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X-ray Absorption Spectroscopic Investigation of 
Trace Vanadium Sites in Coal 

Abstract. X-ray absorption spectroscopy waJ used to probe the chemical and 
structural environment of vanadium in coal. It was found that vanadium exists in at 
least two environments, in both of which it was coordinated to oxygens. There was 
no evidence of vanadium in nitrogen (porphyrin) or sulfide environments. It was also 
found that the vanadium environments in the raw coal did not survive unchanged in a 
liquefaction process. These Jindings have implications for coal cleaning processes 
and for trace element release into the liquefaction process stream. 

Coal contains nearly all the elements 
in the periodic table as impurities. Al- 
though the common inorganic elements 
in coal can be accounted for in the major 
minerals, the chemical and structural en- 
vironments of many of the trace ele- 
ments (those with a concentration 
5 1000 ppm) cannot be confidently de- 
termined by conventional microscopic, 
spectroscopic, and diffraction tech- 
niques. An element that occurs in only a 
trace amount may, however, have a sig- 
nificant effect on coal conversion pro- 
cesses through its effects on corrosion, 
catalyst poisoning, and fugitive emis- 
sions. To deal rationally with these ef- 
fects it is necessary to know the manner 
in which the element is held in coal and 
how its chemical environment changes 
during a process. 

The average vanadium content of U.S. 

coals is 20 ppm (1). However, the con- 
centration in certain parts of some seams 
can be greater than 1500 ppm (2). Studies 
of coals by scanning electron microsco- 
py and energy-dispersive x-ray analysis 
have found examples of vanadium-bear- 
ing silicates and iron pyrites (3). A num- 
ber of density separation studies (4) have 
pointed to an organic environment for 
vanadium or a mixed organic-mineral 
environment. In an early study Triebs (5) 
found vanadyl porphyrin in a boghead 
coal. Vanadium is a well-known hot cor- 
rosion agent for metal parts (6) and has 
been identified as a factor in fibrogenesis 
affecting miners (7). 

We took advantage of the unique atom 
selectivity of the x-ray absorption tech- 
nique and used both the high-resolution 
near-edge K spectra and the extended x- 
ray absorption fine structure (EXAFS) 
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(8) to probe the local atomic environ- 
ments of trace vanadium in coal. Intense 
synchrotron radiation was used as the x- 
ray source. The technique is nondestruc- 
tive and requires no sample preparation 
that could disturb the elemental environ- 
ments. It does not require a vacuum 
system and thus can be used with coal 
processing products such as liquids and 
tars, and it examines the whole sample, 
not just isolated regions. 

The coal used in this study came from 
the top 15 cm of the Kentucky No. 9 
seam. Parts of the seam are unusually 
high in vanadium. The vanadium con- 
centrations in the samples ranged from 
1000 to 1800 ppm. In addition to the raw 
coal, density-graded samples were pre- 
pared. The coal was pulverized under 
nitrogen in glass equipment to below a 
mesh size of 200 pm and centrifuged 
with Certigrav liquids. Two sets of sam- 
ples were prepared, one lighter than 1.3 
g/cm3 and one heavier than 1.4 g/cm3. 
Samples of liquefied coal were also pre- 
pared. The pulverized coal was mixed 
with 1 percent (by weight) SnC12 and 
tetralin, then placed in a high-pressure 
bomb. The system was pressurized to 
2000 pounds per square inch gauge with 
hydrogen, then heated to 300°C for 5 
hours. At this time the coal had become 
plastic and tarry. Samples of the tarry 
product were used directly in the x-ray 
experiments. 

The experiments were performed with 
the EXAFS-1-5 spectrometer (9) at the 
Synchrotron Radiation Laboratory at 
Stanford University during a dedicated 
run of SPEAR (the Stanford positron 
electron accelerator ring) at an electron 
energy of 3.0 GeV and a storage ring 
current of - 100 mA. The synchrotron 
x-ray beam from SPEAR was mono- 
chromatized with a channel-cut Si(220) 
crystal and a 1-mm entrance slit, which 
yielded a resolution of approximately 0.3 
eV at the vanadium K edge at 5465 eV. 
Spectra of vanadium in coal were mea- 
sured by the fluorescence EXAFS tech- 
nique (10). This technique monitors the 
vanadium Ka  fluorescence intensity, 
which is proportional to the degree of 
absorption of the incident beam, and 
hence monitors the x-ray absorption 
spectrum. A fluorescence detector simi- 
lar to that of Stern and Heald (11) was 
used. Spectral specimens were prepared 
by packing the powdered coal into A1 
cells 1500 pnl thick equipped with 6-pm 
Kapton windows, which were sufficient- 
ly large that the x-ray beam impinged 
only on the coal sample. The cells were 
placed in a sample chamber purged with 
helium to minimize absorption and scat- 
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tering by air in the range 5 to 6 keV. 
High-resolution near-edge spectra and 

