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ABSTRACT

A series of vanadia-doped zirconia-pillared clays (V/Zr-PILCs) with various amounts of vanadia
were prepared and their performance for the selective catalytic oxidation of H,S was investigated
in this study. V/Zr-PILCs were characterized using X-ray diffraction (XRD), surface area-pore vol-
ume measurements, chemical analysis, X-ray photoelectron spectroscopy (XPS), >'V spin-echo NMR,
temperature-programmed reduction by H, (H,-TPR) and temperature-programmed desorption of ammo-
nia (NH3-TPD). V/Zr-PILCs showed better catalytic performance than as such Zr-PILC at temperatures
ranging from 220 to 300 °C without any considerable SO, emission. The H,S conversion over V/Zr-PILCs
increased with increasing vanadia content up to 6 wt.%. This superior catalytic performance might be
related to the uniform dispersion of vanadia in the form of monomeric and polymeric species. However,
it decreased at higher vanadia loadings due to the decrease of surface area and to the formation of crys-
talline V,05 phase. The presence of water vapor in the reactant mixture resulted in the decrease of the

H,S conversion.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since international environmental regulations concerning the
release of sulfur-containing gas have become more stringent,
hydrogen sulfide contained in acidic gases needs to be carefully
controlled prior to emission to the atmosphere. For many years,
most hydrogen sulfide in petroleum refineries and natural gas
plants has been removed using the well-known Claus process
[1,2]. However, due to thermodynamic limitations, 3-5% of the H,S
is not converted to sulfur. Various commercial processes based
on adsorption, absorption, and wet oxidation have been used to
treat the tail gas having low concentration (<5vol.%) of sulfur-
containing gas from the Claus plant or other emission sources.
Among these processes, the most attractive process is the dry cat-
alytic oxidation of H,S to elemental sulfur after the hydrogenation
of sulfur-containing gas to H,S. Two important commercial devel-
oped processes are the MODOP (Mobil direct oxidation) process
[3,4] and Super Claus process [1,5]. These processes are based on
the following irreversible selective oxidation of H,S to S (reaction
(1)) as the main reaction, with other oxidation reactions (reactions
(2) and (3)) and the reversible Claus reaction (reaction (4) as side
reactions.
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H,S + (1/2)02 — (1/n)Sn +H20 (M
(1/n)Sn 402 — SO, (2)
HaS + (3/2)03 — SO, +H,0 3)
2H,S + SO, < (3/n)Sy +2H,0 (4)

Clays are unbiquitous and cheap. Clays are now widely used as
catalyst due to its eco-friendly nature, but its efficient use is limited
due to lack of porosity and low thermal stability. Therefore modifi-
cations are done to improve the properties among which pillaring
process provide porosity and thermal stability. Pillared interlayered
clays (PILCs) are two-dimensional zeolite-like materials that are
prepared by exchanging the charge-compensating cations between
the clay layers with large inorganic cations, which are polymeric
or oligomeric hydroxy metal cations, formed by the hydrolysis of
metal oxides or metal salts. Upon heating, the metal hydroxy cations
undergo dehydration and dehydroxylation, forming stable metal
oxide clusters that act as pillars that maintain separation between
the silicate layers and create interlayer space of molecular dimen-
sions [6-9]. Compared with zeolites, PILCs have the advantage that
new materials can be tailored to particular applications by varying
the size and separation of the pillars as well as their composition.
A wide variety of factors can influence the intercalation/pillaring
process, which makes it difficult to compare the results reported
by other authors. These factors include the nature of the host clay
used as the parent material, nature of the metallic cation, hydrolysis
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conditions, reaction time, synthesis temperature, and the washing,
drying and calcination processes.

Delaminated pillared clay is one class of pillared clay, which
was first synthesized by Pinnavaia et al. [10]. Delaminated clays
are solids supports and catalysts characterized by a house-of-card
like structure containing, mesopores and macropores, in addition
to micropores of the type found in zeolites and pillared clays [11].
The different porosity characteristics of delaminated pillared clays
compared to pillared clays will influence their catalytic and adsorp-
tion properties. The intercalation of clays with zirconium oligomers
has been reported by several authors [12-19].

Several studies have also reported [20-26] the selective catalytic
oxidation of H;S using a variety of catalysts. In our previous work
[27,28], we reported the good catalytic performance of V,05 cata-
lyst for the selective oxidation of H,S. To the best of our knowledge,
we are reporting for the first time the selective catalytic oxida-
tion of HyS using vanadia-doped delaminated zirconia-pillared
clay.

