h e  v a r i a t i o n  of t h e  hydrophobic s i t e s  ( p a r a f f i n i c  and g r a p h i t i c )  and t h e  
h y d r o p h i l i c  s i t e s  (oxygen c o n t a i n i n g  f u n c t i o n a l  groups), as has been done t o  
e x p l a i n  con tac t  angle r e s u l t s  (9).  Except f o r  t h e  Dave Johnston coal ,  
o x i d a t i o n  increases t h e  c r i t i c a l  su r face  tens ion  o f  we t t i ng ,  which i s  expected 
because o x i d a t i o n  i s  l i k e l y  t o  i nc rease  t h e  number o f  h y d r o p h i l i c  oxygen 
c o n t a i n i n g  func t i ona l  groups, thereby, i nc reas ing  w e t t a b i l i t y  o f  coa ls .  The 
increase i n  oxygen f u n c t i o n a l  groups i s c o n f i r m e d  by t h e  r e s u l t s  g i ven  i n  Table 
2. The concen t ra t i on  o f  oxygen f u n c t i o n a l  groups was determined by chemical 
t i t r a t i o n  methods (2)  and i n f r a r e d  spectroscopy (which g ives  on ly  a r e l a t i v e  
measure. The c r i t i c a l  su r face  tens ion  o f  w e t t i n g  o f  t h e  "as-received" Sam l e  
o f  Dave Johnston coa l  i s  g rea te r  than t h e  same coa l  ox id i zed  a t  150 C. 
Al though t h e  r e s u l t s  appear t o  be p u z z l i n g  a t  f i r s t ,  they  may be exp la ined  i n  
terms o f  t h e  h ighe r  mo is tu re  con ten t  o f  t h i s  coa l .  When t h e  coa l  i s  heated t o  
15OoC, t h e  mois ture content  i s  decreased and t h e  u n f i l l e d  pore  s i t e s  a c t  as 
hydrophobic s i t e s .  I n  t h e  "as-received' '  sample, t h e  pores f i l l e d  w i t h  water  
would behave as h y d r o p h i l i c  s i t es .  A t  h ighe r  o x i d a t i o n  temperatures,  t h i s  
coa l  a l s o  becomes more h y d r o p h i l i c  as expected on t h e  bas i s  o f  t h e  i nc rease  i n  
oxygen-containing f u n c t i o n a l  groups. The e f f e c t  o f  h igh  mo is tu re  content  on 
coa l  i s  a l s o  observed i n  t h e  f l o w  m ic roca lo r ime te r  r e s u l t s ,  as discussed i n  a 
l a t e r  sec t ion .  F igu re  2 a l s o  shows t h a t  t h e  c r i t i c a l  surface t e n s i o n  i s  
lowered when an o x i d i z e d  coa l  sample i s  washed w i t h  water,  t h a t  i s ,  t h e  coa l  
becomes more hydrophobic. Th i s  obse rva t i on  i s  i n  agreement wi th  p r e v i o u s l y  
repo r ted  s tud ies  t h a t  s o l u b l e  components a r e  formed when coa ls  o x i d i z e  (10). 
A f t e r  t h e  removal o f  wa te r -so lub le  products  f rom t h e  o x i d i z e d  sur face ,  t h e  
coa l  becomes more hydrophobic. The increase i n  hyd rophob ic i t y  o f  coa l  a f t e r  
t h e  ox idat ion-washing t reatment  i s  g rea te r  f o r  h ighe r  rank coals.  I n  f a c t ,  
t h e  a n t h r a c i t e  became considerably  more hydrophobic than t h e  "as- rece i  ved" 
sample a f t e r  such a t reatment .  

