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I n t r o d u c t i o n  

A g r e a t  deal  o f  i n f o r m a t i o n  may be ga ined  about t h e  p o r o s i t y  o f  c o a l  b y  
s t u d y i n g  t h e  gas r e l e a s e  behav io r  d u r i n g  g r i n d i n g .  
s t o r e d  i n  t h e  c losed  p o r o s i t y  o f  t h e  coa l .  
c losed  p o r o s i t y  o f  c o a l  by c o n s i d e r i n g  t h e  gas r e l e a s e  r a t e s ,  t o t a l  gas volume, 
d e n s i t y ,  and su r face  area o f  c o a l  d u r i n g  b a l l  m i l l i n g .  

We suggest t h a t  most o f  t h e  gases r e l e a s e d  d u r i n g  b a l l  m i l l i n g  were e i t h e r  
t rapped  o r  produced i n  t h e  c l o s e d  pores d u r i n g  c o a l i f i c a t i o n .  
p o s i t i o n  of t h e  gas p r o v i d e s  i n f o r m a t i o n  about t h e  c o a l i f i c a t i o n  processes. I n  
t h i s  paper we d iscuss t h e  s i g n i f i c a n c e  o f  ou r  compos i t i on  measurements w i th  r e s p e c t  
t o  t h e  c o a l i f i c a t i o n  process.  

Exper imenta l  

l i g n i t e  f rom t h e  F o r t  Union Bed near Savage, Montana (PSOC-837);Ibf and t h e  o t h e r  
was a medium v o l a t i l  
V i r g i n i a  (PSOC-985). fb! 

dard screen, 840 um opening s i z e )  i n  a whee l - t ype -pu lve r i ze r .  
was done i n  a n i t r o g e n  f i l l e d  g love  box. The c o a l  (350 g )  was t r a n s f e r r e d  i n  t h e  
N2 atmosphere t o  a 1.8 L s t e e l  b a l l  m i l l ,  and then  t h e  m i l l  was evacuated and back- 
f i l l e d  w i t h  hel ium. D u r i n g  t h e  b a l l  m i l l i n g ,  c o a l  and gas samples were withdrawn. 
Gas was e x t r a c t e d  th rough  a rubber  septum mounted i n  t h e  end o f  t h e  m i l l  and coa l  
powders were e x t r a c t e d  f r o m  t h e  m i l l  d u r i n g  o p e r a t i o n  w i t h  a scoop i n s e r t e d  a long  
t h e  a x i s  o f  r o t a t i o n  th rough  a h o l e  plumbed w i t h  a r o t a r y  un ion  and b a l l  v a l v e s  t o  
m a i n t a i n  t h e  atmosphere and pressure.  

column gas chromatograph w i t h  he l i um i o n i z a t i o n  d e t e c t o r s .  

We b e l i e v e  t h a t  t h i s  gas was 
Th is  s tudy  focuses on d e s c r i b i n g  t h e  

Therefore,  t h e  com- 
I 

Two coa ls  o f  w i d e l y  d i f f e r i n g  rank  were s e l e c t e d  f o r  t h i s  s u y: one was a 

i t um inous  coa l  (MVB) f r o m  t h e  Beck ley  seam near Duo, West 

P r i o r  t o  b a l l  m i l l i n g ,  t h e  c o a l s  were pre-ground t o  minus 20 mesh (U.S. Stan- 
The p r e - g r i n d i n g  

Gases (H2, CO, C02, N2 and C 1  t o  C4 hydrocarbons) were analyzed u s i n g  a dual  

Resu l t s  and D iscuss ion  

As shown p r e v i o u s l y  f o r  l i g n i t e , ( l )  f r a c t u r e  d u r i n g  b a l l  m i l l i n g  proceeds 
f i r s t  through t h e  weakest m a t e r i a l s  c h a r a c t e r i z e d  by l a r g e  (up t o  5 urn) pores, r e -  
s u l t i n g  i n  l a r g e  comn inu t ion  r a t e s  i n i t i a l l y .  
m a t e r i a l s  c h a r a c t e r i z e d  by sma l le r  pores a r e  f r a c t u r e d ,  r e s u l t i n g  i n  lower  comminu- 
t i o n  r a t e s .  The change i n  p o r o s i t y  w i t h  t i m e  i s  shown q u a l i t a t i v e l y  i n  t h e  m ic ro -  
graphs o f  l i g n i t e  p a r t i c l e s  i n  F i g u r e  1. 
creases w i t h  i nc reased  b a l l  m i l l i n g  t ime.  

