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of hydrogen sulphide into SO2, while the lower vanadium 
oxides promote the selective H2S oxidation into elemental 
sulfur.

Keywords: Hydrogen sulfide, oxidation, sulfur, vanadia, 
glass fibers

1  Introduction
The Improvement of the degree of sulfur recovery in 
Claus plants is a traditionally important environmental 
protection task in the processing of natural gas and oil. 
The optimization potential of existing Claus units in this 
respect is practically exhausted. Hence, the main tool 
for efficiency increase of sulfur recovery over the last 
few decades is the application of Claus tail gas clean-up 
processes [1-3]. 

Among these processes, the technologies based on the 
selective catalytic oxidation of hydrogen sulfide into sulfur 
by oxygen are worth mentioning [3-5]. These processes use 
the catalysts that are based on iron oxide, which shown 
high H2S oxidation selectivity to sulfur. However, these 
catalysts have rather low activity, especially, at practically 
important temperatures below 200°C. 

V2O5 is the most active catalyst for hydrogen sulfide 
oxidation reaction [6,7]. However, the bulk vanadium 
pentoxide shows very low specific surface area. Therefore, 
the efficient vanadia catalyst must be based on some 
porous support. Various catalysts using V2O5 on the base 
of different conventional supports with high surface area 
(Al2O3, TiO2, SiO2) and with different promoters are known 
[8-14]. Such catalysts, when used in a form of thin films, 
demonstrate high intrinsic activity. On the other hand, 
when these catalysts are used as pellets of commercial 
size, their apparent activity may significantly decrease 
due to inhibition of the reaction by the intra-particle and/
or extra-particle mass transfer limitations. 
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Abstract: This work is focused on the characterization 
of a novel vanadium pentoxide catalysts on a glass-fiber 
support. The catalyst support consists of a non-porous 
glass-fiber fabric covered with an additional external 
surface layer of porous secondary support of SiO2. The 
vanadia active component is synthesized from vanadyl 
oxalate precursor by means of an impulse surface 
thermo-synthesis method. Such catalysts demonstrate 
high activity and appropriate selectivity in the reaction 
of H2S oxidation by oxygen into sulfur in the practically 
important temperature range below 200°C. According to 
the characterization data, the freshly prepared vanadia 
catalyst partially consists of mostly the amorphous 
and badly ordered vanadia with some part of the well-
crystallized V2O5 phase. Under the reaction conditions 
the main part of vanadia in the catalyst remains in the 
amorphous V2O5 form, while the less part becomes reduces 
into of VO2 and other vanadium oxides (such as VO, V2O3 
V3O7 and V4O9). Most probably, the crystallized V2O5 in 
course of reaction is responsible for the deep oxidation 
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The efficient use of the vanadium oxide’s 
catalytic potential in the given reaction is possible 
by minimizing the internal and external diffusion 
limitations. This may be made by application of novel 
micro-fibrous catalysts, which is currently attracting 
a lot of scientific and practical interest [15-22]. The 
glass-fiber catalysts (GFCs) may be produced in a form 
of catalytically active glass-fiber fabric, which, in 
turn can be arranged in a form of structured catalytic 
cartridges of various shapes and sizes [23,24]. Such 
cartridges are characterized with very low pressure 
drop combined with improved internal and external 
mass transport [25,26]. 

Our previous study [27] was dedicated to the 
synthesis of the vanadia catalysts on micro-fibrous 
supports. The target vanadia content (up to 10% mass) 
was provided by the use of the combined support, 
consisting of non-porous glass-fibers covered with an 
additional external surface layer of porous secondary 
support (SiO2). The advantage of this is to increase 
the internal surface area (up to 20 m2 g-1 compared to  
0.4 m2 g-1 for initial glass-fiber fabric without secondary 
support). 

The impulse surface thermo-synthesis (IST) method 
[28-34] was applied for the formation of active vanadia 
species at the catalyst surface. This method is based 
on the short thermal treatment of the sample during 
its transportation through the thin high-temperature 
zone. Such thermal impulse initiates the oxidation-
reduction reaction (air is usually used as an oxidant), 
resulting in formation of the active component phase. 
Importantly, the short (few minutes) thermal treatment 
potentially provides the appearance of the phases, 
which are unusual for the synthesis temperature and 
which are more catalytically active, than the phases 
obtained by conventional calcination at the same 
temperatures, for example,  in the muffle furnace [28]. 