2. Experimental
2.1. Catalyst synthesis

The starting material was Na-montmorillonite (Kunipia-F,
Kunimine Industrial Company) with a cation exchange capacity
of 120meq/100g, and is referred to as Na-MMT. Zirconium oxy-
chloride (98%, Sigma-Aldrich) is used as a source of zirconium
polycations. ZrOCl,-8H,0 (0.1 M) solution was prepared by dissolv-
ing the required amount of the salt in double distilled water. The
solution was then refluxed at 100 °C for 24 h to prepare the pillar-
ing solutions. The pillaring processes were performed with 1 wt.%
clay slurry. The pillaring solutions were then added drop wise to
the aqueous clay suspension under stirring conditions to obtain a
final Zr/clay ratio of 10 mmol/g. The slurry was kept under stirring
for 24 h at room temperature. After aging for 12 h, the product was
filtered, washed several times with distilled water, dried in air and
then calcined at 400°C for 3 h. The final product is referred to as
Zr-PILC.

Vanadia loaded Zr-PILC containing 2, 6, 11 and 14 wt.% vana-
dia were prepared by the wet impregnation of the Zr-PILC support
with a solution of NH4VO3 (99%, Aldrich) dissolved in water acid-
ified by oxalic acid. The pH during the impregnation process was
2.1. Finally all the samples were dried at 80°C for 20h and cal-
cined at 400°C for 3 h under an air flow. The samples are labeled
as x wt.% V/Zr-PILC, where x refers to the vanadia loading on the
support.

2.2. Characterization of the catalysts

The chemical composition of the samples was determined by
X-ray fluorescence spectroscopy (XRF, Philips PW 2400).

The X-ray diffraction (XRD) patterns were obtained on a Bruker
Advanced D8 powder diffractometer, using Ni filtered Cu Ka radi-
ation (A =1.5404A). A fixed power source (40kV, 300 mA), and a
scan speed of 0.02° 20 min~! were applied for the determination of
XRD.

The surface areas were determined by N, adsorption at 77K
using a Micromeritics ASAP 2010 instrument. The samples were
outgassed in vaccum for 12 h at 110 °C prior to nitrogen adsorption.
The specific surface areas were calculated using BET equation. The
total pore volumes were evaluated from the nitrogen uptake at a
relative N, pressure of P/Py=0.99. The t-plot method was used to
determine the micropore volume.

XPS analyses were performed using a X-ray photoelectron
spectrometer (VG, ESCALAB 250) with monochromatic Al Ka radi-

ation (hv=1486.6eV). Samples calcined at 400°C for 3h were
pressed into self-supporting wafers without a binder, followed
by a pretreatment in an ultrahigh vacuum. The binding ener-
gies (BE) were calculated using the C 1s band as the reference
(284.6eV).

The °1V spin-echo NMR spectra were obtained on a Bruker DSX
400 spectrometer (Ug =105.2 MHz for >'V resonance) with a field
strength of 9.4 T. All chemical shifts were referenced to NaVOs as
the external standard.

Temperature-programmed reduction by H; (H,-TPR) and
temperature-programmed desorption of ammonia (NH;-TPD) were
performed with a BEL-CAT chemisorption apparatus (BEL, JAPAN).
For H,-TPR, about 50 mg of sample was pretreated in an oxidative
atmosphere (5% O, in He) at 400°C for 30 min. After cooling to
room temperature, the TPR by H; (5% in He, flow rate 20 mL/min)
was carried out from 100 to 700 °C at a heating rate of 10 °C/min. For
NH3-TPD, about 50 mg of the sample was pretreated to 400 °C for
2 hunder He flow, and cooled to ambient temperature. Pure ammo-
nia gas (50 mL/min) was adsorbed at 100 °C for 20 min. Desorption
was carried out with a linear heating rate of 10°C/min in a flow of
He (20 mL/min).

2.3. Reaction tests

The reaction tests were carried out in a continuous flow fixed-
bed reactor made from Pyrex tube with 1in. internal diameter. The
gas flow rate was controlled using mass flow controllers (Brooks
MEFC, 5850E). A mixture of gases H,S, O, and a balance of He with
purity of 50%, 98%, 99.999%, respectively were used. A sulfur con-
denser was attached at the effluent side of the reactor and its
temperature was maintained at 110°C to allow the condensation
of sulfur vapor only. A line filter was installed after the condenser
to trap any sulfur mist that had not been captured by the con-
denser. From the condenser up to the gas chromatograph, all the
lines and fittings were heated to above 120°C in order to pre-
vent condensation of water vapor. In a typical experiment, the
reactant composition consisted of 5vol.% H,S, 2.5vol.% O, and a
balance of He. The gas hourly space velocity (GHSV) was fixed to
10,000 h~1. Typically, 0.4 g of catalyst was used with total gas flow
rate of 100 mL/min. Water vapor was introduced to the reactant
stream using a steam evaporator filled with small glass beads, and
its amount was controlled using a syringe pump. Before the mea-
surement of catalytic activity, the catalyst was pretreated at 300°C
for 2 h.

