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Rod-shaped V,05 was synthesized using the solution combustion technique, and the
morphology of the compound was confirmed by TEM. Rods of an average diameter of
500 nm and length 3-6 times the diameter were obtained after the calcination of
freshly prepared V,Os at 550°C for 24 h. Pd metal nanoparticles of 20 nm size were
deposited onto the rods using the wet impregnation technique. The as-synthesized, cal-
cined and Pd impregnated V,0s5 were characterized by a wide variety of techniques
including energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy.
These compounds were tested for CO oxidation, adsorption, and photocatalytic degra-
dation of dyes. The 1% Pd/V,0s showed a high activity for CO oxidation, the as-syn-
thesized compound showed activity for the adsorption of cationic dyes, whereas the
calcined V,0s sample showed high rates of photocatalytic degradation of dyes. © 2010
American Institute of Chemical Engineers AIChE J, 57: 2215-2228, 2011
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Introduction

The ability of vanadium to exhibit multiple oxidation
states renders it suitable for various catalytic applications,
especially those involving oxidation or redox reactions. In
the oxides of vanadium, namely V,03, VO,, and V,0s, oxi-
dation states of +3, +4, and +5 are exhibited by vanadium,
apart from the feasible oxidation state of +2, which can be
found in coordination compounds. Among the various oxides
of vanadium, V,05 has been studied widely in conjunction
with the other oxides like Al,O3, TiO,, ZrO,, and MoOs for
catalytic applications.''® However, there have been rela-
tively few studies reporting V,Os supported systems.

Synthesis of V,0s5 has been reported by several investigators
using various techniques."'~!” Different morphological features
of V5,05 such as powder,ll sphe:res,12 plates,13 and rods'*'®
have been reported. Several other interesting features like ur-
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spectroscopy,

CO oxidation, adsorption,

chin surfaces, terraced surfaces, radial needles, and hollow
structures have been obtained by suitably tuning the synthesis
conditions, mainly the reaction temperature and reaction
time.'>'>7 The effect of morphology on the catalytic properties
of compounds has been investigated by several investigators.lg_zo
This becomes especially important in case of metal-support sys-
tems as the morphology governs the face plane exposure to the
reactants, and hence, the reactivity of the catalyst.

V,0s-based catalysts have been widely used for NO,
abatement and selective catalytic reduction (SCR) along with
other oxide materials.'>!%%122 Calatayud et al.*? have
explained the reaction involving NO and NHj over vana-
dium-based catalysts on the basis of the redox V°' to V*©
cycles, and by the utilization of hydroxyl groups and
hydrated surfaces. Most of the studies were carried out with
mixed catalysts in which V,05 was present along with a sec-
ond component, mainly TiO, and Al,O;. The selectivity of
the compound is very desirable for its applications in
exhaust catalytic applications. The involvement of the sec-
ond component is for the oxidation of CO and other hydro-
carbons. The use of a single component catalyst with an
ability to carry out both SCR and oxidation of CO eliminates
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the necessity of the introduction of the other components.
Therefore, CO oxidation reactions were carried out with Pd-
impregnated V,0s. The use of Pt in exhaust catalysis is prev-
alent. The use of Pd is desirable because of the reduction in
the cost of the catalyst. Pt is an established catalytic element
in industrial application including exhaust catalysis.”>>> The
use of Pd provides an economic alternative and the associated
processes, thus can be much more economic than the existing
ones which make use of expensive Pt catalysts.

Although there have been several reports on the catalytic
oxidation of organics over metal-V,0s5 systems, only few
studies®®?” have been carried out testing the catalytic activ-
ity of V,05 for CO oxidation. In this study, we discuss in
detail the synthesis and characterization of V,05 by solution
combustion technique and the application of Pd-impregnated
V,05 for CO oxidation. We also propose a plausible mecha-
nism on the basis of spectroscopic observations.

Adsorption and photocatalysis are used for the removal of
hazardous chemicals from industrial effluents. Adsorption is
used for the removal of the effluents from a stream having a
high concentration of toxic chemicals. Photocatalysis becomes
important when it is required to remove the final traces of the
chemicals from the stream. V,0s is a potential candidate as a
photocatalyst. The photocatalytic activity of V,Os has also
been reported with its composites with TiO,.**>° However,
recently Fei et al.'? have reported the photocatalytic activity
of V,0s5 hollow spheres. The compound showed a morpholog-
ical dependence of the photocatalytic activity for the degrada-
tion of rthodamine B. V,0s5 has also been used for the photo-
oxidation of aniline.?' Therefore, it is desirable to explore the
photocatalytic activity of the compound. Photocatalytic degra-
dation of anionic and cationic dyes was carried out over syn-
thesized V,05 and the compound was found to be photocata-
Iytically active. although carrying out the degradation of dyes
over as-synthesized V,Os, a large adsorption of the dyes was
observed over the compound. This showed that as-synthesized
catalyst can act as a good adsorbent of the dyes.

