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The func t iona l  group composition of coa l  and c o a l  products has a determining 
inf luence  on t h e i r  p roper t ies ,  a f fec t ing  e f f i c i e n c y  of u t i l i s a t i o n .  Also, i t  
i s  wel l  es tab l i shed  t h a t  t h e  oxidat ion which occurs  when f r e s h  coal  is exposed to 
the  atmosphere causes a marked d e t e r i o r a t i o n  i n  coa l  q u a l i t y ,  a f f e c t i n g  proper t ies  
such a s  heat ing value,  f l o a t a b i l i t y  and coking poten t ia l .  The a p p l i c a t i o n  of 
techniques such as Fourier  transform infra-red (FTIR) spectroscopy and magic angle  
spinning nuclear  magnetic resonance (NMR) spectroscopy has l e d ,  i n  recent  years ,  
t o  s i g n i f i c a n t  improvements i n  OUT understanding of the  nature  of carbon-oxygen 
func t iona l  groups i n  coa l  and the changes induced by d i f f e r e n t  coa l  t reatments .  

I n  a number of technologies  such a s  polymers and carbon f i b r e s ,  where t h e r e  i s  a 
s imi la r  i n t e r e s t  i n  the  nature  of organic  func t iona l  groups and t h e i r  e f f e c t  on 
mater ia l  performance, the  technique of x-ray photoelectron spectroscopy (XPS), 
a l s o  known as e l e c t r o n  spectroscopy f o r  chemical ana lys i s  (ESCA), has  been 
appl ied successfu l ly  t o  a wide range of problems. However XPS i s  a technique 
which is l i t t l e  used i n  coa l  science. Since i t  has  high sur face  s e n s i t i v i t y  and 
the  s p e c i f i c  sur face  proper t ies  of coa ls  play an important r o l e  i n  a number of 
c o a l  technologies ,  e.g. f l o a t a t i o n  and agglomeration, i t  i s  perhaps s u r p r i s i n g  
t h a t  X P S  i s  not used more extensively.  The reasons f o r  t h i s  may l i e  i n  some of 
the  discouraging references i n  the l i t e r a t u r e .  FOK example e a r l y  work by F r o s t  
e t  a 1  (1)  found no r e l a t i o n s h i p  between oxygen concentrat ions determined by XPS 
and the bulk ana lys i s  of a s e r i e s  of f loat-s ink f rac t ions .  
e t  a 1  (2)  observed t h a t  oxidat ion of bituminous coa ls  f o r  up t o  383 days a t  50°C 
i n  a i r  completely destroyed Geiseler  f l u i d i t y  but ne i ther  XPS nor DRIFT (Diffuse 
Reflectance FTIR) spectroscopy could d e t e c t  any p a r a l l e l  changes i n  t h e  func t iona l  
group composition of t h e  coal. 

This  paper descr ibes  the  appl ica t ion  of XPS t o  coa l ,  coal reac t ions  and coa l  
products. 
techniques which a r e  appl ied t o  coal. 

More recent ly  Huffmann 

The a i m  i s  t o  present  a c r i t i c a l  evaluat ion i n  t h e  context  of o t h e r  