The 05, H,S and SO, content of the effluent gas were analyzed
by a gas chromatography (HP 5890) equipped with a thermal con-
ductivity detector and a 1.8 m Porapak T column (80-100 mesh) at
100°C. The exit gas from the analyzer was passed through a trap
containing a concentrated NaOH solution and vented out to a hood.
The reproducibility of the conversion results was within the range
of +1.1% and that of the product selectivity was within the range of
+1.3%.

3. Results and discussion
3.1. Chemical composition

Table 1 shows the chemical compositions of the initial clay, Zr-
PILC and V/Zr-PILCs. The pillaring of the initial clay by ZrO, resulted
in an increase in the ZrO, content with complete replacement of
the interlayer Na cations. The relative amounts of silica, aluminum
and magnesium remained constant in all samples after pillaring.
This suggests that the compositon of the clay sheet is preserved in
Zr-PILC and V/Zr-PILCs. A slight decrease in the ZrO, content was
observed after the impregnation of vanadia over Zr-PILC.
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Table 1

Chemical composition (wt.%) of the samples investigated.

Samples SiOZ A1203 ZrOz NaZO Fez 03 MgO V205
Na-MMT 56.68  29.20 0.12 451 224 5.84 -
Zr-PILC 3342 2135 3926 <« 0.94 3.95 -
2wt.% V/Zr-PILC 3230 2050 3822 <« 0.92 3.92 2.31
6 wt.% V/Zr-PILC 31.02 19.12 3710 « 0.91 3.73 6.12
1 wt% V/Zr-PILC  31.53 1923 3021 <« 0.91 3.91 11.22
14wt % V/Zr-PILC ~ 31.38 1892 2842 <« 0.92 3.82 13.64

«: less than 0.001 wt.%.

3.2. X-ray diffraction

Since the samples used were randomly oriented powder, the
X-ray powder diffraction patterns showing the basal (00 1) reflec-
tion is considered as one of the main identification source for the
clay group. Fig. 1 shows the low-angle XRD patterns of the Zr-PILC
and V/Zr-PILCs calcined at 400°C and for the original Na-MMT.
Na-MMT shows a main peak at approximately 26 of 7°, which
is commonly assigned to the basal (00 1) reflection (d(001)). In
Zr-PILC, the d(001) peak was found to shift towards a lower 260
indicating expansion in the layer structure, as a result of pillaring.
A diffraction peak of (00 1) reflection of Na-MMT was found to be
totally absent in pillared clay sample. This proves that zirconia pil-
lars are well distributed in the clay without any contribution due
to unpillared portion in the product obtained. The d-spacing of the
Zr-PILC calcined at 400 °C was found to be of 46 A. This d-spacing
of Zr-PILC is obviously larger than earlier reports [13-19,29-33].
These results differ markedly, which may be due to the difference
in the clay materials used, to the pillaring method or to the other
steps of the synthesis procedures. It was reported that when the
zirconium solution is refluxed prior to exchange step the basal
spacing increases slightly with a decrease in intensity [14,33]. The
observed intensity and broadness of the (001) diffraction peaks
show an inhomogeneous stacking of the clay layers, typical of
the Zr-PILCs [34-36]. Thus the long range face-to-face association,
which is characteristic of the clays, is no longer present and the
clay has delaminated during the pillaring process. The presence
of short-range layer stacking accounts for the very diffuse (001)
X-ray reflection. Moreover, similar to other reports [37-39], the Zr-
containing oligomeric solutions in our synthesis conditions (low
pH) also provoke arrangements in the clay structure giving a pos-
sible delamination to the clay structure.

High d-spacing in the XRD patterns for other PILCs have been
already reported by several authors. Mandalia et al. [40] observed
a d-spacing of 72A in the XRD pattern of Fe,Os-pillared clay.
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Fig. 1. Low-angle X-ray diffraction patterns: (a) Na-MMT, (b) Zr-PILC, (c) 2 wt.% V/Zr-
PILC, (d) 6 wt.% V/Zr-PILC, (e) 11 wt.% V/Zr-PILC, (f) 14 wt.% V/Zr-PILC.

Bergaya [41] reported a d-spacing >30A for Ti-PILC. Yuan et al.
[42,43] reported delaminated iron-pillared clay and Ti-PILC with a
d-spacing of 65.4 A and 66.4 A, respectively. Similarly in the present
work a large d-spacing of 46 A was observed in the XRD pattern
of Zr-PILC. This unexpected increase in d-spacing might be due to
delamination or to some disordered porous structure, rather than
to the larger interlayer distance of Zr-PILC [41-43]. In some other
reports, however, for the delaminated clay the complete absence of
d(001) peak was also observed [9,10,44].

After doping with vanadia on to the Zr-PILC, the basal spacing
remains almost same but a decrease in the intensity can be seen.
Impregnation under vigorous stirring of Zr-PILC in vanadia solution
induces probably some disorder in the material [45]. This can be
also due to a few changes in the structural order of the Zr-PILC after
drying and calcinations [38,46].