When t h e  c losed  pores a re  opened, t h e  d e n s i t y  and sur face area o f  t h e  c o a l s  in -  
crease, as shown by Tab le  1. 

As comninut ion cont inues,  s t r o n g e r  

N o t i c e  t h a t  t h e  v i s i b l e  p o r o s i t y  de- 

Many o f  t h e  pores a f f e c t e d  by t h e  cornminution process were i n i t i a l l y  c losed.  

( a )  

(b )  
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TABLE 1. D e n s i t y  and s u r f a c e  area o f  c o a l s  a t  i n d i c a t e d  b a l l  m i l l i n g  times. 

Coal Time, m in  g/cc m2/g 
B a l l  M i l l i n g  Dens i t y , (a )  Su r face  Area,(b) 

Medium v o l a t i l e  
b i t um inous  

L i g n i t e  

0 
15 
90 

180 
300 
420 

0 
90 

180 
420 

1.365 

1.404 

1.476 

1.490 

0.68 
1.92 
5.28 
7.73 
8.56 
9.05 

0.97 
1.20 
1.60 
2.49 

(a )  based on h e l i u m  d isp lacement  i n  a n u l l  pycnometer 
(b)  based on N2 a d s o r p t i o n  a t  77 K 

Making a smal l  c o r r e c t i o n  (0.30 m2/g) f o r  t h e  i nc rease  i n  geomet r i ca l  su r face  
area, and assuming t h a t  c y l i n d r i c a l  pores were be ing  opened d u r i n g  b a l l  m i l l i n g ,  
t h e  pore d iameter ,  d = 4 A V / A S  (AV = i nc rease  i n  pore volume, AS = inc rease  i n  
s u r f a c e  area) .  The po re  d iamete rs  were c a l c u l a t e d  t o  be  10 and 21 nm f o r  MVB and 
l i g n i t e ,  r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  d i v e r s e  po re  s t r u c t u r e  o f  these two coals .  

s i t i o n  and q u a n t i t y  o f  gas r e l e a s e d  a f t e r  420 m inu tes  o f  b a l l  m i l l i n g  i s  shown i n  
Tab le  2. Using t h e  t o t a l  gas r e l e a s e d  and t h e  open po re  volume inc rease  a f t e r  
420 minutes of b a l l  m i l l i n g ,  c o n c e n t r a t i o n s  i n  terms o f  gas volume t o  pore volume 
r a t i o s  were 2.4 and 57.2 f o r  MVB and l i g n i t e ,  r e s p e c t i v e l y .  The gas was s to red  
i n s i d e  the  po res  i n  t h e  adsorbed o r  gaseous s t a t e ,  and it i s  apparent  t h a t  t h e  
c o a l i f i c a t i o n  c o n d i t i o n s  under which t h e  gas became i n c o r p o r a t e d  i n t o  t h e  pores 
was g r e a t l y  d i f f e r e n t  f o r  t h e  two coa ls .  

As t hese  po res  were opened d u r i n g  b a l l  m i l l i n g ,  gas was re leased.  The compo- 

TABLE 2. Gases re leased  f rom medium v o l a t i l e  b i t um inous  c o a l  and l i g n i t e  
a f t e r  420 m inu tes  o f  b a l l  m i l l i n g .  

Gas, m l  (STP)/g Coal 
Coal N7 C07 CO 2 4 -  H7 T o t a l  

M VB 4.66~10-2 2.46~10-3 9 .12~10-5  3.16~10-5 1 .28~10-4  4.93~10-2 

L i g n i t e  0.326 3.81~10-2 1 .68~10-3  ( a )  ( a )  0.366 

(a )  t o o  small  t o  measure 

The r e l e a s e  r a t e  o f  gas f r o m  b o t h  c o a l s  i nc reased  markedly  when b a l l  m i l l i n g  
began, as shown by Tab le  3. 
m i l l i n g ,  and t h e  average r a t e s  a re  g i v e n  f o r  s p e c i f i c  m i l l i n g  t imes.  
o f  how the  r e l e a s e  r a t e  changes w i t h  t i m e  i s  shown f o r  COP i n  F i g u r e  2. 
o t h e r  gases a re  re leased  i n  a s i m i l a r  way. 

The r e l e a s e  r a t e  a l s o  changes w i t h  t i m e  d u r i n g  b a l l  
An example 

The 
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bituminous coal. 