In this study, we have synthesized V,0s rods and Pd-
impregnated V,05 and have shown the utility for three proc-
esses namely CO oxidation, adsorption of dyes, and photoca-
talytic degradation of dyes. All of these processes are used
in chemical industries and development of new materials for
these processes is of great interest to the chemical engineer-
ing community. The development of the materials reported
in this study focused on the environmental applications. The
same material with modifications is shown to be applicable
for three processes of environmental applications namely CO
oxidation and removal of dyes. Therefore, the objectives of
the study are threefold. These involved (a) the synthesis of
vanadia nanorods by a solution combustion technique and
deposition of Pd metal nanoparticles, (b) characterization of
the as-synthesized, calcined and Pd-impregnated nanorods,
and (c) the use of these materials for three distinct environ-
mental applications namely the oxidation of CO, adsorption
of dyes, and photocatalytic degradation of dyes.

Experimental Section
Synthesis

Solution combustion technique was used for the synthesis
of the compounds. Ammonium metavanadate (NH4VOg;,

2216 DOI 10.1002/aic

Published on behalf of the AIChE

S.D. Fine Chem, India) was used as vanadium precursor and
glycine (C,HsNO,, S.D. Fine Chem, India) was used as the
fuel. A solution of the above two compounds was made in
water. A few drops of nitric acid were added to the solution
to increase the solubility of the compounds in water. The so-
lution was kept in a preheated muffle furnace, maintained at
a temperature of 350°C. The solution was observed to catch
fire and a black mass of solid was obtained after combustion.
This is referred to as the “as-synthesized" compound in the
text. The powder was finely ground and heated at 550°C for
24 h in a muffle furnace. A brick red powder was obtained
after calcination, referred to as the “calcined” compound in
the text.

For the synthesis of Pd-impregnated compound, a known
amount of calcined sample was taken as slurry. Palladium
chloride (PdCl,, S.D. Fine Chem, India) was added to the
solution in an amount, which corresponded to Pd metal by
weight, required in the final compound. The solution was
stirred continuously and a dilute solution of hydrazine
hydrate (N,H4;-H,O, S.D. Fine Chem, India) was added
slowly to the solution. The solution was observed to turn
black. Catalysts with four different loadings of Pd metal,
1%, 2%, 5%, and 10% by weight, were prepared. The black
solution was then sonicated in a water bath for 15 min to
obtain a fine dispersion of the metal. The solids were then
separated from the solution, filtered, washed repeatedly with
ethanol, and heated in a muffle furnace at 550°C for 10 h to
remove all the solvents and obtain the final product. The
color of Pd-impregnated compound was also observed to be
brick red.

Characterization

All the compounds were characterized by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), trans-
mission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX), thermogravimetric analysis, and BET
surface area analyzer. XRD patterns of the compounds were
obtained from Philips X’pert diffractometer with CuKa radi-
ations in a 20 range of 20-80° with an interval of 0.03°.
XPS of the elements present in the compounds were
recorded on Thermo Fisher Scientific Multilab 2000 instru-
ment utilizing AlKo radiation of energy 1486.6 eV. The
TEM and EDX analysis of the compounds was carried out
on Tecnai F-30 machine. Thermogravimetric analysis (TGA)
of the samples was carried out using Perkin Elmer TG-DTA
unit with a heating rate of 5°C/min. The surface areas of the
compounds were determined using NOVA-1000 Quantach-
rome apparatus with N, adsorption—desorption cycles.

CO oxidation experiments

CO oxidation experiments were carried out in 9-mm ID
glass tube reactors. The catalyst powder was plugged
between ceramic wool. The temperature of the reactor was
maintained using a PID controller with the thermocouple
placed in the catalyst bed. A catalyst weight of 100 mg was
used for all the reactions. A mixture of CO, O,, and N, (all
from Chemix Speciality Gases, Bangalore, India) was sent
through flow controllers to the reactor. CO:0, ratio of 1:1
was maintained in all the experiments. All the reactions
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were carried out at a constant flow rate of 110 mL/min. The
products of the reaction were analyzed using an online gas
chromatograph (Mayura Analytical, India). CO and CO,
were separated using a molecular sieve column and were
detected using a flame ionization detector. The spent catalyst
was characterized after the reaction in XPS.