THE XPS TECHNIQUE 

X-ray photoelectron spectroscopy is f u l l y  descr ibed i n  a number of reviews 
e.g. (3). It involves  measurement of the k i n e t i c  energies  of core  and valence 
e lec t rons  photoemitted from a (usual ly)  s o l i d  sample when i r r a d i a t e d  by s o f t  
x-rays (normally Mg o r  A L W .  The experiment is  c a r r i e d  out  wi th in  a vacuum 
system (pressure< 1 x Pa). Since core e l e c t r o n s  have c h a r a c t e r i s t i c  
binding energ ies ,  t h e  photoelectron spectrum provides an a n a l y s i s  f o r  a l l  elements 
except hydrogen and helium. 
outermost 3-4nm of t h e  s o l i d ;  the ana lys i s  is therefore  of a few atomic l a y e r s  a t  
the  exposed surface.  
t o  chemical s h i f t s  i n  the c h a r a c t e r i s t i c  binding energies  of cont r ibu t ing  
elements. For carbon (1s) spectra  i n  coa l  t h e  chemical s h i f t s  show themselves 
a s  a peak broadened t o  higher  binding energy by t h e  presence of d i f f e r e n t  
carbon-oxygen func t iona l  groups. The broadened spec t ra  can be resolved i n t o  
components corresponding t o  t h e  func t iona l  group types which a r e  assumed t o  
cont r ibu te  t o  the  peak envelope. An example f o r  a l i g n i t e  C(1s) spectrum i s  
given i n  Figure 1. The separat ion of the  components depends upon t h e  carbon 
oxidat ion state a s  follows: S ta te  C I  (hydrocarbon) a t  285eV, C I I  ( s ing ly  bonded 
carbon-oxygen i.e. hydroxyl o r  e ther )  a t  286.6eV, C I I I  (carbonyl) a t  288eV and C I V  
(carboxyl, acid o r  e s t e r )  a t  289.2eV (4). 

The e lec t rons  detected a r e  emit ted only from t h e  

Dif fe ren t  oxidat ion s t a t e s  o r  func t iona l  groups g i v e  r i s e  

The pos i t ions  of these  components 
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r e l a t i v e  t o  t h e  p r i n c i p l e  hydrocarbon component a r e  w e l l  e s tab l i shed  from model 
compound s t u d i e s  both reported i n  the l i t e r a t u r e  and confirmed by the present  
authors. 

Peak synthesis  rou t ines  however do not provide a unique solut ion.  Their accuracy 
is dependent on t h e  s u i t a b i l i t y  of t ransfer r ing  chemical s h i f t s  from simple model 
compounds t o  a more complex material. Uncertainty i n  peak synthesis  a r i s e s  from a 
lack  of d e f i n i t i o n  of t h e  fundamental s p e c t r a l  l ineshape f o r  each component. 
Standard rout ines  use Gaussian o r  Gauss/Lorentzian mixtures. Because of the  
aromatic na ture  of coal  the  fundamental l ineshape i s  thought t o  be asymmetric but 
the  prec ise  shape has  ye t  t o  be determined (5). 
components r a t h e r  than t h e  cor rec t  l ineshape,  may be t o  exaggerate the 
concentrat ion of carbon at tached t o  oxygen, p a r t i c u l a r l y  i n  the  C I I  state. 

The most important f e a t u r e s  of XPS when compared with o t h e r  instrumental  techniques 
are:-  

1) 
obtained by gr inding  t o  a smaller p a r t i c l e  size). 

2) Although d i f f e r e n t  carbon-oxygen func t iona l  groups a r e  not well-resolved, t h e  
constant  s e n s i t i v i t y  of X P S  t o  t h e  element r a t h e r  than t h e  funct ional  group, means 
t h a t  func t iona l  group a n a l y s i s  i s  q u a n t i t a t i v e  within t h e  accuracy of t h e  peak 
synthes is  rout ine.  

3) Quant i ta t ive  f u n c t i o n a l  group and elemental  ana lys i s  i n  the  same experiment 
allows v a l i d a t i o n  of i n t e r p r e t a t i o n  e.g. t h e  changes i n  t h e  carbon-oxygen 
func t iona l  groups can,  i n  p r i n c i p l e ,  be cor re la ted  with t h e  oxygen concentrat ion 
changes. 

4) 
sulphur and ni t rogen.  

The e f f e c t  of using symmetric 

High sur face  s e n s i t i v i t y  ( information about t h e  bulk of coal  p a r t i c l e s  can be 

Functional group a n a l y s i s  can  be appl ied  t o  other  elements of i n t e r e s t  e.g. 

