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INTRODUCTION 

The i n t e r a c t i o n  o f  l i q u i d s  w i t h  s o l i d  surfaces may be s tud ied  by a v a r i e t y  o f  
experimental methods i nc lud ing  both thermodynamic and spectroscopic ones. 
Immersional ca lo r ime t ry  as a thermodynamic t o o l  has proven p a r t i c u l a r l y  useful i n  
probing t h i s  i n te rac t i on .  A dated bu t  nonetheless excel l e n t  review o f  immersional 
ca lo r ime t ry  has been given by Zettlemoyer (1). Although coal has a complex pore 
s t ruc tu re  [2], a number o f  researchers have repor ted the  heats o f  immersion o f  a 
v a r i e t y  o f  coals i n  a number o f  d i f f e r e n t  l i q u i d s  [3-131. Indeed, Callanan has 
summarized [14] the case f o r  a d d i t i o n a l  s tud ies o f  heats o f  immersion i n  a r e p o r t  
descr ib ing measurement needs f o r  coal. The ob jec t i ve  o f  the present work was t o  
assess the e f f e c t s  o f  we t t i ng  l i q u i d  chain length and coal surface o x i d a t i o n  on the 
heat o f  immersion o f  bituminous coals  i n  both n-alkanes and n-alcohols and i n  water. 

EXPERIMENTAL 

Two bituminous coals  were used i n  t h i s  study, V i rg in ia-C and Pocahontas No. 3 
obtained respec t i ve l y  from Buchanan County, V i r g i n i a  and McDowell County, West 
V i rg in ia .  The ash 
content o f  V i rg in ia-C and Pocahontas No. 3 coals  was 5.22 and L O % ,  respect ive ly ;  
the moisture content was 0.15 and 1.04%. resp. The u l t ima te  ana lys i s  o f  the two 
coals i s  l i s t e d  i n  Table I. 
No. 3 coal was 1.9 and 2.0 m2/g, respect ive ly ,  as determined by low temperature gas 
adsorption. Some Pocahontas No. 3 coal was ext racted w i t h  methanol i n  a Soxhlet 
apparatus f o r  24 hours. 

The coals were crushed and sieved t o  -325 mesh (<44 microns). 

The surface area o f  the Vi rg in ia-C and the  Pocahontas 

Table I. Ult imate Analys is  o f  Coals 

E I ement 

Carbon 
Oxygen (by d i f ference)  
Hydrogen 
Ni t rogen 
S u l f u r  
Chlor ine 

Weight Percent (MF basis)  
V i  rd nia-C Pocahontas No. 3 

87.0 
6.9 

4.25 
0.97 
0.64 
0.20 

84.8 
8.9 
4.6 
0.97 
0.61 
0.08 

Heats o f  immersion were determined i n  a Setaram Calvet  MS 70 microcalor imeter  

t o r r  f o r  2 hours a t  room temperature i n  a custom Pyrex bu lb  was 
using a prev ious11 repor ted procedure [ll]. A known weight o f  coal (20-50 mg) 
outgassed a t  <lo- 
immersed i n  5 m l  of t h e  we t t i ng  l i q u i d .  
immersion was about 10%. 
and applied. 

per iods (10 - 1440 minutes) i n  a thermostatted forced a i r  oven over a range o f  
temperatures (110 - 320°C). 

The p rec i s ion  o f  a t y p i c a l  heat o f  
A heat o f  empty bu lb  break ing c o r r e c t i o n  was determined 

Oxidat ion o f  the coal samples was achieved by heat ing the coal f o r  vary ing t ime 
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The XPS (x - ray  photoelectron spectroscopy) spectra o f  the powdered coal  samples 
were obtained us ing  e i t h e r  a Kratos XSAM-800 e lec t ron  spectrometer o r  a Perk in  Elmer 
PHI 5300 e lec t ron  spectrometer. 
(1254 eV) and a hemispher ical  analyzer. Coal powder was mounted on the  sample probe 
w i t h  doub les t ick  tape. The atomic f rac t i on  o f  each element was determined from the  
corrected area o f  t h e  elemental photopeak. 

