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INTRODUCTION 

The object ive of t h i s  study is t o  determine changes t h a t  occur in the  
physical s t r u c t u r e  of coals upon swelling in an organic solvent .  It i s  known 
t h a t  bituminous coals  w i l l  swell in solvents  such as  pyridine (1). The 
phenomenon of coal  solvent  swel l ing is being used t o  charac te r ize  coa l  
s t r u c t u r e  espec ia l ly  i n  the  determination of molecular s i z e s  between cross- 
links. Swelling can a f f e c t  coal r e a c t i v i t y  in thermolysis reactions. Also, 
it is important t o  note  t h a t  swel l ing increases  reagent a c c e s s i b i l i t y  in 
chemical modification of coals  (2). Small angle neutron s c a t t e r i n g  (SANS) is 
t h e  approach used i n  t h i s  study t o  examine the  changes in pore s t r u c t u r e  in a 
Pi t tsburgh 18 seam hvA bituminous coa l ,  Argonne Premium Coal Sample #4 (3). 
Two perdeuterated solvents  a r e  used, benzene f o r  non-swollen and pyridine f o r  
swelling conditions. The deuterated solvent  provides a l a r g e  contrast  between 
t h e  solvent and t h e  s o l i d  coa l  f o r  neutron sca t te r ing .  

Coal porosi ty  has been studied by SANS i n  the dry s t a t e  (4,5,6) and in 
non-swelling deuterated solvents  (4.6). These s tudies  suggested t h a t  t h i s  
technique can be useful  f o r  examining pore s t ruc ture .  Our current  r e s u l t s  
show tha t  t h e  pore s t r u c t u r e  of a coal  swollen in pyridine is dramatical ly  
a l te red  from its o r i g i n a l  s t a t e .  

EXPERIMENTAL 

The SANS measurements were made a t  Argonne National Laboratory's Intense 
Pulsed Neutron Source (IPNS) using the Small Angle Diffractometer (SAD). 
Neutrons were produced i n  pulses  by s p a l l a t i o n  from 450 MeV protons followed 
by moderation by s o l i d  methane (18'K) t o  produce wavelengths of 0.5 t o  14 A. 
The sample saw a 0.9 cm diameter beam. A 64x64 array pos i t ion  s e n s i t i v e  
mult idetector  was used t o  de tec t  neutrons sca t te red  by the  sample while the  
wavelength of the neutrons (A) was determined by time-of-flight. The da ta  
were corrected f o r  s c a t t e r i n g  from the c e l l  and incoherent sca t te r ing .  
F ina l ly ,  t h e  i n t e n s i t y  ( I )  was expressed as  a funct ion of the s c a t t e r i n g  
vector, Q: 

Q = (4n/A) s i n  0 

where Q was half the s c a t t e r i n g  angle and: 

where K included a l l  the  experimental constants  and p, and p, were the  
s c a t t e r i n g  length d e n s i t i e s  of the solvent and the matrix. A Q range of 0.005 
t o  0.35 A-1 i a s  access ib le  on the SAD instrument a t  IPNS. 
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The preparat ion of the  Argonne Premium Coal Sample has been described 
(3). A -100 mesh APCS 14 sample was used. (Preliminary a n a l y t i c a l  data ,  on a 
maf basis: C 83%, H 5.8%, N 1.6%. 0 8% S(dry)  1.6% and ash(dry)  9X.) A 
sealed g lass  ampoule containing the  coal  was broken open in a ni t rogen 
atmosphere glove box. The coa l  was wel l  mixed and a port ion t ransfer red  t o  a 
2 c m  diameter x 1.85 mm th ick  quartz  c e l l  leaving enough room f o r  swelling. 
Perdeuterosolvent was added t o  t h e  coal  and then the  c e l l  was sealed. The 
sample was allowed t o  sit f o r  severa l  days before doing the  SANS experiment t o  
insure  complete swel l ing in t h e  case of dg-pyridine. 

RESULTS AN0 DISCUSSION 

A Guinier p l o t  (7) .  based on the  re la t ionship  shown in Equation 2, f o r  
both solvents  is shown i n  Figure 1. Even though db-benzene and d s - p ~ i & d i n i  
have s imi la r  s c a t t e r i n g  length d e n s i t i e s ,  5.35 and 5.69 x 10 /cm 
respect ively,  t h e r e  is a s t r i k i n g  d i f fe rence  between t h e  s c a t t e r t n g  data  from 
the  two solvents .  The s c a t t e r i n g  da ta  f o r  both solvents  exhib i t  a s teep  s lope  
a t  low Q. These r e s u l t s  are indica t ive  of la rge  pores with s i z e s  up t o  
1000 A .  The l a r g e s t  pores tha t  have been reported previously had a 500 A 
l i m i t  which was constrained by the  instrumentat ion (1). Further  ana lys i s  of 
the dg-benzene da ta  shows s d i s t r i b u t i o n  of pore s i z e s  from 12 A up t o  t h e  
1000 A l i m i t .  The di f fe rence  of t h e  poros i ty  between the  coa l  and swollen 
coa l  may be in the shape of the  pores. 