SURFACE COMPOSITION OF COALS 

An example of t h e  d i f f e r e n c e  which can e x i s t  between t h e  sur face  and bulk composition 
of coa l  p a r t i c l e s ,  and hence the  importance of appropr ia te  sample preparat ion when 
using XPS, i s  i l l u s t r a t e d  i n  Table 1. The bituminous c o a l  f i n e s  ( p a r t i c l e  s i z e  
500-38p ) show very  d i f f e r e n t  sur face  compositions when examined a s  received,  
compared wi th  the same mater ia l  a f t e r  gr inding under heptane t o  < 5p . 
c l e a r l y  very  heavi ly  sur face  oxidised,  having twice as  much organic oxygen as the  
heptane ground exposed surfaces .  

The coa l  i s  

Such d i f fe rences  between surface and bulk oxygen 

TABLE 1 : SURFACE ANALYSIS OF BITUMINOUS COAL BY XPS (% ATOM RATIOS) 

Element 

C 
0 T o t a l  
0 Mineral 
*O Organic 
s i  
A l  

As Received Heptane Ground 
(500 - 3 8 ~ )  (< 5 r )  

100 
52 
2 8  
24 
10.0 
5.0 

100 
29 
17 
12 
6.3 
3.0 

* Organic oxygen cannot be resolved from mineral oxygen. 
subt rac t ion  of minera l  oxygen (ca lcu la ted  from S i  and A 1  concentrat ions 
assuming s toichiometry Si02 and A12031 from t h e  measured t o t a l  oxygen 
concentrat ion.  

It i s  ca lcu la ted  by 
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and t h e  lack of cor rec t ion  f o r  mineral oxygen, probably accounts f o r  t h e  poor 
XF'S/bulk cor re la t ions  obtained by previous authors  (1). When a rank range of  
coa ls  a r e  prepared by gr inding under heptane or under n i t rogen  j u s t  p r i o r  t o  
a n a l y s i s ,  a good c o r r e l a t i o n  can be obtained between sur face  organic  oxygen and 
bulk ana lys i s  ( 4 ) .  For a s e r i e s  of preasphal tenes  the  c o r r e l a t i o n  for oxygen, 
suLphur and n i t rogen  i s  s i m i l a r l y  good (6). 

The d i s t r i b u t i o n  of oxygen between sur face  and bulk following weathering or 
d e l i b e r a t e  oxidat ion i s  of p a r t i c u l a r  s ign i f icance  f o r  those c o a l  technologies ,  
such a s  f ro th  f l o t a t i o n  and o i l  agglomeration where sur face  proper t ies  govern t h e  
e f f ic iency  of the process. 

THERMAL OXIDATION STUDIES 

There has  been considerable  i n t e r e s t  i n  recent  years  about the  nature  of 
carbon-oxygen func t iona l  groups introduced by thermal oxidat ion.  FTIR s tudies  
have general ly  concluded t h a t  incorporat ion of oxygen as carbonyl or carboxyl 
groups is the  dominant e f f e c t  of oxidat ion (7,8). 

We have previously shown (9) i n  XPS s t u d i e s  of the  i n h i b i t i o n  of Geise le r  f l u i d i t y  
by oxidat ion,  t h a t  exposure t o  a i r  a t  100°C causes predominantly a sur face  
oxidat ion t o  occur and t h a t  oxygen i s  incorporated almost e n t i r e l y  as a l c o h o l i c  o r  
phenolic OH groups. This s tudy has been extended by looking a t  the  oxida t ion  of 
P i t t sburgh  coa l  ( ( 4 5 0 ~ )  i n  flowing a i r  a t  th ree  temperatures; 100, 150 and 200°C. 
P l o t s  of the oxygen uptake by the  sur face  and the  bulk (revealed by heptane 
gr inding a f t e r  oxidat ion)  a r e  shown i n  Figure 2. 
i s  the  d i f fe rence  between t h e  surface and bulk concentrat ion of oxygen a s  t h e  coa l  
p a r t i c l e  i s  oxidised. The concentrat ions diverge with time and the  sur face  t o  
bulk r a t i o  is g r e a t e r  a t  t h e  higher  temperatures. A t  100°C very  l i t t l e  bulk 
oxida t ion  of t h e  coal  i s  observed. It is  clear t h a t  oxidat ion of these  c o a l  
p a r t i c l e s  i s  d i f f u s i o n  l imi ted  a t  a l l  th ree  temperatures. This r e s u l t  appears t o  
cont rad ic t  t h e  conclusions drawn by Chien e t  a1 (10) who concluded from 
FTIR-photoacoustic s tud ies  t h a t  oxidat ion of I l l i n o i s  No 6 coal  a t  150°C w a s  n o t  
d i f f u s i o n  l imited.  However t h i s  could be explained by d i f fe rences  i n  coa l  
poros i ty ,  t h e  P i t t sburgh  coa l  being mainly microporous. 