Medium Volatile 
Bit umi nou s Time Period 

(ml/g-min) 
Before milling (16 hr) 4.4~10-7 

During milling 
0 to  4 min 2. 2x10-3 

60 to  180 min 1.4~10-5 

Stopped milling (16 hr) 1.2~10-5 

Restarted milling 

1 
t I 

180 t o  300 min undetermined 
300 t o  420 min 1.3~10-5 

I 
I 

Time Period 

Before milling (16 hr) 

During milling 
0 t o  30 min 

60 t o  120 min 
120 t o  240 min 

Stopped milling (88 h r )  

Restarted milling 
240 to 300 min 

Liqnite 

(ml/g-min) 
2.9~10-6 

undetermined 

Stopped milling (160 hr) 9.5~10-6 

Restarted milling 
300 to  420 min 2.7~10-4 

In general, the ra te  of gas release i s  expected t o  decrease with time because 
comninution rate  generally decreases with a decrease in par t ic le  s ize ,  and par t ic le  
size decreases with time during milling. A marked decrease in release rate i s  
expected as more and more coal par t ic les  decrease below a c r i t i c a l  diameter, t h a t  
i s  a diameter small enough that  a l l  closed porosity has become opened. A second 
major perturbation t o  the generally expected release rate  occurs due t o  a change 
in the preferential mode of comminution. This phenomenon can resul t  in e i ther  an 
increase or decrease in the rate  of opening of closed porosity along with the 
resultant increase or decrease in gas release rate. 

already been reached a t  60 minutes of ball milling because a f te r  that ,  the release 
rates  were almost unaffected when ball milling was stopped and then restarted 
again (Figure 2,  Table 3) .  
decreased t o  the c r i t i c a l  diameter even af te r  300 minutes of ball milling. 
conclusion i s  reached because when ball milling was stopped, the release rate  
decreased significantly, and when ball milling was restar ted,  the release ra te  
increased again (Table 3) .  
than l igni te  based on release rates and ball milling times. We also suggest that  
the par t ic le  diameters of much of the l igni te  were s t i l l  larger than the c r i t i c a l  
diameter even af te r  420 minutes of ball milling based on the gas release ra te  a t  
300 t o  420 minutes (Table 2 ) .  
97.5% of the l igni te  par t ic les  were minus 400 mesh (38 u m )  and, therefore, suggest 
that  the c r i t i c a l  diameter was less than 38 u m .  This difference in c r i t i c a l  
diameter of par t ic les  and the pore diameters calculated ear l ie r  suggests that  lig- 
n i te  had shorter and larger diameter closed pores and M V B  had longer and smaller 
diameter closed pores. 

I t  appears t h a t  a change in the preferential mode of comninution caused the 
gas release ra te  from l igni te  t o  increase by a factor of nearly s ix  a f te r  60 min- 
utes of ball milling (Figure 2, Table 3). As discussed before for  l igni te ,  com- 
minution in the early stages of ball milling proceeds preferent ia l ly  t h r o u g h  mate- 
r i a l  characterized by open pores up t o  5 u m  which d i d  not release gas. B u t  a f ter  

I t  i s  apparent that the c r i t i c a l  diameter of most of the MVB par t ic les  had 

On the other hand, the par t ic les  of l igni te  had not 
This 

We suggest that  the c r i t i c a l  diameter of M V B  i s  larger 

We know t h a t  a f te r  420 minutes of ball milling, 
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60 minutes o f  b a l l  m i l l i n g ,  comn inu t ion  proceeds p r e f e r e n t i a l l y  through m a t e r i a l  
c h a r a c t e r i z e d  b y  c l o s e d  po res  wi th  c a l c u l a t e d  d iameters o f  about 21 nm which when 
opened r e l e a s e d  gas, t h u s  i n c r e a s i n g  t h e  gas r e l e a s e  r a t e .  The decrease i n  r a t e  
a t  120 minutes and subsequent i n c r e a s e  aga in  a t  300 minutes c o u l d  be caused by a 
combinat ion o f  changes i n  comminution r a t e ,  r e d u c t i o n  o f  t h e  s i z e  o f  p a r t i c l e s  
below c r i t i c a l  d iameter ,  and p r e f e r e n t i a l  modes o f  comminution. W i th  MVB, comminu- 
t i o n  proceeded th rough  m a t e r i a l s  c h a r a c t e r i z e d  b y  c losed  pores wi th  c a l c u l a t e d  
d iameters o f  about 10 nm w i t h  no change i n  p r e f e r e n t i a l  mode o f  comminution 
recognized.  