Fig. 2(a-e) shows the high-angle XRD patterns of fresh Zr-PILC
and V/Zr-PILC catalysts. The high-angle XRD pattern of Zr-PILC
mainly consists of peak at 26 of 19.7° and 35° which are assigned
to the two-dimensional diffraction (hk) arising from the random
stacking of the clay layers [32]. The peak at 26 of 28° was a reflec-
tion of the crystobalite impurity. It was already reported that no
reflections assigned to separate zirconia-containing phases, were
observable in Zr-PILCs [47]. The XRD patterns of Zr-PILC after
impregnation with vanadia were similar to that of Zr-PILC, and no
peak for crystalline vanadium oxides was observed. This suggests
that vanadium oxides are well dispersed as nano-crystallites on
the Zr-PILC [48,49]. Recently, Bineesh et al. [28] reported that no
phases of vanadia were observed in V/Ti-PILC catalyst prepared by
impregnation method. Chae et al. [50] also reported that no phases
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Fig. 2. High-angle X-ray diffraction patterns: (a) Zr-PILC (BR) (b) 2wt.% V/Zr-PILC
(BR), () 6 Wt.% V/Zr-PILC (BR), (d) 11 wt.% V/Zr-PILC (BR), () 14 wt.% V/Zr-PILC (BR),
(f) Zr-PILC (AR), (g) 2 Wt.% V/Zr-PILC (AR), (h) 6 wt.% V/Zr-PILC (AR), (i) 11 wt.% V/Zr-
PILC (AR), (j) 14 wt.% V/Zr-PILC (AR).
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Table 2

BET surface area (Sger), total pore volume (V},), mesopore volume-macropore volume (Vyp), micropore volume (V,,;) and acidic properties of the samples investigated.
Samples Sger (M?[g) Vp (cm?/g) Vup? (cm?[g) Vup (cm?[g) NH; (mmol/g)
Na-MMT 26 = = = =

Zr-PILC 281 0.349 0323 0.026 1.784

2wt.% V/Zr-PILC 267 0.324 0.315 0.009 1.765

6 wt.% V/Zr-PILC 228 0.287 0.255 0.032 1.710

11 wt.% V/Zr-PILC 184 0.276 0.272 0.004 1.689

14 wt.% V/Zr-PILC 164 0.215 0.205 0.010 1.657

2 Vmp=Vp = Vyp.

of vanadia were observed in V,05/Ti-PILC catalyst below 15 wt.%
vanadia calcined at 500°C.

3.3. Textural properties of Zr-PILC and V/Zr-PILCs

The textural properties of pillared clays mainly depend upon
the nature of pillars between the clay sheets, preparation method
and the temperature of calcinations. Table 2 shows the textural
data obtained from the BET surface area analysis. The BET surface
area of Zr-PILC was 281 m?/g, whereas that of the initial clay was
only 26 m?/g. The large increase in the surface area of Zr-PILC indi-
cates the successful pillaring of ZrO, species into the silicate layers
of the clay. During the process of pillaring, the expansion in the
clay structure and desegregation of the clay particles largely con-
tributes to the enhancement of the surface area and porosity of
the clay materials [51]. Samples synthesized from refluxed ZrOCl,
solution were reported to have higher surface areas than those pre-
pared from unrefluxed solutions [14,52]. This might be due to the
formation of highly polymerized zirconium species during the pro-
cess of refluxing. It can be seen from the textural data, that along
with micropores, a rather high meso-macroporous volume was
revealed in Zr-PILC. These mesopores or macropores appear due
to the delamination process occurred in the pillared clay arising
from the edge-to-face and edge-to-edge interactions apart from the
face-to-face interaction [11,13,47,53]. This result is in good agree-
ment with the broad (00 1) reflection with high basal spacing (46 A)
obtained from the XRD.

The high surface area obtained by pillaring allows good vana-
dia dispersion on the Zr-PILC. However, an increase in the vanadia

loading onto the Zr-PILC support resulted in a decrease in surface
area and total pore volume, which might be due to pore blockage
by progressive filling with vanadia species.

Nitrogen adsorption/desorption isotherms of Zr-PILC and V/Zr-
PILCs are shown in Fig. 3A. It can be seen that for Zr-PILC the
adsorption/desorption isotherms showed hysteresis loop of type H3
in the IUPAC classification, associated with the presence of slit-like
pores in the layered materials [33,42]. Similar shapes of hysteresis
loop were observed for Zr-PILC after doping with vanadia, but the
height of the hysteresis loop decreased with vanadia loading due to
the decrease in the pore volume resulting from the pore blockage
[54]. A narrow pore size distribution with mean value around 40 A
calculated from the desorption branch of the isotherm using BJH
method is shown in Fig. 3B. It can also be observed that the mean
pore diameter is more or less constant after the doping of vanadia
on Zr-PILC.