Adsorption experiments

Adsorption of anionic and cationic dyes was carried out
over as-prepared compound. The anionic dyes used were or-
ange G (OG), Remazol brilliant blue R (RBBR), and indigo
carmine (IC). The cationic dyes chosen for the tests were acri-
flavin (AF), brilliant green (BG), and Rhodamine 6G (R6G).
In all the experiments, a dye solution of a known initial con-
centration was taken in a beaker. A known amount of the as-
prepared V,0s was added to the solution. The solution was
stirred continuously using a magnetic stirrer. Samples were
taken out at regular intervals and centrifuged to remove the
compound. The supernatant solution was analyzed using a
UV-vis spectrophotometer (UV-1700, Shimadzu). The con-
centrations were determined using a relation between the con-
centration and absorbance of the dye solution obtained for the
standard dye solutions. The effect of initial concentration and
weight of adsorbent on the rates of adsorption were studied.
For studying the effect of the initial concentration of the dye,
an adsorbent concentration of 1 g/L. was maintained. An initial
dye concentration of 50 ppm was used for studying the effect
of the weight of the adsorbent.

Photocatalytic degradation experiments

Photocatalytic degradation of dyes was studied over cal-
cined V,0s and the dyes chosen for the adsorption experi-
ments were also used for the degradation experiments. A
dye concentration of 50 ppm and a catalyst concentration of
1 g/L. were maintained in all the experiments. The reactions
were carried at natural pH of the dye solutions, which was
found to be nearly 6.5. The reactions were carried out in a
jacketed quartz tube flask with a provision for water circula-
tion for cooling. A high-pressure mercury lamp was used as
a source of UV radiations, which provided a flux of 40 W/
m? at an intensity of 2 puE/L/s.

Results and Discussion
Structural analysis

X-Ray Diffraction. XRD patterns of all the compounds
were recorded to obtain the crystal structure of the com-
pounds. Figure la shows the XRD of as-prepared and cal-
cined V,0s. In the calcined compound, the diffraction lines
were indexed to the orthorhombic structure of V,Os with a
space group of Pmmn. The XRD pattern showed the forma-
tion of highly crystalline phase. Therefore, the compound
obtained after calcination was orthorhombic V,0s. However,
the as-synthesized compound lacked crystallinity. By com-
paring the relative magnitudes of the intensities of XRD pat-
terns of as-synthesized and calcined compound, it is clear
that as-synthesized compound contained amorphous impur-
ities. The diffraction lines in the XRD of as-prepared com-
pound were indexed to those of orthorhombic V,05 and am-
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Figure 1. XRD of (a) as-synthesized and calcined V,05
and (b) XRD of Pd-impregnated V,05.

The vertical line in the figure shows the Pd metal peak.

monium metavanadate, which was used as the precursor.
Therefore, during the combustion of the precursor solution,
only a partial formation of V,05 took place. The amorphous
character was due to the formation of carbon from the fuel.
This was confirmed by XPS, TEM, and EDX (discussed
later). Calcination was an essential step for the formation of
crystalline orthorhombic V,05 rods. However, the formation
of V,0s during combustion is an important step as V,0s
crystallites formed during this stage act as nucleation centers
for the growth of the crystals and impart the morphological
characteristics to the final product.

The diffraction lines corresponding to Pd metal could be
observed in the XRD of impregnated catalysts (Figure 1b).
The intensity of the peak (20 = 34°) was observed to increase
with Pd content. However, the crystal structure and the mor-
phology (as confirmed by TEM) remained unchanged.

X-Ray Photoelectron Spectroscopy. XPS of all the ele-
ments in the compounds were recorded to determine the oxi-
dation state and changes before and after CO oxidation. Va-
nadium exhibits variable oxidation states and XPS can be
used to determine the oxidation state of V in the compound.
However, the differences in the binding energies for the dif-
ferent oxidation states are small and it is important to adopt
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Figure 2. XPS of V2p in (a) as-synthesized V,0s, (b) cal-
cined V505, and (c) 1% Pd/V,05 before and
after CO oxidation reaction.
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described correctly if the binding energy of Ols is used. Figure 3. XPS of C1s in (a) as-synthesized V,0s, (b) cal-

Therefore, all the spectra in this study were calibrated with
respect to the Ols binding energy at 530 eV. Further, the
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cined V505, and (c) 1% Pd/V,05 before and
after CO oxidation reaction.

August 2011 Vol. 57, No. 8 AIChE Journal



B @ 3 ()
8 Before Reaction| & Before Reaction
2 2
@ @
c c
2 2
£ £
T T T T T T T T T T
332 336 340 344 348 332 336 340 344 348
by o : —_—
= 2 After Reaction 3
o 0 s
z ' z
g 2
2 2
= c
T T T T T T T T T T
332 336 340 344 348 332 336 340 344 348
Binding Energy (eV) Binding Energy (eV)
3 € 3 (d)
& Before Reaction| © Before Reaction
=y 2 \
g 2
2 2
= £
T T T T T T T T T T
332 336 340 344 348 332 336 340 344 348
El 3
& o
2 2
& 2
E £

332 336 340 344 348
Binding Energy (eV)

332 336 340 344 348
Binding Energy (eV)

Figure 4. XPS of Pd3d in (a) 1% Pd/V,05 before and after CO oxidation reaction, (b) 2% Pd/V,05 before and after
CO oxidation reaction, (c) 5% Pd/V,0s5 before and after CO oxidation reaction, and (d) 10% Pd/V,0s5

before and after CO oxidation reaction.

amorphous carbon and a very wide Cls spectrum was
obtained. Therefore, Ols binding energy was used for the
calibration.