Both spectrometers use a magnesium x-ray source 

RESULTS AN0 DISCUSSION 

The heats o f  immersion o f  V i r g i n i a 4  coal determined i n  a ser ies  o f  n-alcohols 
a re  l i s t e d  i n  Table 11. A decrease i n  t h e  heat o f  immersion i s  noted as the  carbon 
number o f  the a lcoho l  increases. This decrease i n  the heat o f  immersion fo r  coal i s  
i n  cont ras t  t o  the  inc rease i n  the  heat o f  immersion observed f o r  g raph i t i zed  carbon 
black [15]. Th is  marked d i f f e r e n c e  i n  behavior i s  due t o  d i f fe rences  i n  the 
s t ruc tu re  o f  coal  and carbon black. Larsen. e t  a l .  [16] have suggested t h a t  coal be 
t rea ted  as a c ross- l inked macromolecule. The swe l l i ng  o f  coal by methanol i s  we l l  
known and t h i s  swe l l i ng  phenomenon i s  t y p i c a l  o f  c ross- l inked polymers. Thus, the 
decreasing heat o f  immersion f o r  coal  undoubtedly r e f l e c t s  the i n a b i l i t y  o f  the 

another measure o f  t h i s  diminished penet ra t ion  by wet t ing  l i q u i d s  o f  inc reas ing  
bulkiness. The t ime requ i red  f o r  complete l i b e r a t i o n  o f  the  heat o f  immersion can 
be fol lowed conven ien t ly  i n  the microcalor imeter and i s  termed the immersion t ime. 
Th is  t ime o f  immersion i s  shor t  f o r  methanol and n-dodecanol bu t  i s  a maximum for n- 
butanol. The heats and times o f  immersion are  cons is ten t  w i t h  a r a p i d  and complete 
penet ra t ion  o f  coal b y  methanol and a s t i l l  rapid, bu t  complete exclusion, o f  n- 
dodecanol by coal. Immersion i n  n-butanol g ives  in te rmed ia te  heat and t ime resul ts.  
The e f f e c t  o f  outgassing temperature on heat o f  immersion i s  on l y  modest. 
example, the  heat o f  inunersion i n  methanol o f  V i r g i n i a 4  coal  outgassed a t  room 
temperature and a t  120°C was 24 and 28 J/g, respect ively.  

' l a rge r  a lcoho ls  t o  penet ra te  coal. M ic roca lo r imet r i c  measurements a f f o r d  y e t  

For 

Table 11. Heats o f  Immersion o f  Coals i n  n-Alcohols and n-Alkanes 

L!quid 

Methanol 
n-Propanol 
n-Butanol 
n-Hexanol 
n-Dodecanol 

n-Octane 
n-Nonane 
n-Decane 
n-Undecane 
n-Dodecane 
N-Tridecane 
N-Tetradecane 
N-Pentadecane 
N-Hexadecane 
n-Heptadecane 
n-Octadecane 
n-Nonadecane 

Carbon No. 

1 
3 
4 
6 

12 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Heat o f  Immersion (J/q) 
Virqinia-C Pocahontas No. 3 

24. 
19. 
15. 

4.6 
4.6 

6.9 
5.5 
5.1 
4.3 
5.3 
4.1 
3.7 .. 

3.7 
3.7 
3.7 
3.7 
3.2 
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c The heats o f  immersion i n  water o f  V i rg in ia-C coal  heated f o r  24 hours a t  
d i f f e r e n t  temperatures are shown i n  Table 111. There i s  nea r l y  a f i f t y - f o l d  
increase i n  the heat o f  immersion f o r  coal heated a t  320°C compared t o  unheated 
coal. 
150'C. The sur face composit ion o f  unheated coal and o f  coal heated t o  d i f f e r e n t  
temperatures can be determined by XPS analysis. The oxygenlcarbon atomic r a t i o s  
ca lcu lated from the XPS spectra o f  the unheated and heated coals  a re  l i s t e d  i n  Table 
111. The O/C r a t i o  increases as the temperature t o  which the  coal i s  heated 
increases. Indeed, the heat o f  immersion and XPS r e s u l t s  are complementary, and the 
agreement r e f l e c t s  increas ing numbers o f  surface p o l a r  (oxygen-containing) groups. 