The performed experimental investigations [27] 
showed that the synthesized catalyst has the high 
H2S oxidation activity and acceptable selectivity 
of oxidation to sulfur in the temperature range of 
170−200°С. This temperature region is practically 
important for the operation of selective oxidation 
reactors in the Claus tail-gas cleanup processes. With 
the overall sulfur yield this catalyst overcomes the 
conventional iron-oxide catalysts. In general, it was 
possible to summarize that the proposed V2O5/GFC  
appeared to be the promising catalyst for the 
processes for the selective H2S oxidation into sulfur. 
On this context, the given study was dedicated to 
characterization of the described catalyst.

2  Methods

2.1  Catalyst samples

The thermo-stable domestic zirconia-promoted silica 
glass-fiber fabric (GFF) KS-151 (produced by Steckloplastic 
Co., Zelenograd, Russia), containing 85% mass SiO2 and 
14% ZrO2, was used as a primary support. Porous silica 
(SiO2) was selected as the secondary support. This choice 
was explained by the fact that silica is much more resistant 
to sulphation in the H2S oxidation conditions than 
other conventional porous supports (first of all, Al2O3). 
Furthermore, the coefficients of thermal expansion for 
silica glass and SiO2 are close to each other, thus providing 
the high thermal stability of the secondary support 
layer at the surface of the primary support fibers under 
temperature variations. Vanadyl oxalate was chosen as a 
vanadia precursor. The details of the synthesis procedure 
are described in [27].

2.2  Catalyst characterization techniques

Surface morphology for the initial fabric as well as for 
vanadia GFC samples before and after the reaction was 
studied by means of scanning electron microscope JSM-
6460LV from JEOL Company, Japan. The X-ray diffraction 
(XRD) patterns of the samples were recorded with the use 
of X-ray diffractometer D8 Advance (Bruker, Germany), 
emitting CuKa radiation. Scanning was performed in the 
2q-angle range from 10° to 90° with step of 0.05° and 
acquisition time of 10 s at each point.

Sample before reaction was recorded as received. 
Sample after reaction was recorded as received and as 
powder after milling.

Polarized Raman spectra were recorded with a 
Triplemate, SPEX spectrometer with a CCD detector, 
LN-1340PB, from Princeton Instruments. The 488 nm 
line of an Ar-laser was used for spectral excitation. The 
spectra were obtained in back-scattering geometry. The 
laser beam was focused to a diameter of 2 micrometers 
using a LD-EPIPLAN, 40/0.60 Pol., Zeiss objective lens. 
The spectral slit was 2 cm-1. The spectra were collected 
for about 1-2 minutes. The laser output power was about 
200 mW and the power on the crystal was about 7 mW.

Electronic structure of initial V2O5, GFF and vanadium 
GFC samples was studied by means of Ultraviolet-Visible-
Near Infrared Diffuse Reflectance Spectroscopy (UV-Vis-
NIR DRS) using Shimadzu UV-2501 PC spectrophotometer 
with ISR-240A diffuse reflectance unit. The GFF and 
GFCs samples were folded twice and then placed into the 
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shell which are still separated from each other. Under 
further increase of microscope resolution (Fig. 2c), one 
may observe the thick crust of round-shaped particles 
and their aggregates at the fiber surface (the initial fibers 
already are not seen). In some places the crust contains 
breakings, and the particles of almost spherical shape. 
The view of the “after reaction” GFC sample surface 
remains almost unchanged (Fig. 3).

3.3  XRD analysis

V2O5 exists in only one known crystal structure [35], 
orthorhombic with a Pmmm space group having lattice 
parameters: a = 11.51 Å, b = 4.37 Å and c = 3.56 Å. It is 
fundamentally comprised of V2O5 pyramids which form 
alternating double chains along the b-axis. Alternating 
double chains of pyramids-up/pyramids-down are 
connected laterally by bridging oxygens to form a sheet 
or ribbon in the a–b plane. The planes themselves 
are connected by van der Waals bonds, and this weak 
bonding creates an easy cleavage along these planes. 
Vanadyl oxygens are singly coordinated to the V atoms 
and lie closest to and directly above or below the V atoms 
in the c-directions. Chain oxygens are triply coordinated 
and create the primary chain linkages along the b-axis. 
Bridge oxygens are doubly coordinated and connect the 
chains laterally in the a-direction. 