3.4. X-ray photoelectron spectroscopy

The surface oxidation states and binding energy (BE) of vana-
dium and zirconium were analyzed by XPS. Table 3 shows the
binding energies of Zr 3dsj, and V 2p3, in the fresh samples. The
BE of Zr 3ds), was observed at 182.9 eV for all samples, which cor-
responds to Zr attached to hydroxyl groups [55]. A binding energy
around 517 eV corresponding to V 2p3, was observed for all V/Zr-
PILC catalysts. This indicates that most of the vanadium is present
mainly in the +5 valence form, probably as V,05 [48,49,56].

Fig. 4(a-d) shows the XPS spectra of V 2p3,; for all fresh V/Zr-PILC
catalysts. The intensity of the V 2ps, peak increased with increas-
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—— 6 wt.% VI/Zr-PILC
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—{1 14 wt.% VIZr-PILC
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Fig. 3. (A) N, adsorption/desorption isotherms of the samples: (a) Zr-PILC, (b) 2 wt.% V/Zr-PILC, (c) 6 wt.% V/Zr-PILC, (d) 11 wt.% V/Zr-PILC, (e) 14 wt.% V/Zr-PILC. (B) Pore size

distribution profiles of Zr-PILC and V/Zr-PILC catalysts.
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Fig.4. XPS spectra of V 2ps; of V/Zr-PILC catalysts: (a) 2 wt.% V/Zr-PILC (BR), (b) 6 wt.% V/Zr-PILC (BR), (¢) 11 wt.% V/Zr-PILC (BR), (d) 14 wt.% V/Zr-PILC (BR), (e) 2 wt.% V/Zr-PILC

(AR), (f) 6 Wt.% V/ZI-PILC (AR), (g) 11 Wt.% V/Zr-PILC (AR), (h) 14 wt.% V/Zr-PILC (AR).

ing vanadia content on Zr-PILC without any change in peak position.
This shows that the vanadium in all loaded catalysts is in +5 oxida-
tion state. Table 3 shows the surface atomic ratios (V/Zr)s and the
corresponding bulk ratios (V/Zr),. The surface V/Zr ratios are much
higher than the bulk V/Zr ratios for 2 and 6 wt.% V/Zr-PILCs, but
these ratios were almost similar at 11 and 14 wt.%. This suggests the
presence of V5,05 crystals on the sample with high vanadia content
[49,57].

3.5. 51V solid state NMR

The dispersion and structural features of supported species can
depend strongly on the support. Although XPS demonstrated the
existence of vanadium on Zr-PILC in the +5 oxidation state it does
not provide any evidence for the local environment in the two-
dimensional vanadium (V) oxide on the support. Solid-state NMR is
a novel and promising approach to examine the local environment
of the vanadium at the surface, and provide insight into the types
of sites present and their role in the catalytic activity. Furthermore,
the 31V nucleus (spin I=7/2) is highly favorable to solid-state NMR
because it is in 99.76% natural abundance and has a high receptivity
and short spin-lattice relaxation time [50,58,59].

Fig. 5 shows the >'V wide-line NMR spectra for series of V/Zr-
PILC catalysts. There are at least three types of signals are visible in
the spectra of catalysts with varying intensities depending on the
vanadia content. At low vanadia loading, a peak around —620 to
—650 ppm was observed, which is mainly due to tetrahedral vana-
dia species on the catalyst surface. As the vanadia loading increased,
the peak shifted to —340 to —360 ppm range, which is generally
assigned to distorted octahedral vanadia species [60,61]. The tetra-

Table 3
XPS analysis data of the fresh samples.

Catalysts Binding energy (eV)
Zr 3ds), V 2ps3p (V/Zr)s? (V/Zr)y®
Zr-PILC 182.9 = 0 0
2 wt.% V|Zr-PILC 182.9 517.1 0.21 0.06
6 wt.% V/Zr-PILC 182.9 517.2 0.38 0.16
11 wt.% V/Zr-PILC 182.9 517.1 0.45 0.37
14 wt.% V/Zr-PILC 182.9 517.3 0.50 0.48

2 Surface atomic ratio.
b Bulk atomic ratio.

hedral and octahedral vanadia species detected by >'V NMR are
mainly monomeric and polymeric vanadia, respectively [62]. For
the higher vanadia loading of 11 wt.% and 14 wt.%, a low intensity
peak around —1250 ppm was obtained due to the formation of crys-
talline vanadia with a square pyramidal coordination [59-61,63].
This result is in good agreement with the XPS data. Therefore, the
51V NMR spectra of the catalysts confirm the co-ordination and the
dispersion of vanadia over the support.