The change i n  the heat o f  immersion i s  modest u n t i l  t he  coal  i s  heated above 

Table 111. Heats o f  Immersion i n  Water and XPS Resul ts  f o r  the Oxidat ion o f  
V i rg in ia-C Coal 

Oxidat ion Temperature ("C) Heat o f  Immersion (J/ql Surface [ O / C l  Rat io  

110 
150 
175 
210 
225 
250 
300 
320 

2.5 
3.0 
4.5 
9.0 
23.5 
34.0 
59.0 
75.0 
99.0 

0.053 
0.065 
0.087 
0.11 
0.16 
0.18 
0.22 
0.27 
0.28 

The heats o f  immersion o f  Pocahontas No. 3 coal determined f o r  a se r ies  o f  n- 
alkanes are l i s t e d  i n  Table 11. An i n i t i a l  decrease i n  the heat o f  immersion i s  
noted as the carbon number o f  the alkane increases. Again, the exc lus ion o f  the 
longer alkane molecules by coal i s  demonstrated. The heats o f  immersion i n  water o f  
Pocahontas No. 3 coal heated a t  320'C f o r  d i f f e r e n t  t imes are shown i n  Table I V .  An 
i n i t i a l  r a p i d  increase i n  the heat o f  immersion w i t h  ox ida t i on  t ime i s  fo l lowed by a 
slower increase i n  the heat o f  immersion. For example, t he re  i s  about a ten - fo ld  
increase i n  the heat o f  immersion f o r  coal heated f o r  on l y  2.5 hours compared t o  a 
two-fold increase over the next  20 hours. The oxygen/carbon r a t i o s  ca l cu la ted  from 
XPS spectra o f  t he  heated coals are l i s t e d  i n  Table I V .  The O / C  r a t i o  increases as 
the time o f  heat ing o f  the coal increases. Again, the heat o f  immersion and XPS 
r e s u l t s  are q u i t e  complementary. 
methanol has no s i g n i f i c a n t  e f f e c t  on e i t h e r  the heat o f  immersion o r  the 
oxygenlcarbon ra t i o .  

P r i o r  e x t r a c t i o n  o f  Pocahontas No. 3 coal by 

SUMlr24RY 

Dif ferences i n  the heats of immersion o f  bituminous coals  i n  a homologous 
ser ies o f  n-alcohols and n-alkanes r e l a t e  d i r e c t l y  t o  the a b i l i t y  o f  these l i q u i d s  
t o  penetrate the coals. Heats o f  immersion o f  ox id i zed  coals  i n  water can be used 
t o  f o l l o w  the ex ten t  o f  ox idat ion.  Changes i n  the  surface oxygen composit ion o f  
ox id ized coa ls  determined by XPS p a r a l l e l  changes i n  the heats o f  immersion i n  
water. 
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Table I V .  Heats o f  Imnersion i n  Water and XPS Resul ts on the Oxidat ion o f  
Pocahontas No. 3 Coal 

Oxidat ion Time (min) 

0.0 
0.0 
10 
20 
30 
60 
120 
180 
300 
360 
600 
720 
1080 
1080 
1440 
1440 

Heat o f  Immersion (J/q) 

3.6 * 
3.8 
28. 
30. 
41. 
45.5 
51. 
52. 
69. 
75. * 
75.5 
80. * 
84. 
83. 
88. 

- value f o r  methanol ex t rac ted  coal  

Surface [O/C] Rat io  

0.071 * 
0.086 
0.30 
0.33 
0.33 
0.1 
0.38 

0.46 * 
0.37 * 
0.43 * 
0.46 
0.43 * 
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