XRD patterns were shown on the Fig. 4. Average 
crystallite size of phases is shown in Table 2. The bulk 
sample corresponds to V2O5 with average crystallite 
size higher than 100 nm. Sample «before reaction» also 
corresponds to V2O5 but with smaller crystallite size of 
~50 nm. Halo in the angle range of 18−28 degrees probably 
points at the presence of amorphous V2O5. According XRD 
samples «after reaction» and «after reaction powder» have 

cuvette chamber. The diffuse reflectance spectra of the 
samples were recorded using BaSO4 as the reflectance 
standard in the wavelength range of 190−900  nm at the 
room temperature. The obtained coefficients of diffuse 
reflectance were transformed into absorption coefficients 
using the Kubelka-Munk function, F(R¥)=(1-R¥)2/2R¥, and 
the wavelengths were converted into wavenumbers. All 
UV-Vis-NIR DRS data are presented in the coordinates: 
Kubelka-Munk function versus wavenumbers. UV-Vis-
NIR DRS gives the way to detect the oxidation degree of 
the cation, its coordination number and the character of 
cations interaction with each other and with the support, 
using the d-d-transitions in the visual part of the spectrum 
and the ligand-metal charge transfer bands (CTB) in the 
UV area.

BET surface area measurement of the catalyst samples 
was provided by means of Micromeritics (USA) ASAP2400 
device via nitrogen adsorption and desorption isotherms 
at 77°K.

3  Results and discussion

3.1  Vanadia state in course of reaction 

The fresh vanadia catalyst has yellowish color, typical 
for V2O5. After the reaction, the color of the catalyst has 
changed to the dark green and to black. After the exposure 
to the air the catalyst gradually recovered its initial color. 
It is reasonable to propose the vanadium pentoxide is 
reduced in course of reaction into lower oxides, which may 
reoxidize back into V2O5 after the contact with ambient 
oxygen. 

3.2  Scanning electron microscopy

The view of the initial GFF in absence of vanadia is 
presented in Fig. 1. It is seen that the glass micro-fibers 
have formed like long cylinders with a constant diameter 
along the fiber length. Some of the cylinders carry the 
surface particles of various shapes, most probably 
consisting of SiO2.      

Fig. 2 shows the distribution of vanadia on the surface 
of glass-fiber threads in the catalyst sample before the 
reaction. Low-resolution images (Fig. 2a) show that the 
major part of supported vanadia is situated in the area 
of fiber thread’s interlacements in the GFF. At higher 
resolution (Fig. 2b) a more detailed picture of vanadia 
distribution in the fiber thread was visible. Some of the 
fibers are combined in bunches and covered by the 
common crust While others have thinner vanadia-silica Fig.1. Microscopic images of Zr-Si GFF (primary support).
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  (b)(a)

(c)

Fig.2.Microscopic images of V2O5/GFC sample before the reaction at different magnifications:(a) low, (b) intermediate, and (c) high 
resolutions.

   
Fig.3. Microscope images of V2O5/GFC sample after the reaction.

imperfect structure. It is possible that sample represents 
V2O5 but strongly disordered. This assumption is based 
on the presence of only some peaks of V2O5 namely hk0 
and 00l ones. These XRD patterns are typical for layered 

structures with a turbostratic disorder [36,37]. Also, it is 
possible that sample after reaction represents V3O7*H2O 
in consideration of coincidence of interlayer distances of 
3.39 Å and 1.81 Å. 
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3.4  UV-Vis-NIR DRS 

As it is known from literature [38], the UV-Vis-NIR DRS 
spectrum of well-crystallized V2O5 with the molecular 
structure consisting of the (V5+O)Oh polymers only, usually 
contains three absorption bands at 477, 325, and 240 nm. 
Since the structure of V2O5 is the layered one, it may be 
assumed that the absorption bands observed at 473 and 
340  nm (Fig.  5, curve  1) belong to CTB of ligand-metal 
cations V5+ in the octahedron oxygen coordination. 

UV-Vis-NIR DRS spectrum of the initial GFF (Fig. 5, 
curve 2) shows that the support absorbed the radiation 

in the UV part of the spectrum only in visible and UV 
areas up to 222 nm. It makes possible to interpret clearly 
the absorption bands and CTB of ligand-metal cations of 
vanadium appearing.