Figure 3 shows the changes which occur i n  t h e  carbon (Is) spec t ra  on oxida t ion  a t  
200OC. Evidence of carbon-oxygen groups formed i s  c l e a r l y  v i s i b l e  on t h e  h igh  
binding energy s i d e  of the  peak; these  being much more evident on the  sur face  than 
i n  the bulk. The r e s u l t s  of curve f i t t i n g  t h e  spec t ra  a r e  i n  Table 2. A t  a l l  
temperatures the  formation of s ing ly  bonded spec ies  i e  e ther  o r  OH groups, re fe r red  
t o  a s  s t a t e  C I I  i n  the  peak synthes is ,  dominates i n  t h e  e a r l y  s tages  of oxidat ion.  
Even a t  200°C, where carboxyl group formation i s  c l e a r l y  favoured on t h e  sur face ,  

A common f e a t u r e  of these  d a t a  

TABLE 2: CARBON (1s) PEAK SYNTHESIS OF OXIDISED PITTSBURGH COAL 
(ATOM X TOTAL CARBON) 

Fresh Coal Oxidised 100°C Oxidised 200°C 

Surface C 
Bulk 

48 hours 48 hours 
Surface Bulk - -  Surface Bulk - -  

- 
0 organic  8.7 11.0 10.2 38.6 20.0 
C I  80.0 78.8 79.9 61.0 66.9 
C I I  12.3 12.7 12.0 20.0 17.0 
CIII 2.0 2.4 2.0 5.3 2.8 
CIV 1.6 1.6 1.5 7.7 4.7 
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t h e  increase  i n  carboxyl  oxygen (2  x CIV) does not  exceed g r e a t l y  t h e  increase  i n  
CII oxygen up t o  48 hours  of oxidation. This agrees  with our previous r e s u l t s  on 
temperature programed oxida t ion  of a bituminous coa l  (4), l a t e r  confirmed by 
FTIR, t h a t  carboxyl group formation only became dominant above 200OC. 
from t h e  most heavi ly  oxidised c o a l  i n d i c a t e  some l i m i t a t i o n s  i n  t h e  present  methods 
of carbon (1s) peak synthes is  s i n c e  t h e r e  I s  a lack  of c o r r e l a t i o n  between the  
oxygen increase and t h e  carbon func t iona l  group analysis .  

The r e s u l t s  of our  XPS study a r e  i n  disagreement with previous FTIR s tudies .  
P a i n t e r  e t  a1 (7)  have reported t h a t  there  i s  no evidence f o r  OH formation on 
oxidat ion of a caking coal .  In a subsequent s tudy,  on a d i f f e r e n t  bituminous 
c o a l ,  Rhoads e t  a1 (8) r e p o r t  a n  i n i t i a l  increase  i n  phenolic OH a f t e r  t e n  hours 
a t  140°C, though over 280 hours t h e r e  is a decrease t o  a l e v e l  below t h a t  of t h e  
f r e s h  coal. 
peaks. NMR s t u d i e s  (11) of the  same oxidised coa l ,  however, showed no evidence 
f o r  carbonyl or carboxyl  group formation; changes involving oxygen incorporat ion 
were r e s t r i c t e d  t o  phenol formation up t o  16 days a t  140°C followed by condensation 
t o  form e t h e r s  a t  longer  oxida t ion  times. 