3.6. Temperature-programmed reduction (H,-TPR)

The reducibility of the catalysts can be evaluated by H,-TPR
experiment. Fig. 6 shows the TPR profiles of the V/Zr-PILC catalysts
calcined at 400°C. It is well-known that low reduction temper-
atures correspond to a high degree of vanadia dispersion. It can
be seen that TPR profiles showed only single peak irrespective of
vanadia loading, which widened and shifted progressively towards
high temperature (above 500 °C) as the loading increased to 11 and
14 wt.%, respectively. In general the TPR profile of bulk V, 05 exhibits
reduction peaks at 655, 686, and 807 °C [57,64]. In our case the
observed shift towards high temperature indicates the formation
of V5,05 crystals. However, the temperature of maximum reduction
rate is lower for all samples than that of pure V,0s, indicating a

(d)
(c)
(b)
(@)

Intensity (a.u.)

1000 0 -1000 -2000 -3000

Chemical Shift (ppm)

2000

Fig. 5. >'V NMR spectra of V/Zr-PILC catalysts: (a) 2 wt.% V/Zr-PILC, (b) 6 wt.% V/Zr-
PILC, (c) 11 wt.% V/Zr-PILC, (d) 14 wt.% V/Zr-PILC.
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Fig. 6. H,-TPR profiles of V/Zr-PILC catalysts: (a) 2wt.% V/Zr-PILC, (b) 6 wt.% V/Zr-
PILC, (c) 11 wt.% V/Zr-PILC, (d) 14 wt.% V/Zr-PILC.

significant interaction of crystalline V,05 phase with the support
[65]. This behaviour has been explained as due to weakening of the
vanadyl group due to the interaction with the vanadia surface. Thus,
the variations observed in the reduction peak temperature and peak
shape may be interpreted as follows: at low vanadia contents most
of the V atoms interact with the Zr-PILC support giving the higher
reducibility, but as vanadia loading increases a higher proportion
of surface vanadium atoms interacts with internal vanadium layer,
so increasing the bond strength of the vanadyl group, approaching
it to that of pure V,0s. This leads also to a higher heterogeneity
of the vanadium reduction centers which causes the widening of
the reduction peak [66]. Therefore, it may be concluded that cata-
lyst with higher vanadia contents must have V,05 crystals which is
consistent with solid-state >'V NMR and XPS study.

3.7. Temperature-programmed desorption of ammonia
(NH3-TPD)

Fig. 7 shows the NH3-TPD profiles of Zr-PILC and V/Zr-PILCs. The
data is shown in Table 2. The acidity and acid site types (Lewis and
Bronsted) depend on the exchanged cations, preparation method
and nature of the starting clay [67,68]. In general, the pillaring of clay
causes a considerable increase in acidity. This increase arises from
exposure of the clay structure and the pillar metal oxide [69]. The
acid site desorption pattern could be classified into weak (desorp-
tion at 150 °C) and strong (desorption at 600 °C) acid sites. The peak
at low temperature is due to ammonia desorption from the weak
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Fig. 7. NH3-TPD profiles: (a) Zr-PILC, (b) 2 wt.% V/Zr-PILC, (c) 6 wt.% V/Zr-PILC, (d)
11 wt.% V/Zr-PILC, (e) 14 wt.% V/Zr-PILC.

Bronsted acid sites, while that at high temperature corresponds to
the desorbed ammonia from the strong Lewis acid sites.

It is well-known that both Bronsted and Lewis acid sites exist on
Zr-PILCs. The peak at low temperature around 150 °C indicates the
existence of Bronsted acid sites on Zr-PILC. These may arise from the
hydroxyl groups attached to Zr and also from the structural hydroxyl
groups in the montmorillonite layer [55]. It is reported that during
the calcination process, the ion exchanged Zr-polyhydroxy cation is
converted to hydrated ZrO, pillars which are positively charged and
contribute to the Bronsted acidity of the material [70]. An intense
peak was observed at temperature 600 °C, arising from the desorp-
tion of ammonia from strong Lewis acid sites due to zirconia pillars
[70]. Thus Zr-PILC proved the presence of both Lewis and Bronsted
acidities, Lewis acidity being dominant.

The desorption pattern showed a larger increase in the intensity
of Bronsted acid sites than that of Lewis acid sites when Zr-PILC
is doped with vanadia. This shows a change in the surface acidic
properties of Zr-PILC through the introduction of vanadia.

The desorption pattern also shows that the temperature needed
to completely desorb the ammonia slightly decreases with increas-
ing vanadia content, which shows that the strength of the acidic
sites decreases with increasing vanadia content [71]. The total
amount of ammonia desorbed shown in Table 2 also followed the
same trend. It decreases continuously with increasing vanadia con-
tent.

3.8. Catalytic performance

The catalytic performance of supported vanadia catalysts are
strongly affected by the oxidation state and molecular structure of
surface vanadia species, which in turn depend upon the nature of
support, preparation methods and amount of vanadia content. Fig. 8
shows the catalytic performance of the V/Zr-PILC catalysts for H,S
oxidation with the reactant composition of H,S/O,/He =5/2.5/92.5
at GHSV =10,000h~. All V/Zr-PILC catalysts showed a higher level
of H,S conversion than Zr-PILC. It can be seen that for all V/Zr-PILCs
catalyst the H,S conversion increased with increase in tempera-
ture. Most of the HyS was converted to elemental sulfur through
selective catalytic oxidation.