The XPS of Ols in as-synthesized and calcined V,Os5 is
shown in Supporting Information Figure S1. The main peak
was observed at 530 eV. A small peak at 532 eV was
observed in the spectrum of calcined V,0s, corresponding to
oxygen in C—O(H) form.*” This peak was also observed in
all Pd-substituted compounds, before and after CO oxidation
reaction. The implications of the changes in the signals
before and after the reaction are discussed later. A small
peak at 525 eV was observed in the spectrum of as-synthe-
sized V,0s. This value of binding energy cannot be attrib-
uted to carbon in any form and may have arisen due to
impurities.

Vanadium in all the compounds was present in +5 state,
confirming the formation of V,0s5. Peaks of very small inten-
sities were observed at 516 eV, corresponding to vanadium
in +4 state®” (Figures 2a—c) and Supporting Information Fig-
ures S2a—c. However, this amount was negligible and after
CO oxidation, only +5 state was observed.

In the XPS of Cls in the as-synthesized compound, sev-
eral peaks were observed corresponding to carbon in various
forms. Three clearly distinguishable peaks at 284.5 eV,
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286.5 eV, and 288 eV correspond to graphitic carbon, C=0
and C—O(H), respectively.”** It is clear from Figure 3a
that as-prepared compound contained a large amount of car-
bon in different forms as a result of combustion. The amount
of carbon in the calcined compound reduced, as can be seen
from a decrease in the intensity of the peak (Figure 3b).
Moreover, most of the carbon was present as graphitic car-
bon. In Pd-substituted compounds, other forms of carbon
were also observed (Figure 3c and Supporting Information
Figures S3a—c). This form of carbon corresponded to that
associated with C=0 and C—O(H) form and is in agreement
with those observed in Ols spectra.

The XPS of Pd3d is shown in Figures 4a—d. A wide spec-
trum was obtained in all the compounds corresponding to
Pd3ds/, 3/,. The spectra were decomposed to get the individ-
ual oxidation states of Pd. In all the freshly prepared sam-
ples, small non-zero intensities were indeed observed at 339
and 344 eV corresponding to ionic Pd.*> The decomposed
spectra at these values of binding energies suggest Pd in +2
state. This can be either due to the presence of the precursor
PdCl, in which the oxidation state of Pd is +2 or due to the
ionic substitution of Pd in the lattice due the thermal treat-
ment step. The inclusion of metal in ionic state in the matrix
due to thermal treatment has been reported by Pierre et al.¢
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Figure 5. TEM images and the electron diffraction pattern of as-synthesized V,0s.

(a—c) TEM images and (d) electron diffraction pattern.

However, the ionic Pd intensity was observed to be negligi-
ble after CO oxidation reaction, and Pd was found to be in
metallic state. Consistent trends were observed in the spectra
for all the compounds. This was used for developing CO ox-
idation mechanism discussed later.

Transmission Electron Microscopy. TEM images of as-
synthesized compound are shown in Figure 5. Large agglom-
erates of microscopic sizes were observed, as can be seen
from Figure 5c. These agglomerates did not exhibit any mor-
phological features. Further, the electron diffraction pattern
taken on the agglomerates showed lack of crystallinity. This
is clear from Figure 5d where no diffraction lines could be
observed. Therefore, from the TEM analysis of the as-pre-
pared samples, it is clear that the compound was not fully
crystallized and the morphological features were not devel-
oped. This is in accordance with the XRD pattern obtained
for the as-synthesized compound (Figure 1a). However, very
small amorphous particles can be seen in the TEM images
shown in Figures 5a, b. These can be due to the formation
of amorphous carbon during the combustion synthesis. Cls
peaks of different intensities were observed in the XPS at
different binding energies (Figure 3a). The small particles
seen in the TEM image could be the particles of amorphous
carbon.

2220 DOI 10.1002/aic

Published on behalf of the AIChE

Figures 6a—c show the TEM images of the calcined sam-
ple. It is clear from the images that V,0Os attained the mor-
phology of rods. The rods had an average diameter of 500
nm. Although, rods of different lengths can be observed,
most of the rods had lengths in the range of 3-5 um. The
rods were observed to be distinct and bulk fusion of the par-
ticles did not take place. The electron diffraction pattern
taken on the rods showed the crystallinity. The electron dif-
fraction pattern is shown in Figure 6d. A spot pattern was
observed showing the crystallization of the compound on
heat treatment. Spot patterns for orthorhombic V,Os nano-
wires have been observed by Zhau et al.>” Bulk amorphous
carbon was not observed in the calcined samples in our
studies.