The apparent disagreement between results from d i f f e r e n t  techniques can be explained 
i n  general  terms by the  use of d i f f e r e n t  coa ls ,  d i f f e r e n t  oxidat ion condi t ions and 
t h e  high s e n s i t i v i t y  of FTIR spectroscopy t o  C=O groups. 
d i f fe rences  t h e r e  is a clear need t o  apply XPS, NMR and FTIR t o  a n  examination of 
t h e  same samples of oxidised coal .  The use of chemical d e r i v a t i s a t i o n  i s  l i k e l y  
t o  be a n  a i d  t o  s p e c t r a l  in te rpre ta t ion .  An example of t h i s  combined approach 
appl ied  t o  some preasphal te res  w i l l  be descr ibed i n  a l a t e r  sect ion.  

The r e s u l t s  

In both cases  the  spec t ra  are dominated by carbonyl and carboxyl 

To reso lve  these  

COAL OXIDATION BY WEATHERING 

The laboratory s imula t ion  of the  e f f e c t s  of weathering on t h e  chemistry of coa l  is 
u s u a l l y  c a r r i e d  out  by thermal oxida t ion  i.e. exposure of beds of coal  t o  a i r  a t  
a n  elevated temperature. Unlike weathering s t u d i e s  of polymer f i l m s  and coat ings,  
t h e  inf luence of photoinduced reac t ions  through exposure t o  l i g h t  a r e  not  genera l ly  
considered. This  is probably realistic f o r  s imulat ion of weathering on stockpi led 
c o a l  where the  s u r f a c e  a r e a  of c o a l  exposed t o  l i g h t  is negl ig ib le .  The e f f e c t  of 
l i g h t  does however have p o t e n t i a l  consequences for t h e  s torage  of small q u a n t i t i e s  
of c o a l  €or l abora tory  experiments, p a r t i c u l a r l y  when sur face  proper t ies  a r e  being 
invest igated.  

The e f f e c t  of d a y l i g h t  on t h e  oxygen content  of exposed c o a l  sur faces  has  been 
t e s t e d  by taking a sample of P i t t sburgh  No 8 c o a l ,  ground under heptane, and mounted 
on a sample probe f o r  a n a l y s i s  by XPS. 
a nor th  fac ing  window f o r  a per iod of f i v e  days a t  a n  ambient temperature of 
18OC. 'Re changes induced by t h i s  exposure t o  d i f f u s e  sunl ight  a r e  presented in 
Table 3. The degree of surface oxida t ion  i s  s u b s t a n t i a l ;  oxygen is incorporated 
i n t o  t h e  s u r f a c e  a t  a l e v e l  no t  reached a f t e r  24 hours oxida t ion  a t  15OOC. The 
peak f i t t i n g  shows s i g n i f i c a n t  increases  i n  a l l  oxygen groups, with s u b s t a n t i a l  
formation of OH and carboxyl groups. 

Before ana lys i s  t h e  sample was exposed t o  

TABLE 3: CARBON (1s) PEAK SYNTHF,SIS OF 5 PITTSBURGH COAL 
EXPOSED TO DAYLIGHT FOR FIVE DAYS (ATOM % TOTAL CARBON) 

Fresh Exposed 

0 Organic 8.7 
CI 80.0 
CII 12.3 
CIII 2.0 
C I V  1.6 

23.3 
72.6 
14.9 
3.5 
5.0 
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FUNCTIONAL GROUP ANALYSIS OF PREASPHALTENES BY DERIVATISATION 

Der iva t i sa t ion  of OH groups by a c e t y l a t i o n  is a widely used technique t o  enhance 
the  s e n s i t i v i t y  and reso lu t ion  of infra-red spectroscopy. It can a l s o  be used i n  
X P S  t o  enable the  d iscr imina t ion  of OH from e t h e r s  in t h e  C I I  s t a t e  by conversion 
of OH groups t o  e s t e r s  (CIV). We have appl ied  t h i s  technique t o  preasphal tenes  in 
the  f i r s t  ins tance  s i n c e  t h e  reac t ion  can be car r ied  out  i n  so lu t ion .  This avoids 
problems of s e l e c t i v e  e x t r a c t i o n  when s o l i d  coa ls  a r e  t r e a t e d  wi th  organic  
solvents .  