Obviously, the UV-Vis-NIR DRS spectra of the V2O5/
GFCs (Fig. 5, curve 3) and of the crystal V2O5 (Fig. 5, curve 1) 
are significantly different. It means that there is no well 
crystallized V2O5 in the V2O5/GFCs, therefore, there are no 
polymeric chains of V5+

Oh cations. Liu et al [39] attributed 
the band at 280 nm of hydrated V-MCF and the band at 
250 nm of dehydrated V-MCF to the isolated V5+

Td cations, 
while the band in the region of 300−400 nm was attributed 

Table 1. The list of the studied materials.

Sample Primary support Secondary support Active component BET surface area, m2 g-1

Catalyst V2O5/GFF Si-Zr GFF SiO2 V2O5  
(10.3% mass V)

5.6

Glass-fiber fabric Si-Zr GFF - - 0.4

Table 2. Average crystallite sizes for vanadia samples.

Sample Average crystallite size, nm

Bulk >100

Before reaction (yellow) 50

After reaction (green)
After reaction, powder (green)

10

Fig.4. XRD data for all the samples.
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to polymeric chains of V5+
Td cations. According to this, we 

suppose that vanadium is stabilized in V2O5/GFCs in the 
form of both isolated and polymeric V5+

Td cations.
The UV-Vis-NIR DRS spectrum of V2O5/GFC “after 

reaction” sample (Fig. 5, curve 4) is quite different from 
the fresh one. After the reaction, two absorption bands at 
438 and 364 nm are observed in the spectrum. According 
to [40], the absorption bands in the range of 350−450 nm 
appearing in UV-Vis-NIR DRS spectrum of VO2-SiO2 
sample are characteristic of oxide VO2. According to 
XRD data [41], it may be connected with the crystal 
lattice of tetrahedron rutile-type phase VO2, where the 
one-dimensional chains of oxygen octahedrons of V4+ 

cations, containing one electron in the dx2-y2-orbital 
of each cation, are formed in parallel to the rutile CR 
axis. In this case, the dx2-y2-orbitals of neighboring 
V4+cations, positioned along the CR axis, give the non-
zero integral of mutual bridging, leading to formation 
of one-dimensional V4+ cations chains, stabilized in the 
space of tetragonal VO2 phase mostly due to s-bonds of 
oxygen octahedrons. Notably, V2O5/GFC sample after 
the reaction is characterized with the overall increase of 
the absorption background of the whole system, being 
an evidence of existence of some reduced conducting 
phase, which nature cannot be established by means of 
UV-Vis-NIR DRS spectra only. 

Therefore, we assume that the reaction leads to 
significant reduction of V5+ to V4+. The V4+

Oh cations, 
stabilized in the form of one-dimensional chains in the 
bulk of VO2 formed on the surface of glass fiber support, 
may be considered as the potential active component, 
providing the high activity of V2O5/GFC in the low-
temperature area, though it requires a detailed study. 

The curve 5 in Fig. 5 corresponds to the UV-Vis-NIR DRS 
spectrum of the “after reaction powder” V2O5/GFC sample. 
It may be concluded that milling of the V2O5/GFC “after 
reaction” sample leads to disappearance of absorption 
bands in the visible area and appearance of continuous 
absorption in the area above 20 000 cm–1. Most probably, 
this absorption may correspond to reduced vanadium 
oxides, such as VO, V2O3 VO2, V3O7 and V4O9, but the more 
exact attribution is complicated due to unavailability of 
UV-Vis-NIR DRS spectra for mentioned individual oxides.

3.5  Raman spectroscopy. 

Fig. 6 shows the Raman spectra of the initial GFF, solution 
of vanadyl oxalate VOC2O4, well crystallized vanadium 
pentoxide V2O5 and two “before reaction” and “after 
reaction” V2O5/GFC samples (curves 1-5, respectively). For 
initial GFF the spectrum (curve 1) involves two structure 
less?? maximums, corresponding to frequency ranges 
for vibrations of oxygen and silicon atoms relative to 
each other. One may conclude that the initial GFF is 
an amorphous substance, having neither distant nor 
proximal order.   

The Raman spectrum of the vanadyl oxalate VOC2O4, 
which was used for preparation of V2O5/GFCs by IST 
method, contains (curve 2) the broadened band at  
986 cm–1, typical for a vibration of terminal V=O bond, like 
the bond in V2O5 [42]. 