Samples containing Pd metal were also analyzed for mor-
phology, Pd particle size and agglomeration of Pd particles
using TEM. It can be seen from Figures 7a—c that the rod
shaped morphology of Pd-impregnated compound was main-
tained. Pd particles can be observed to be adhered on the
surface of the rods. It can be observed that the Pd particles
were far apart and were not in an agglomerated state show-
ing a fine dispersion of Pd particles. In this case also, the
rods were found to be distinct such that both rods and Pd
particles were not in a fused form. Pd particles of size as
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Figure 6. TEM images and the electron diffraction pattern of calcined V,Os.

(a—c) TEM images and (d) electron diffraction pattern.

small as 20 nm were observed and crystallinity in the sample
was observed, as can be seen from the electron diffraction
pattern shown in Figure 7d.

Energy Dispersive X-Ray Spectroscopy. EDX spectra of
the samples were recorded to determine the quantitative ele-
mental composition of the samples. All the spectra (see Sup-
porting Information Figure S4) showed the presence of vana-
dium, oxygen, and carbon in the samples and Pd in Pd-
impregnated sample. All the peaks corresponding to these
elements are marked in the spectra. Small peaks correspond-
ing to Cu can also be observed due to Cu from the grid used
for mounting the samples. Cu was not taken into account for
quantification of the sample. All the elements in the sample
were found to be in the amounts corresponding to the stoi-
chiometric amounts except that in the as-synthesized V,0s
where large amount of carbon was observed. The amount of
Pd introduced in the impregnated compound was found to be
in agreement with the amount of Pd added during the syn-
thesis. It can be seen from the spectra of all the compounds
that carbon was present in all the compounds. This is a char-
acteristic of all the combustion synthesized compounds.
However, a highly intense carbon peak can be observed in
the spectra of as-synthesized V,0s. This is a confirmation of
the observation of amorphous carbon from XRD, XPS, and
TEM. We further prove it using TGA.
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Thermogravimetric Analysis. TGA of the synthesized
compounds is shown in Supporting Information Figure S5. A
large weight loss was observed in the as-prepared sample on
heating. The weight of the sample decreased to 43% of its
original weight on heating it up to 600°C. However, such a
large decrease was not observed in case of calcined samples.
The weight loss was limited to 3—6% only. This clearly shows
that the weight loss in the as-synthesized compound is not due
to the dissociation of the compound or loss of molecular oxy-
gen. The analysis was carried out in N, atmosphere. Therefore,
it was not possible to have an oxidation of lower oxidation
state vanadium oxides to V,0Os and correspondingly no gain in
weight of the samples due to oxidation was observed in any of
the cases. The only possible reason for a large decrease in the
weight is the loss of amorphous carbon, which was present in
the as-synthesized sample and was detected using the various
characterization techniques.

BET Surface Area Analysis. The surface area of as-synthe-
sized V,05 was 10 mz/g. A small decrease in the surface areas
of the compounds was observed on calcination and all the cal-
cined samples had surface areas in the range of 47 m?/g.

CO oxidation over Pd-impregnated V,05

CO oxidation was carried out over Pd-impregnated V,Os.
Figure 8 shows the variation of CO concentration with

DOI 10.1002/aic 2221



Figure 7. TEM images and the electron diffraction pattern of 10% Pd/V,0s.

(a—c) TEM images and (d) electron diffraction pattern.

temperature over 1% Pd/V,0s. The catalyst showed high ac-
tivity for the reaction and complete conversion was possible
within 300°C and 350°C when the concentration of CO in
the feed was lesser than 5% and 10% by volume, respec-
tively. At temperatures lesser than 225°C, a very small
increase in conversion was observed with an increase in tem-
perature. The conversions were limited to 15% within this
temperature range. However, a sharp light off was observed
for all the concentrations after 225°C. Nearly 50% conver-
sion was observed within 260°C, and 80% conversion within
280°C. Nearly the same activity for different inlet concentra-
tions of CO shows the presence of a large number of active
Pd sites. With an increase in the concentration of CO, the
sites remain available to maintain a high-reaction rate. A
high dispersion of Pd over the support and the morphology
of the support aiding the exposure of active phase planes can
be attributed to the high activity of the catalysts. The Pd
loading was increased to 10%; however, the temperature for
complete conversion did not decrease significantly. This
indicates that even at 1% Pd loading, a large number of
active sites are available for the adsorption of CO and, there-
fore, the results of only 1% Pd/V,0s5 are presented. In spite
of low-surface area of V,0s, the activity of catalyst was
found to be high. The exposure of the face planes due to the
morphology of the support and the presence of Pd nanopar-
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ticles are the possible reasons for the high activity of even
low-surface area compound. The presence of rod-like mor-
phology in the system leads to the exposure of faces which
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Figure 8. Variation of CO conversion with temperature
over 1% Pd/V50s.
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Figure 9. Variation of the concentration of various dyes
with time during adsorption over as-synthe-
sized V,0;5 (a) AF, (b) BG, and (c) R6G.