Preasphaltenes (THF so luble ,  toluene inso luble)  obtained from a bituminous coal  in 
t e t r a l i n  and hydrogen were ace ty la ted  a t  40°C f o r  24 hours using pyridine and 
a c e t i c  anhydride. The r e s u l t a n t  s o l u t i o n  was ro ta ry  evaporated t o  dryness  using 
toluene and dr ied  in a vacuum oven. Table 4 shows the  d a t a  obtained from peak 
synthesis  of the carbon (1s)  envelope, reveal ing t h e  na ture  of t h e  sur face  groups 
of a n  ace ty la ted  and unacetylated preasphaltene. The increase  i n  t h e  C I V  carbon 
s t a t e  (3.6%) of the  der iva t i sed  sample shows t h a t  a c e t y l a t i o n  has  occurred. This 
is in reasonable agreement with the observed increase  in organic  oxygen (4.7 O / C  
atomic X ) .  As expected no increase  was observed i n  t h e  C I I  carbon s t a t e  ( s i n g l y  
bonded carbon-oxygen), though a reduct ion in carbonyl w a s  a reproducible  fea ture .  

TABLE 4: CARBON (1s)  PEAK SYNTHESIS OF ACETYLATED PREASPHALTENE 
(Atom X Tota l  Carbon) 

Preasphaltene Acetylated Preasphal tene 

Oxygen 10.8 
C I  77.9 
C I I  14.4 
C I I I  1.9 
C I V  1.5 

15.5 
72.3 
14.9 
1.1 
5.1 

In order  t o  eva lua te  t h e  XPS da ta  obtained from t h i s  experiment 'a  s e r i e s  of 
preasphaltenes were analysed and quant i f ied  using four  techniques in p a r a l l e l :  
(XPS, FTIR (12) and 13c NMR) on ace ty la ted  preasphal tenes ,  plus  en tha lp imet r ic  
t i t r a t i o n s  (13) on t h e  o r i g i n a l  preasphaltenes. 
obtained. A l l  techniques a r e  in reasonable agreement v a l i d a t i n g  the use of XPS t o  
give a quant i ta t ive  assessment of the hydroxyl content  in carbonaceous materials. 
Generally the  en tha lp imet r ic  technique g ives  the  h ighes t  value f o r  oxygen as 
hydroxylwhereas FTIR and X P S  gave s i m i l a r  but  lower values. 
between the  d i f f e r e n t  techniques suggests  t h a t  combined FTIR,  NMR and XPS s t u d i e s  
of ace ty la ted  coa ls  a f t e r  oxidat ion might reso lve  some of the  e x i s t i n g  d i f f e r e n c e s  
in t h e  l i t e r a t u r e .  