1 
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Table 2 - Concentrat ion o f  Oxygen Funct ional  Groups i n  Two Penn- 
sy l van ia  Coals by T i t r a t i o n  and I n f r a r e d  Spectroscopy 

WEIGHT % OXYGEN f- I 1690) 

PRETREATMENT 

An th rac i te  (BMC-A) 

None 
Oxid ized 

a t  15OoC i n  a i r  
a t  2 0 0 ~ ~  i n  a i r  
a t  244OC i n  a i r  
i n  30% H202 

Bituminous (BMC-B) 

None 
Oxidized 

a t  ~ O O O C  i n  a i r  
a t  15OoC i n  a i r  
a t  2 0 0 ~ ~  i n  a i r  
a t  244OC i n  a i r  
i n  30% H202 

Carboxy l ic  

0.023 

0.031 
0.073 
0.073 
0.015 

0.012 

--- 
0.016 
0.100 
5.074 
0.024 

Phenolic To ta l  \ I  16OOJ - - -  

0.029 0.052 -_- 
0.075 0.106 --- 
0.109 0.182 --- 
0.393 0.466 --- 
0.075 0.090 __-  

0.047 

--- 
0.065 
1.905 
6.185 
0.156 

0.059 0.11 

--- 0.13 
0.081 0.71 
2.005 0.91 

11.259 1 .oo 
0.180 --_ 

Flow M i c r o c a l o r i m e t r i c  Measurements: 

Ca lo r ime t ry  has been used i n  t h e  pas t  t o  study coal  chemist ry  and t o  
e l u c i d a t e  t h e  s t r u c t u r e  o f  coal  (11). T r a d i t i o n a l l y ,  c a l o r i m e t r i c  measure- 
ments i n v o l v e  heat  o f  immersion measurements. I n fo rma t ion  about the  
a p p l i c a t i o n  o f  f l o w  c a l o r i m e t r y  on coal chemist ry  i s  meager (12). I n  t h i s  
i n v e s t i g a t i o n ,  and a d i a b a t i c  f l ow  m ic roca lo r ime te r  (Microscal  Ltd., London) 
was used t o  measure t h e  heat o f  d isplacement of a c a r r i e r  f l u i d  (methanol) by 
water. A water-methanol system was se lec ted  because t h e  r e s u l t s  could then be 
c o r r e l a t e d  w i t h  t h e  w e t t a b i l i t y  r e s u l t s .  A known amount of aqueous methanol 
s o l u t i o n  was i n j e c t e d  i n t o  a bed o f  150 x 200 mesh coal  p a r t i c l e s  and the  heat 
evolved was measured. The heat  evolved increased l i n e a r l y  w i t h  t h e  amount of 
water  i n j e c t e d  as shown i n  F igu re  3 and i s  independent o f  t h e  composi t ion of 
t he  i n j e c t e d  s o l u t i o n .  The s lope o f  t h e  l i n e  i s  a measure o f  t h e  heat evolved 
i n  u n i t s  o f  m i l l i c a l o r i e s  p e r  gram coal per m i c r o l i t e r  water. The heat 
evolved f o r  t h e  va r ious  coa ls  and t h e i r  pret reatment  i s  g iven i n  Table 3. 
Except f o r  Dave Johnston coal ,  t he  heat evolved i s  l e s s  when t h e  coal i s  
ox id ized.  A t  t h e  s t a r t  o f  t h e  experiment, t h e  s t r o n g l y  h y d r o p h i l i c  ox id i zed  
S i t e s  are a l ready covered by water molecules and methanol as a c a r r i e r  f l u i d  
does not d i s p l a c e  them. Therefore, t he  c o n t r i b u t i o n  from s t r o n g l y  h y d r o p h i l i c  
s i t e s  t o  t h e  measured heat i s  n i l .  The heat o f  d i s s o l u t i o n  o f  so lub le 
o x i d a t i o n  products  cou ld  be endothermic, which would a l s o  c o n t r i b u t e  t o  an 
o v e r a l l  decrease i n  t h e  amount o f  heat evolved. The c a l o r i m e t r i c  behavior of 
Dave Johnston, which a l so  behaved d i f f e r e n t l y  i n  immersion t i m e  measurements, 
i s  d i f f e r e n t  because o f  i t s  h i g h  mois ture content. When t h i s  coal  i s  heated, 
the mois ture i s  d r i v e n  o f f ,  making the  coal e f f e c t i v e l y  more hydrophobic. 
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Table 3 - Heat Evolved i n  M i l l i c a l o r i e s / g u l  Water f o r  Displacement of  
Methanol by Water i n  a Flow M ic roca lo r ime te r  