The spectrum of well crystallized (according to XRD 
data) vanadium pentoxide V2O5 (Fig. 6,curve 3) involves 
narrow bands at 146, 286, 407, 480, 527, 700, and 992 cm–1, 
practically coinciding with the previous studies on the 
single crystal of V2O5 [42, 43]. According to the previous 
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studies [44,45], each octahedron around of vanadium 
in V2O5 is strongly distorted and has different V–O bond 
lengths: two bonds with the length of 1,78  Å and two – 
1,88 Å, one V–O bond is very long (2,02 Å), another one is 
very short (1,58 Å), corresponding to terminal double bond 
V=O. The mode at 992  cm–1 relates to this terminal V=O 
bond, while the mode at 146 cm–1 confirms the presence of 
vanadium cations in the highest oxidation state (+5) and 
corresponds to vibrations of V2O5 framework [42]. 

The Raman spectrum for “before reaction” V2O5/GFC 
shows that the sample is not uniform and includes the 
areas with different composition of vanadium containing 
substances. The spectrum of the one area (Fig. 6, curve 
4) practically coincides with one for bulk V2O5 (curve 3), 
appearing the stabilization of the well-crystallized V2O5 
phase. In the spectrum of the other area of this sample 
(not presented on the plot), there are no expressed Raman 
bands; this area corresponds to vanadium-containing 
amorphous phase.

Few Raman spectra were recorded for different areas 
of V2O5/GFC “after reaction” sample. In some areas, the 
spectra are completely similar to those for fresh V2O5/
GFCs, while the other ones give the new types of spectra 
(Fig. 6, curve 5). The band at 153 cm–1 here most probably 
relates to the vibrations of the V2O5 phase framework [42, 
43]. The authors of [46] state that the pure VO2 crystal may 
have the band 219  cm–1 in the Raman spectrum at room 
temperature, therefore, we may propose that some areas 
of the sample surface contain VO2. 

Summarizing, the Raman spectroscopy gives the 
ground to propose that surface of V2O5/GFCs is not uniform 
and may contain the small islets of VO2 distributed non-
uniformly at the large areas of V2O5. 

4  Conclusions 
According to scanning electron microscopy data, the 
surface of the glass fibers in the V2O5 catalyst samples is 
covered by the vanadia-silica crust with a non-uniform 
thickness - major part of supported vanadia is situated 
in the area of fiber threads interlacements in the GFF. 
While the crust in the freshly prepared sample consists 
of particles of almost round shape, aggregates and 
agglomerates, the “after reaction” sample also contains the 
vanadia particles of irregular shape. The XRD data show 
that both fresh and reacted samples contain the strongly 
disordered V2O5, but the “after reaction” sample probably 
includes also the mixed-valence phase (V5+/V4+), e.g. such 
as V3O7·H2O and other vanadium oxides. According to 
UV-Vis DRS the spectrum of the fresh catalyst is different 
from one for the bulk V2O5, while for the “after reaction” 
sample the significant rise of the absorbance background 
is observed, thus confirming the high non-uniformity of 
the sample and presence of numerous reduced vanadia 
forms, including VO2. The Raman spectroscopy shows that 
vanadia catalyst samples contain the areas of different 
composition: the fresh sample contains both the well 
crystallized and the amorphous V2O5, the “after reaction” 
sample consists of amorphous V2O5 and islets of VO2 
phase. 

Summarizing the characterization methods data, we 
may conclude that the fresh vanadia catalyst partially 
consists of mostly the amorphous and badly ordered 
vanadia with some part of the well-crystallized V2O5 phase 
with the particle size of ~50 nm, being twice smaller than 
that for bulk V2O5. In the sample after reaction the main 
part of vanadia remains in the mentioned amorphous 
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and badly ordered V2O5 form, while the less part becomes 
reduced and stabilized in form of VO2 and other vanadium 
oxides (such as VO, V2O3 V3O7 and V4O9).

In our experiments, we observed the rather long 
establishment of the catalyst steady-state performance. 
During this transient period, the observed amount of SO2 in 
the reaction products was higher than at the steady state. 
It may be explained by reduction of the well-crystallized 
V2O5 phase into lower vanadium oxides. Most probably, 
the well-crystallized vanadia phase in course of reaction 
is responsible mostly for the deep oxidation of hydrogen 
sulphide into SO2, while V2O3, VO2 and other lower oxides 
promote selective H2S oxidation into elemental sulfur. 
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