I n  low angle s c a t t e r i n g  it is possible  t o  determine the shape of the pore 
o r  p a r t i c l e  using a modified Guinier ana lys i s  (7).  There a r e  three  types of 
pore shapes: spher ica l ,  elongated ( tubular )  and lamellar. From the  Guinier 
analysis  one can determine the  rad ius  f o r  spher ica l ,  crosf sec t iona l  radius  
and length ( l / Q )  f o r  elongated, and thickness  and a r e s  (1/Q ) f o r  t h e  lamellar  
shapes due t o  the  following s c a t t e r i n g  laws: 

Elongated: I = Ic*l/Q 

To inves t iga te  the  p o s s i b i l i t y  of elongated pores tn(1-Q)  is p lo t ted  versus Q2 
in Figure 2. For d6-benzene there  is no corre la t ion ,  but f o r  the  d -pyridine 
a negative s lope  is found. A t  low Q tubular  pores with a radius  of 3-11 A a r e  
found. Figure 3 shows t h a t  lamellar  pores a r e  not seen in e i t h e r  sample s i n c e  
pos i t ive  s lopes a r e  observed f o r  both samples. 

From these  preliminary r e s u l t s  we conclude t h a t  in a good swelling sol- 
vent the t e r t i a r y  s t r u c t u r e  of t h i s  bituminous coal undergoes major rearrange- 
ment. Whereas t h e  o r i g i n a l  coal  contains  a broad s i z e  range of roughly 
spher ica l  pores ,  t h e  swollen coal  contains  elongated pores with severa l  
d i s t i n c t  s izes .  The pyridine appears t o  be determining the new pore 
dimension. Exactly f i v e  pyridines  can be f i t t e d  i n t o  a 9 A radius c i r c l e  a s  
shown in Figure 4. Table 1 lists the  dependence of pore radius  on the number 
of pyridines  packed i n t o  a cross-sect ion of the  elongated pore. The s i z e  of 
the  pyridine molecule hss been estimated from space- f i l l ing  computer models 
based on the  van d e r  Waals r a d i i  of t h e  individual  a tom. Even a t  high Q, up 
t o  the  instrument l i m i t ,  a negative s lope f o r  the  modified Guinier analysis  is 
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TABLE 1. Possible  Packing Arrangements of Pyridine Molecules i n  Tubular Pores 

Number of Pyridines  Radius of Pore ( A )  

3.37 
6.74 
7.26 
8.14 
9.10 
10.11 
11.14 

observed giving a r ad ius  of approximately 6 A .  This s i z e  of tubular  pore 
could accommodate s t acks  of two OK t h ree  pyridine rings. It is important t o  
note  t h a t  we a r e  observing r e l a t i v e  narrow elongated pores. These r e s u l t s  
could be explained by invoking hydrogen bonding between t h e  pyridines  and t h e  
phenols o r  o ther  a c i d i c  hydroxyls on t h e  surface of t h e  tubular  pores. In 
addi t ion,  i t  is thought from the  NMR and ESR experiments t h a t  t he  motion of 
pyridine in a coa l  is r e s t r i c t e d  (8). Our SANS da ta  argues against  a layered. 
polycycl ic  aromatic s t r u c t u r e  f o r  t h i s  coal. Possibly hydrogen bonding is 
more important i n  determining t h e  t e r t i a r y  s t ruc tu re .  
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Figure 1. Guinier plot for SANS of the Pittsburgh #8 Bituminous cool, 
APCS #4 
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Figure 2. A modified Guinier plot of SANS data for APCS #4 
to evoluote the possiblity of tubular pores 

Solvent 
0 d,-Benzene 

0 0  0 n o o  
h O r  0 0 

, - n  - . "  0 
0 = O - o u  0 

+ 0.008 0.016 0. 

I4 

20 

230 



-1o.c 

-10.1 

- -2o.c 
* .- 
D c - 
s -20 .1  
x 

n 
9 
- -21.c 

-21.5 

-22.C 
0 .  

Figure 3. A modified Guinier plot of SANS data for APCS #4 
to evaluate the possiblity of sheet-shaped pores 
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