PRETREATMENT COAL SAMPLE 
PROCEDURE 

RMC-A BMC-B GMC-R DJC-SB - - - -  
None 42 41 44 17 
Oxid ized a t  200°C 33 15 23 48 
Oxid ized a t  200°C 

and leached i n  H20 51 42 57 64 

This i s . t h e  reason f o r  t h e  e v o l u t i o n  o f  more heat when t h i s  p a r t i c u l a r  coa l  i s  
ox id ized.  As pos tu la ted  above, water  s o l u b l e  products  form when coa ls  
ox id ize .  Th is  i s  observed i n  the  m i c r o c a l o r i m e t r i c  r e s u l t s  a lso .  From t h e  
r e s u l t s  summarized i n  Table 3, i t  i s  c l e a r  t h a t  more heat i s  evolved when the  
coal i s  ox id i zed  a t  20OoC and i s  leached w i t h  water ( t he  washed coa l  was d r i e d  
i n  vacuum a t  36OC p r i o r  t o  m i c r o c a l o r i m e t r i c  measurements). The oxygen groups 
present on the  surface of ox id i zed  and washed coal c o n t r i b u t e  s u b s t a n t i a l l y  t o  
t h e  heat evolved when water  molecules d i sp lace  methanol molecules, as shown i n  
l a s t  row o f  Table 3. 

SUMMARY 

The immersion t ime measurement technique was used t o  determine t h e  e f f e c t  
o f  coa l  rank and t h e  degree of o x i d a t i o n  on t h e  c r i t i c a l  surface tens ion  o f  
wet t ing .  Heat o f  d isplacement o f  methanol by water molecules,  measured by 
f l ow  ca lo r ime t ry ,  genera l l y  c o r r e l a t e s  very w e l l  w i t h  t h e  w e t t i n g  measure- 
ments. The coa l  su r face  i s  considered t o  c o n s i s t  of hydrophobic s i t e s  
( p a r a f f i n i c  and g r a p h i t i c )  and h y d r o p h i l i c  s i t e s  (oxygen f u n c t i o n a l  groups). 
A l l  oxygen f u n c t i o n a l  groups a re  no t  s i m i l a r ,  however. Methanol i s  ab le  t o  
d i sp lace  water molecules f rom weakly h y d r o p h i l i c  groups, bu t  no t  f rom t h e  
s t r o n g l y  h y d r o p h i l i c  groups. I n  add i t i on ,  t h e  s t a t e  of f i l l i n g  of micropores 
s t r o n g l y  i n f l uences  bo th  t h e  immersion t ime  and heat measurements. E y t y  
pores behave as hydrophobic s i t e s  ( o r  patches), whereas pores f i l l e d  w i t h  
water as h y d r o p h i l i c  s i t e s  (or  patches).  The above model o f  coa l  sur face  can 
be used t o  e x p l a i n  t h e  e f f e c t  o f  coa l  rank and s t a t e  o f  o x i d a t i o n  on the  
i n t e r f a c i a l  p r o p e r t i e s  o f  var ious  coals. 
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SURFACE TENSION OF rYXlEOUS METHANOL ( d y W m )  
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Fig. 1 - Representat ive immersion-time curves f o r  Pennsylvania 
bituminous coal t h a t  had been ox id i zed  i n  a i r  a t  d i f f e r e n t  
temperatures along with t h e  behavior  o f  as-received coal .  
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F i g .  2 - The c r i t i c a l  su r face  tens ion  o f  w e t t i n g  as a 
f u n c t i o n  o f  coa l  rank and o x i d a t i o n  t reatment .  
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F ig .  3 - Heat o f  d isplacement o f  methanol by water  on BMC-A 
c o a l  as determined by a f l o w  m ic roca lo r ime te r .  
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