EXAFS spectra of a series of selected 
vanadium compounds of known struc- 
ture were also measured and used to 
model the chemical states and local 
atomic structure of vanadium in coal. 
Where the concentration of these sam- 
ples was high enough, the EXAFS was 
measured by the standard absorption 
technique. Vanadium K-edge spectra for 
a series of selected model compounds 
are shown in Fig. 1. The zero of energy is 
taken at the first inflection point of vana- 
dium metal, whose spectrum is also giv- 
en for comparison. Two different types 
of near-edge spectra were observed, rep- 
resenting (i) octahedrally coordinated 
compounds, such as V203, which exhibit 
a weak pre-edge peak, and (ii) tetrahe- 
drally coordinated compounds such as 
IVH4V03 or compounds with a short 
vanadyl bond in a square pyramid, such 
as V2O4 and vanadium tetraphenyl por- 
phyrin, all of which exhibit a strong pre- 
edge peak. These edge features are due 
to transitions from the vanadium 1s level 
to the empty energy level manifold of the 

-50 0 50 100 
Energy (eV) 

Fig. 1. Vanadium K-edge absorption spectra 
for (a) the metal, (b and c) octahedral coordi- 
nation, (d) tetrahedral coordination, and (e 
and f) square pyramid coordination. Roscoe- 
lite is a vanadium mineral with the formula 
KAIV2Si3010(OH)Z 
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molecule and could be measured to 
t 0.2 eV relative to vanadium metal. 
For a transition metal atom in octahedral 
symmetry the 1s to 3d dipole transition is 
forbidden but the much weaker quadru- 
pole transition is allowed (12). The 
curves for V2O3 and roscoelite in Fig. 1 
illustrate this type of spectrum. For tet- 
rahedral complexes, the lack of a center 
of inversion permits a dipole transition 
between the 1s and T2 orbitals (these can 
contain much metal 3d character) (13). 
This gives rise to the strong pre-edge 
peak shown for NH4V03. Similar transi- 
tions can be expected in other com- 
pounds where the local environment 
around the central vanadium atom lacks 
a center of inversion (for instance, V2O4 
and vanadium porphyrin). 

Figure 2 shows K-edge spectra of va- 
nadium in a coal, its sink and float frac- 
tions, and its liquefaction residue. All the 
coal samples in this study had a pre-edge 
peak at 4.5 * 0.2 eV, which varied in 
intensity with the particular sample. Rel- 
ative to raw coal, the light fractions all 
showed an increase in peak height and 
the heavy fraction showed a decrease. 
This behavior indicates the presence of 
more than one environment for vanadi- 
um in this coal. The trend in Fig. 2 
indicates that a clean heavy fraction 
would be very similar to roscoelite or 
V2O3, that is, V3+ in octahedral oxygen 
coordination. The position of the main 
absorption edge is compatible with this 
assignment. Because rafting may occur, 
the light fraction may contain some of 
the mineral found in the heavy fraction, 
so that the pre-edge peak height cannot 
be determined accurately. The energy of 
this feature is, however, 4.5 eV. This 
excludes v5+ (as in V2O5, NH4V03, and 
vanadium 8-hydroxyquinoline) from 
consideration because their pre-edge 
peak occurs at 5 to 6 eV. It also excludes 
V4+ with some nitrogen ligands, as in 
vanadium phthalocyanine and porphy- 
rin, where the peak occurs at 3.5 to 4.0 
eV. The pre-edge peak position and in- 
tensity are in good agreement with v4+ 
in oxygen coordination with one short 
vanadyl bond. In Fig. 2 it is also possible 
to compare the edge spectrum before 
and after liquefaction. It is clear that the 
vanadium environment in the raw coal 
did not survive liquefaction, but ap- 
peared reduced totally to a trivalent state 
like that in V2O3 or roscoelite. Reactivity 
during liquefaction is probably not re- 
stricted to vanadium and may be a gener- 
al path by which inorganic elements from 
coal minerals are liberated into the prod- 
uct stream. 

The near-edge absorption features dis- 

cussed above indicate that vanadium in 
coal is most likely bound to oxygens as 
ligands. This finding can be examined 
more quantitatively from the EXAFS 
data on the high-energy side of the ab- 
sorption edge. In the single-scattering 
approximation (14) the observed EX- 
AFS, ~ ( k ) ,  may be given by 

x(k) = $ X A j  J sin [2rjk + +(k)] (I) 

where k = h-'V'2rn (hv - Eb) is the 
wave vector of the photoelectron, h is 
Planck's constant divided by 2 ~ ,  rn is 
mass, hv is the x-ray photon energy; Eb 
is the binding energy of the K electron of 
vanadium in the compound or coal; rJ is 
the distance of the atom or atoms in the 
jth coordination shell, +(k) is a phase 
shift due to both central and backscatter- 
ing atom potentials on the photoelectron, 
and A, is a magnitude term given by 