The inset shows the variation of “¢” with time.

can be labile to oxygen exchange, and hence, a high activity
of the catalyst can be obtained.

No significant conversions were obtained over V,0s. Sev-
eral investigators have studied the temperature programmed
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desorption of O, on V,05. 3841 According to Lewis et al.,M!
V5,05 surfaces are relatively inert and surface reconstructions
are required for lattice oxygen exchange. The lattice oxygen
exchange is very slow with O,. In the presence of reducing
agents like CO and H,, the oxygen exchange is fast and the
oxygen from the lattice can be used for the oxidation of CO
to CO,. However, because the adsorption of both CO and O,
is poor over V,0s, the activity of the compound is very
poor. Further, the vacancy formation energy for V,0s has
been calculated by first principles density functional theory
calculations. The results show that the removal of oxygen by
itself is difficult due to large vacancy formation energy.** A
range of vacancy formation energies are present for V,Os
depending upon the position of different oxygen atoms.***?
The removal of oxygen in general is difficult, but is facili-
tated by the presence of other groups like hydroxyl groups.
This also results in the reduction of the nearby vanadium
atoms. Taufig-Yap and Waugh40 have reported the mecha-
nism of CO oxidation over V,0s. The mechanism mainly
consisted of oxidation of CO to CO, by lattice oxygen usage
and a corresponding reduction of V' to V*T creating an
anion vacancy. The vacancies are filled by the dissociation
of O, from the stream. Uptake of a reducing reactant from
the stream forming anion vacancies and reduction to V**
has also been observed by Xiao et al.** for SO, removal
over V,0s.

When Pd is impregnated in the compound, the adsorption
of CO is greatly enhanced. Adsorption of CO takes place
over Pd. Surface reconstruction of oxides on adsorption of
gases 1is known.*> As a result, the CO oxidation ability of
the compound is enhanced and high rates of CO oxidation
are observed over Pd-impregnated compound. The effect is a
result of enhanced adsorption and surface reconstruction.

Bronsted acid and Lewis acid sites in V,Os are known to
play an important role in SCR reactions.*® In the presence of
reagents like NHj, such sites are very active and surface
hydroxyl groups also take part in the reaction. However, for
CO oxidation over calcined-V,05 samples, the contribution
for such groups is very unlikely. From the XPS of Ols
before and after the reaction (Figure 2), the signals corre-
sponding to C=O0 groups can be observed to increase. This
shows the involvement of the oxygen from the lattice result-
ing from the adsorption of CO and exchange of oxygen.
However, V4, which was observed in traces in the cal-
cined-V,0s before the reaction, got oxidized to V> and
Pd>" was found to reduce to Pd’. Therefore, at the initial
stages, reduction of Pd’>" to Pd metal takes place. This
occurs at low temperatures and reduction of V°' to V*©
does not take place. During this stage, the lattice oxygen
exchange is lesser due to minimal reduction of V. With an
increase in temperature, Pd*" completely reduces to Pd’. A
reduction of V takes place this point onward. The CO oxida-
tion profile in Figure 8 can be divided into two regions: one
with lesser CO conversion (temperatures up to 225°C) and
the high-temperature region (temperatures above light off).
The enhancement in the rate from one region to the other is
very large. Therefore, it can be said that a change in the
mechanism takes place on transition. Initially, the lattice ox-
ygen usage is minimal. At higher temperatures, lattice oxy-
gen exchange takes place. This also results in the formation
of anion vacancies. The formation of defects in the lattice
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Table 1. Adsorption Parameters for the Adsorption of Different Cationic Dyes over As-Prepared V,0;5

Dye q. (mg/g) C. (ppm) k, (g""'/mg""/min) n

AF 45,750 4+ 334 4.25 + 0.33 14.51 £ 0.21 1.70 + 0.002
BG 34,290 + 2 15.71 + 0.002 15.39 4+ 0.001 1.69 + 0.001
R6G 32,310 £ 870 17.69 £+ 0.87 15.74 £+ 0.88 1.70 + 0.01

results in an enhanced adsorption of O,. As a result, the dis-
sociation of O, on the vacancies takes place and a large
increase in the rate of CO oxidation is observed. To summa-
rize, the oxidation of CO over V,0s takes place in two
regimes with high rates of reaction possible when the lattice
oxygen utilization takes place.

Adsorption of dyes over as-synthesized V,05

The adsorption of anionic and cationic dyes was carried
out over as-prepared V,0s. The adsorption of the dyes was
found to be dependent upon the ionic nature of the dye. The
adsorption of anionic dyes, OG, ACG, and RBBR, were
tested over as-synthesized V,0s. No adsorption of the ani-
onic dyes was observed over the adsorbent. However, when
the adsorbent was tested for the adsorption of cationic dyes
(AF, BG, and R6G), a large decrease in the concentration of
the dyes was observed within a very short interval of time
(Figures 9a—c). For all the three cationic dyes, equilibrium
adsorption was achieved within 10 min of stirring. No signif-
icant change in the concentration of the dyes was observed
after 15 min indicating the attainment of equilibrium.