The addition of vanadia onto the Zr-PILC increased the catalytic
performance. The activity shown by the vanadia supported catalysts
depends on the nature of the surface vanadia species as well as on
the acid sites present in the catalyst. An increase in H,S conversion
was observed when vanadia loading increased from 2 to 6 wt.%.
This may be due to the well dispersion of vanadia in the form of
monomeric and polymeric species. This result is in good agreement
with the solid-state >V NMR spectra. Moreover, XPS showed that
there is a uniform dispersion of vanadium on the surface of Zr-PILC
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Fig. 8. Conversion of H,S for V/Zr-PILC catalysts at different temperatures (reactant
composition in vol.%: H,S/0,/He =5/2.5/92.5, GHSV =10,000h-1).
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up to 6 wt.%. This indicates that the catalytic performance showed
by V/Zr-PILCs depends upon the type of vanadia species present on
the support.

The NH3-TPD results showed that an increase in the intensity of
Bronsted acid sites occurred through the addition of vanadia, which
might contribute to the catalytic activity. At high temperatures, the
presence of strong Lewis acidity may also contribute to the catalytic
activity.

A decrease in H;S conversion was observed at higher vanadia
loading of 11 and 14 wt.%. This might be due to the formation of
comparatively less reactive crystalline vanadia, which decreases the
uniform dispersion of vanadia on the support. The data obtained
from the °1V solid-state NMR, XPS and H,-TPR are in good agree-
ment with this observation. The decrease in catalytic performance
at higher loadings can also be explained by the decrease in spe-
cific surface area and pore volume caused by pore blockage due to
vanadia species (Table 2). Therefore, a change in the dispersion of
vanadia species on the surface of support plays an important role
in the selective catalytic oxidation of H,S.

Table 4 shows the selectivity to elemental sulfur at temperatures
ranging from 220 to 300 °C for all V/Zr-PILC catalysts. It is interest-
ing to observe that the selectivity remained almost constant around
95-99% for all V/Zr-PILC catalysts, even though the conversion is
varied over a wide range. This suggests that the sulfur selectivity of
these catalysts is less sensitive to temperature. Yasyerli et al. [22]
reported the selective oxidation of H,S to elemental sulfur over Ce-
V mixed oxide at different temperatures (Reaction condition: 1%
H,S, 0,/H;S=0.5). At 250 °C highest fractional H,S conversion was
obtained with a sulfur yield approaching to unity was reported with
Ce-V mixed oxide. No SO, formation was observed with a stoichio-
metric feed composition of 0,/H,S. But a decrease of the steady
state fractional conversion of H,S, with an increase of temperature
over 250 °C was observed. Recently high temperature H,S sorption
activities (Reaction condition: T=600°C, 2.5% H,S, 10% H; in He)
of Ce-Mn mixed oxides and other mixed oxides of Mn were also
reported [72]. The H,S sorption capacity of Ce-Mn (Ce/Mn=1/3)
was found to be higher than the corresponding Zn-Mn, V-Mn, and
Fe-Mn mixed oxide sorbents. With V-Mn and Cu-V sorbent it was
reported that significant amount of SO, formation was detected
during the initial stages of the reaction. But with Ce-Mn and Fe-Mn
mixed oxides, no SO, formation was observed during the sorption
of H,S. Similar results with no SO, formation had been reported for

Table 4

Selectivity to SO, and S at different temperatures.

Catalyst Temperature (°C) S-S0, (%) S-S (%)
220 0.3 99.7
240 0.8 99.2

2wt.% V/Zr-PILC 260 1.5 98.5
280 1.7 98.3
300 2.1 97.9
220 1.5 98.5
240 34 96.6

6 wt.% V/Zr-PILC 260 2.0 98.0
280 2.3 97.7
300 2.1 97.9
220 1.6 98.4
240 3.7 96.3

11 wt.% V/[Zr-PILC 260 4.4 95.6
280 3.4 96.6
300 3.4 96.6
220 0.2 99.8
240 3.8 96.2

14 wt.% V/Zr-PILC 260 3.0 97.0
280 22 97.8
300 2.7 97.3

Reaction condition: H,S/0,/He =5/2.5/92.5, GHSV =10,000 h~!, reaction time=2h.

other sorbents, such as Mn-Cu and Mn-Cu-V at high temperature
[73].