where NJ is the coordination number; 
Ak,n) the amplitude due to backscatter- 
ing atoms only, A the mean free path, and 
u, a Debye-Waller type root-mean- 
square displacement term. By using 
model compounds of known structure 
(known r,, N,, and mJ), a set of backscat- 
tering amplitude and phase shifts may be 
derived empirically by fitting their EX- 
AFS spectra to Eq. 1. These scattering 
parameters can then be used to fit the 
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Fig. 2. Vanadium K-edge absorption spectra 
in coal, its sink and float fractions, and its 
liquefaction residue. 
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K, 1-I 
Fig. 3. X-ray absorption fine structure data for (a to c) float and (d to f) sink fractions of coal 
samples. (a) Normalized x(k)k versu: k; (b) Fourier transform of (a); (c) k3-weighted inverse 
transform in the k range 4.7 to 11.7 A-' of (b) in the region 1 to 2.5 A and (A) fitted data. A 
similar sequence is shown in (d) to (0. 

Fourier-filtered EXAFS data of the un- 
known material and to derive structural 
parameters r,, N,, and a, for the jth 
coordination shell. Details of the Fourier 
analysis and fitting routine have been 
published (15). Here we outline the pro- 
cedure for the vanadium EXAFS in coal. 

From qualitative inspection of the coal 
data and analysis of the pre-edge results, 
it was decided to attempt to fit the EX- 
AFS data with oxygen, sulfur, or nitro- 
gen as the ligand. The backscattering 
amplitudes and phase shifts for these 
atoms were obtained from model com- 
pounds. The oxygen and sulfur backscat- 
tering amplitudes were obtained from 
V2O3 and V2S3. The vanadium-oxygen 
phase shift was extracted by using the 
known distances in V2O3; the vanadium- 
sulfur distance was not known in V2S3 
and was therefore determined from the 
phase shifts reported by Lee et al. (16). 
The nitrogen parameters were deter- 
mined from vanadyl mesotetraphenyl 
porphyrin, which has a vanadyl oxygen 
at 1.62 A and four nitrogens at an aver- 
age distance of 2.10 A in the first shell. 
The vanadium-oxygen distance is known 
and the other oxygen parameters were 
taken from the V2O3 work. The approxi- 
mate nitrogen backscattering amplitude 
and phase shift were obtained from cal- 
culated values and were refined by fitting 
to the porphyrin data. The nitrogen pa- 
rameters were then used to fit vanadyl 
phthalocyanine and satisfactory results 
were obtained. These parameters for ox- 
ygen, sulfur, and nitrogen were then 
used to fit the coal data. 

The EXAFS data for typical sink and 
float coal samples are shown in Fig. 3 
along with the Fourier transforms and 
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the inverse transforms 4.7 to 11.7 k1 of 
the region of the first coordination shell, 
1 to 2.5 A. Although the data were noisy 
they were transformed into a complex 
first shell peak that could be isolated by 
Fourier inversion. By using these in- 
verse transforms, the function Xl(k)k3 
was fitted with the parameters from the 
model compounds (15). The near-edge 
data showed that a short vanadium-oxy- 
gen bond was present. Hence two sepa- 
rate distances were varied simultaneous- 
ly: a short vanadium-oxygen bond and 
an average distance with oxygen, nitro- 
gen, or sulfur. The coal EXAFS could 
not be fitted with sulfur in any combina- 
tion. Equally good fits could be obtained 
with oxygen or nitrogen as the remaining 
ligand with similar values of N ,  r,  and cr. 
Because these elements are adjacent in 
the periodic table, they have similar 
backscattering and phase shift parame- 
ters and are difficult to distinguish. How- 
ever, the pre-edge peak position in the 
data discussed above excludes nitrogen 
iigands, so we conclude that vanadium is 
coordinated to oxygen in this coal. 

Within the estimated uncertainty, the 
light and heavy fractions appear similar, 
with one short vanadyl bond at about 1.6 
A and five longer bonds to oxygen at 
about 2.0 A; however, there is less of the 
short-bonded oxygen in the heavy frac- 
tion. This simply reflects the fact that the 
vanadium "compounds" were only par- 
tially separated by the sink-float tech- 
nique. We anticipate that with a finer 
initial particle size, the separation can be 
improved with progressive enrichment 
of the V2O3 or roscoelite-like phase in 
the heavy fraction. The EXAFS results 
for the light fraction yield an average 

vanadium-oxygen bond length of 1.93 A 
in the coal fractions. This, together with 
the pre-edge peak intensity of about 1.0 
for the light fraction, corresponds well 
with a tetravalent vanadium in an oxygen 
environment similar to that in V204-a 
conclusion consistent with that based on 
the pre-edge peak position discussed 
above. 

The results reported here were ob- 
tained for selected coals with an abnor- 
mally high vanadium content, and the 
vanadium environment we found could 
be peculiar to this coal. Through a com- 
bination of improved detector efficiency, 
higher x-ray flux at wiggler stations, and 
longer signal integration times, it should 
be possible to obtain quality spectra of 
trace metals in coal to about 10 ppm, the 
approximate concentration of many ele- 
ments in many coals and coal-derived 
products. 
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