Adsorption was observed only in case of as-synthesized
V,0s5. Adsorption over calcined V,0s was minimal. All the
characterization techniques showed the presence of a large
amount of carbon in the as-synthesized compound. TEM
analysis showed that carbon particles were finely dispersed
with nanometer dimensions. Nearly 60% of the compound
was found to consist of a very fine dispersion of carbon in
the compound. Carbon formation was a result of combustion
of the fuel during the synthesis of the compound and a
release of a large amount of gases and quenching resulted in
fine dispersion. Therefore, it is the presence of this carbon
which is responsible for the adsorption of dyes. V,0Os-acti-
vated coke systems have been studied by Yong et al.*’ It
was possible to disperse V,0Os in the porous structure of acti-
vated coke. On similar grounds, it can be expected that dur-
ing combustion, coke formation took place along with the
formation of V,0s5 resulting in the adsorption activity.

Cls in the as-prepared V,05 showed the presence of sev-
eral forms and the associated groups. Graphitic carbon,
C=0 and C—O(H) were observed in the compound. Surface
hydroxyl groups were also observed in the XPS of Ols.
Whereas the adsorption activity of graphitic carbon is well
established, the presence of surface groups can also aid the
adsorption process. High selectivity of the compound for cat-
ionic dyes was observed. This shows the involvement of the
various charges present in the system in the adsorption pro-
cess. Because of high electronegativity of oxygen, a partial
negative charge is developed in the groups. As a result, the
positive groups in the dyes are attracted toward the adsorb-
ent resulting in the adsorption of the dye.
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The variation of ¢, defined as the amount of adsorbate
adsorbed per unit mass of the adsorbent, with time is shown
in the insets in Figure 9. A sharp increase in the value of ¢
can be observed, followed by a nearly constant value, corre-
sponding to the equilibrium value, g,.

The kinetics of adsorption can be studied either by follow-
ing the variation of the dye concentration C(?), or ¢(f) with
time. There are several reports on the adsorption of dyes, or-
ganic and metal ions on solids and kinetic models have been
reported describing the variation of Cu(f) and ¢(¢) with
time.*>*® The variation of C,(r) and ¢(r) with time for nth
order kinetics is given as

dcs(t) _ kn{CA(t) _ CAeq}n (1)
t
dg(t) .,
dt - kn{qe q([)} (2)

From Egs. 1 and 2 the relation between the dye concentra-
tion Cy(t) or ¢(¢) and time f can be found as

Ca(t) = Ca, + {(Cay — CA) " + (n — 1)/{”,}'/1% 3)
4= e —{q" + (n— Dy} 1= @)

The experimental data obtained from the batch adsorption
experiments along with Egs. 3 and 4 were used to determine
the parameters appearing in Eqgs. 3 and 4 using a nonlinear
regression technique based upon Levenberg-Marquardt tech-
nique. Table 1 shows the results obtained by regression. It
can be seen that the equilibrium adsorption of the different
dyes predicted by the model were close to those the equilib-
rium adsorption obtained experimentally. The order of
adsorption was AF > BG > R6G.

According to Leyva-Ramos et al.,*® kinetic models pro-
vide advantages of simplicity and ease of use. However, the
physical interpretation of the phenomena is not possible. For
this, diffusional models must be sought, which assume the
kinetics to be diffusion limited. For intraparticle diffusion,
the relation between ¢ and diffusion time is given by

q(1) = kpt'/? )
where kp can be approximated using the following relation,*’
D\ 2 1

n=6(=—) 6
) =6(2%) ©

t 6 Dy
1n(1—@):1n—2—< Qf>r. )

Geq s a

August 2011 Vol. 57, No. 8 AIChE Journal



Equations 6 and 7 hold for small and large time intervals,
respectively. D; and D, are the coefficients for film diffusion
and pore diffusion, respectively. Therefore, D; can be
obtained from the initial slope of the Figure 10a, and D, can
be obtained from the slope of Figure 10b. The initial linear
portion in Figure 10a shows that adsorption is limited by
external film diffusion. The later flat portion shows the pres-
ence of intraparticle diffusion. We compare the relative mag-
nitudes of D and D, at initial stages of the process to have
an idea about the mass transfer limitations. If «; and o, be
the slopes of the curves defined by Egs. 6 and 7 then

D\ /2
2 =6 (n—alz) ®)

D 2
m:(g) ©)

From Eqgs. 8 and 9,
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Figure 10. Dependence of g on t following intraparticle
diffusion model.