The XPS spectra of used V/Zr-PILCs (Fig. 4(e-h)) showed that
the peak intensities of V 2p3/, were decreased and shifted to lower
binding energy (515.6eV) after the reaction. It indicates that the
fresh catalysts having vanadium in the +5 oxidation state is reduced
to +4 oxidation state after the reaction. It was already reported that
highly oxidized form of vanadium (V°*) produced some amount of
SO, and partially reduced form of vanadium containing (V4*) was
highly selective for the production of elemental sulfur via redox
mechanism [27,74]. H,S is mainly converted to elemental sulfur by
reaction (1)and partly to SO, by reaction (3). SO, which is produced
by reactions (2) and (3) can be converted into elemental sulfur
by Claus reaction may also give rise to high selectivity. The high-
angle X-ray diffraction patterns of used V/Zr-PILCs showed that the
phase and shape of the peak was not changed after the reaction
(Fig. 2(f=j)). This shows that the bulk structure of the catalysts was
not deactivated after the reaction. All these results indicate that
V/Zr-PILC catalyst should be very suitable for the industry use to cat-
alyze the oxidation of H,S to elemental sulfur without considerable
SO, emission.

The catalytic activity of the support Zr-PILC without vanadia
impregnation was performed to determine the influence of the
vanadia loading. Zr-PILC showed a very low conversion of approx-
imately 2% at 220°C which is increased with temperature and
reached a maximum of 84% at 300°C. The activity showed by Zr-
PILC at high temperatures might be due to the strong Lewis acid
sites present on the ZrO, pillars while at low temperatures, the
weak Bronsted acid sites arising from the hydrated ZrO-, pillars and
also from the montmorillonite layer may contribute to its activity.

3.9. Effect of O,/H5S ratio in the feed stream

We have studied the effect of O,/H,S ratio by varying the oxy-
gen concentration in the feed while keeping the H,S concentration
constant at 5vol.%. In these experiments O,/H,S ratio was varied
between 0.5 and 2.5. Fig. 9 shows the conversion of H,S and selec-
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Fig. 9. Effect of O,/H,S ratio on conversion and selectivity with 6 wt.% V/Zr-PILC
catalyst at 280°C.
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GHSV=10,000h"1).

tivity to sulfur over 6 wt.% V/Zr-PILC at 280°C. It can be seen that
the conversion increased from 97.2% to 99.1% by increasing the ratio
of O, /H,S from 0.5 to 2.5, while the selectivity to elemental sulfur
decreases. It was already reported [22,74,75] that sulfur selectivity
decreased with an increase in O, /H;,S ratio over the stoichiometric
value, due to the formation of SO,. These processes are based on
the following irreversible selective oxidation of H,S to S (reaction
(1)) as the main reaction, with other oxidation reactions (reactions
(2) and (3)) and the reversible Claus reaction (reaction (4) as side
reactions.

As mentioned before, SO, which is produced by reactions (2)
and (3), can be converted into elemental sulfur by Claus reaction
(4). The high selectivity to elemental sulfur can be achieved by sup-
pressing reactions leading to SO,. An excess of O, can lead to the
formation of SO, according to either the consecutive reaction (2) or
parallel reaction (3). In addition, the hydrolysis of the sulfur (reverse
Claus reaction) can also produce SO,. Therefore O, /H;S ratio has to
maintained in stoichiometry (O, /H,S =0.5) in order to decrease SO,
emission effectively.

3.10. Effect of the water vapor in the reaction stream

As water is an important inhibitor of the Claus cat-
alyst [76], this study investigated the influence of water
vapor in the reaction stream under the reactant composi-
tion (H,S/0,/H,0/He =5/2.5/20/72.5 at GHSV =10,000 h~1) for the
selective catalytic oxidation of H,S (Fig. 10). The addition of 20 vol.%
water to the feed decreased the conversion of H,S for all the V/Zr-
PILC catalysts. The catalytic performance of 6 wt.% V/Zr-PILC was
the highest among all the catalysts. The activity of Zr-PILC support
alone showed practically no conversion of H,S at 220 °C in the pres-
ence of 20 vol.% water. This decrease in catalytic activity might due
to a competition between H,S and water vapor for the same active
sites of the catalyst. In addition, the decrease in activity may due
to the reverse Claus reaction promoted by the addition of water.
Simultaneously, selectivity to elemental sulfur was also decreased
from 95-99% to 92-93%.

4. Conclusions

The pillaring of clay layers by zirconia resulted in an increase in
surface area, which enabled a good dispersion of vanadia species.
The catalyst was examined using a variety of characterization tech-
niques to determine the structure and surface properties of vanadia
on the support. V/Zr-PILCs showed very good catalytic performance
towards H,S oxidation at 220 to 300 °C. The catalytic performance
increased up to a vanadia loading of 6 wt.% due to the high disper-

sion of vanadia in the form of monomeric and polymeric species.
At higher loading of vanadia, there was a decrease in catalytic per-
formance, which was attributed to a decrease in surface area due
to the blockage of pores by the vanadia and from the formation
of crystalline vanadia. The addition of 20 vol.% water in the reac-
tion stream decreased the level of H,S conversion and selectivity to
elemental sulfur.
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