Table 5 r e p o r t s  t h e  r e s u l t s  

The good agreement 

TABLE 5: OXYGEN AS OH IN PREASPHALTENES MEASURED BY NMR, FTIR, 
X P S  AND ENTHALPIMETRIC TITRATION 

Sample Analysis Oxygen as OH Relat ive t o  C = 100 

NMR FTIR T i t r a t i o n  Xps - -  

1 
2 
3 

C l O O  887 09 5 4.5 5.4 4.0 

c l O O  "76 O5 3 3.0 3.9 3.1 
C l O O  H83 08 3 3.8 5.0 3.8 

NITROGEN GROUPS I N  COAL 

Although the  r o l e  of n i t rogen  i n  coa l  is not  thought t o  be of d i r e c t  importance i n  
determining coa l  proper t ies .  there  is i n t e r e s t  i n  determining t h e  f a t e  of n i t rogen  
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dur ing  combustion o r  l iquefac t ion .  This requi res  i d e n t i f i c a t i o n  of t h e  ni t rogen 
func t iona l  group type  a t  each processing s tage.  Previous work had shown t h a t  the 
n i t rogen  (1s)  peak i n  coa l  could be resolved i n t o  two components corresponding t o  
pyr ro le  and pyr id ine  type groups (14). 
t h a t  over t h e  rank range of c o a l s  the preparat ion of each component remain 
approximately cons tan t  a t  around 2 : l  pyr ro le  t o  pyridine.  
t h e  proport ion of pyr id ine  groups. 

Examination of some chemically separated asphal tene f r a c t i o n s  has va l ida ted  t h e  
ana lys i s  of t h e  N ( 1 s )  peak by showing t h a t  in bas ic  f r a c t i o n s  the pyridine type 
groups a r e  t h e  major component (15). Examples of the spec t ra  a r e  shown in Figure 
4. 

Assignment of the pyr id ine  component has  been f u r t h e r  supported by d e r i v a t i s a t i o n  
experiments t o  form t h e  pyridinium ion. This species  can be r e a d i l y  d is t inguished  
by XPS (15). 

We have confirmed t h i s  model and shown 

Carbonisation increases  

The asphal tene has  a s i m i l a r  ni t rogen group d i s t r i b u t i o n  as t h e  parent  coal .  

CONCLUSIONS 

These s tudies  have demonstrated t h a t  XPS has s p e c i f i c  and unique advantages f o r  
t h e  examination of c o a l  surfaces .  Determination of t h e  carbon-oxygen funct ional  
group chemistry a t  coa l  p a r t i c l e  sur faces  should enable  a b e t t e r  fundamental 
understanding of many coa l  benef ic ia t ion  and u t i l i s a t i o n  processes. However when 
proper  cons idera t ion  is given t o  sample prepara t ion  XPS can a l s o  cont r ibu te  t o  
improvements in our fundamental understanding of bulk coa l  chemistry. Developments 
a r e  required t o  improve the  accuracy of curve reso lu t ion  methods, probably 
involving chemical d e r i v a t i s a t i o n .  Studies  of P i t t sburgh  No 8 oxidat ion have 
revealed the  d i s t r i b u t i o n  of oxygen and carbon-oxygen spec ies  between sur face  and 
bulk and have ind ica ted  the  importance of OH group formation during oxidation. In 
s e v e r a l  respec ts  XPS can  be seen t o  complement more convent ional  spectroscopies .  
This appl ies  e s p e c i a l l y  t o  sulphur  and n i t rogen  func t iona l  group chemistry i n  
which there  is increas ing  i n t e r e s t  due t o  environmental pressures .  X P S  is l i k e l y  
t o  be one of t h e  more usefu l  spectroscopic  techniques f o r  looking a t  these  groups 
and t h e i r  reac t ions  during u t i l i s a t i o n .  
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FIG 2. CHANGES IN ORGANIC OXYGEN CONCENTRATION FOR OXIDISED PITTSBURGH COAL: 
A-200°C, 8-150 AND 100°C, 0 -  SURFACE, X - BULK. 
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F I G  3: COMPARISONS OF C ( 1 s )  SPECTRA OF PITTSBURGH COAL OXIDISED AT 20OoC 
a )  I N I T I A L  COAL,b) OXIDISED 48 HOURS - BULK,c)  OXIDISED 48 HOURS - SURFACE 
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FIGURE 4 :  N ( l s )  SPECTRA OF a) ASPHALTENE, b) BASIC FRACTION OF A S P W T E N E  (PYRIDINE 
COMPONENT AT 398.8eV. PYRROLE COMPONENT AT 400.2eV) .  
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