c o a l s  suggests some i n t e r e s t i n g  conc lus ions  about t h e  c o a l i f i c a t i o n  process. 
These c o a l s  had been s t o r e d  i n  a i r  f o r  f o u r  yea rs  p r i o r  t o  t e s t i n g  f o r  gas re lease  
d u r i n g  b a l l  m i l l i n g .  
g r e a t l y  d i f f e r e n t  t han  c o n c e n t r a t i o n s  measured i n  f r e s h l y  mined c o a l ( 2 - 4 f  but ,  
u n l i  e f e s h l y  mined coa l ,  which c o n s i s t e n t l y  c o n t a i n s  80 t o  n e a r l y  100% by volume 
CH4,!2-4r t h e r e  was h a r d l y  any CH4 . The CH4 i s  g e n e r a l l y  b e l i e v e d  t o  be produced 
b y  an e o b i c  d i g e s t i o n  o f  p l a n t  remains d u r i n g  t h e  i n i t i a l  stages o f  c o a l i f i c a -  
tion.P3! I f  t h i s  i s  t r u e ,  t h e  CH4 was excluded, by some mechanism, f rom t h e  
c l o s e d  p o r o s i t y  o f  t h e  coa l .  
l o c a l i z e d  areas, i n s t e a d  o f  t h roughou t  t h e  whole seam, and CH4 was d i f f u s e d  t o  t h e  
open p o r o s i t y ,  b u t  n o t  g e n e r a l l y  t o  t h e  c l o s e d  p o r o s i t y  o f  coal .  Then, a f t e r  coa l  
i s  mined and s t o r e d  i n  a gas n o t  c o n t a i n i n g  CH4, t h e  CH4 i s  s l o w l y  d i f f u s e d  ou t  o f  
t h e  open pores and t h e  gas which i s  s t o r e d  i n  t h e  c losed  pores remains. 

Conc 1 u s i  ons 

The composi t ion o f  t h e  gases r e l e a s e d  f rom t h e  c losed  pores o f  these t e s t  

Concen t ra t i ons  o f  N2, C02, CO and H2 (Table 2) wer n o t  

Perhaps t h e  anaerobic  d i g e s t i o n  occurred o n l y  i n  

From gas re lease ,  d e n s i t y ,  and s u r f a c e  area measurements we have concluded 
t h e  f o l l o w i n g :  

1. The c losed  pores o f  t h e  medium v o l a t i l e  b i t um inous  (MVB) coa l  a re  about  10 nm 
i n  d iameter  and t h e  c losed  p o r e s  o f  t h e  l i g n i t e  are about 21  nm i n  d iameter  
assuming cy1  i n d r i  c a l  channels. 

The c o n c e n t r a t i o n s  o f  adsorbed and gas phase gases i n s i d e  t h e  c losed  pores 
a re  2.5 and 57.2 [gas volume (STP) t o  po re  volume r a t i o s ]  f o r  t h e  MVB and t h e  
l i g n i t e ,  r e s p e c t i v e l y ,  i n d i c a t i n g  g r e a t l y  d i f f e r e n t  c o a l i f i c a t i o n  c o n d i t i o n s  
du r ing  po re  f o r m a t i o n .  

The c losed  po re  volume i n  b o t h  c o a l s  decreases w i t h  a decrease i n  p a r t i c l e  
s i z e  d u r i n g  b a l l  m i l l i n g ,  b u t  t h e  p a r t i c l e  s i z e  a t  which t h e  c losed  po re  v o l -  
ume becomes i n s i g n i f i c a n t  i s  l a r g e r  f o r  MVB t h a n  f o r  l i g n i t e ,  t h a t  p a r t i c l e  
s i z e  f o r  l i g n i t e  b e i n g  l e s s  t h a n  38 urn. 

The c losed  pores o f  these c o a l s  c o n t a i n  v e r y  l i t t l e  CH4, which p robab ly  
i n d i c a t e s  t h a t  t h e  CH4 produced d u r i n g  t h e  e a r l y  s tages o f  c o a l i f i c a t i o n  
was produced i n  l o c a l i z e d  areas r a t h e r  than  th roughou t  t h e  seam. 

2. 

3. 
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BALL MILL GRINDING PRODUCT: 20-30 pm 

15 MINUTES 

60 MINUTES 

420 MINUTES 

U 
50 pm 

FIGURE 1 MICROSTRUCTURE OF LIGNITE GRINDING 
PRODUCTS AT VARIOUS TIMES SHOWING 
DECREASED VISIBLE POROSITY WITH 
INCREASED TIME 
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