(a}) Film diffusion regime and (b) intraparticle diffusion re-
gime.
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Table 2. Relative Magnitudes of Film and Intraparticle
Diffusion Coefficients for the Adsorption of Different Dyes

over As-Prepared V,0s5

Published on behalf of the AIChE

AF BG R6G
oy 2.01 1.25 1.32
a,(0) 10.12 5.01 5.43
o (1) 0.42 0.16 0.34
D,/D»(0) 0.34 0.27 0.28
D,/D(1t) 8.31 8.27 4.42
D o3
“1 1 (10)
Dz 360(2

Two distinct slopes can be observed in Figure 10b. Thus,
two regions, t = 0 and ¢ > 0, can be defined and we carry out
the analysis for these two regions. Table 2 gives the relative
magnitudes of the film and intraparticle diffusion coefficients
in the two regimes. At time ¢t = 0, Dy < D,. This shows that
adsorption is limited by diffusion in the film. At times ¢ > 0,
Dy > D,, showing that the intraparticle mass transfer resistan-
ces are high. The time interval for the first case is extremely
small showing that the rate is extremely fast and the adsorp-
tion at the surface of the adsorbent takes place almost instanta-
neously. This is followed by a slower step of diffusion of the
dye in the bulk of adsorbent and no appreciable adsorption
takes place further.

Apart from the kinetic and intraparticle diffusion models
described above, models like Elovich model were also tested
for describing the adsorption. However, the regression pa-
rameters obtained for such models were inferior and thus,
such models were not investigated further.

The effect of adsorbent weight on the initial rate of
adsorption is shown in Figure 11. An increase in the initial
rate was observed till 0.5 g/L adsorbent concentration. On
increasing the adsorbent concentration further, no appreci-
able increase in the activity of the adsorbent was observed.

We now analyze the adsorption of the dyes over as-syn-
thesized V,Os in relation with the structure of the dye, the
charge of the dye in the solution and the various groups
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Figure 11. Variation of the initial rate of adsorption of
cationic dyes with adsorbent weight.
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Figure 12. Variation of dye concentration with time over calcined-V,0s.

(a) OG, (b) IC, (c) RBBR, (d) AF, (e) BG, and (f) R6G.

present on the surface of the adsorbent. To confirm that the
dye was indeed adsorbed on the surface of the adsorbent, the
UV-vis spectra of the adsorbent after the adsorption was
recorded. A peak at 525 nm corresponding to R6G was
observed in the UV-vis spectra after the reaction (Support-
ing Information Figure S6). This confirmed the adsorption of
the dye over the adsorbent.

The equilibrium adsorption of the dyes over the adsorbate
and the rates of adsorption was found to be different for the
different dyes. To explore the reason behind this, we study

the structure of the dye. It can be seen in Supporting Infor-
mation Figure S7 that for all the dyes, the potential centre
for adsorption is the nitrogen atom with a unit positive
charge. AF and R6G have anthraquinone rings with heteroa-
toms, BG has a triarylmethane composition. Therefore, steric
hindrance can play a major role in the adsorption ability of
the dye over the compound. In case of BG and R6G, nitro-
gen is surrounded by bulky ethyl groups but only a methyl
group is present in the case of AF. Thus, the spatial occupa-
tion of the groups in case of BG and R6G is large compared
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with that for AF. As a result, an easy access of the groups is
possible for AF and the available number of sites is also
used for adsorption resulting in higher adsorption.

Photocatalytic degradation of dyes over calcined-V,05

Calcined-V,05 was used for the photocatalytic degrada-
tion of anionic and cationic dyes. Figure 12 shows the varia-
tion of the concentration of various dyes with time. Cationic
dyes showed high degradation with nearly 95% degradation
of AF and BG within 2 h. Nearly 60% degradation of R6G
was observed. The degradation of anionic dyes was rela-
tively lesser compared with the degradation of the cationic
dyes. Only 50-55% degradation of IC and RBBR was
observed within 2 h. 65% degradation of OG took place
over the catalyst.

Degradation of the dyes takes place via a series of reac-
tions and different pathways are followed during the degra-
dation of the dye depending upon the structure of the dye.
We have previously found the dependence of degradation of
the dyes on the functional groups present in the dye.”® Lang-
muir-Hinshelwood model is commonly used for describing
the degradation of the dye. The Langmuir-Hinshelwood
model can be written as

KkiCa
" 1+ KCa an

The rate parameters for the degradation of the dyes over
calcined-V,05 following Langmuir-Hinshelwood model are
given in Table 3. It can be seen from the relative magnitudes
of the rate constants that the rate of degradation of cationic
dyes is 5-7 times higher than the rate of degradation of ani-
onic dyes except for the degradation of R6G. From the rela-
tive magnitudes of the values of K for the different dyes, it
can be seen that the adsorption of OG, IC, and R6G was an
order of magnitude higher that that of AF, BG, and RBBR.
The rates of degradation of the dyes were observed to be in
an opposite order. This clearly shows the effect of adsorption
on the kinetics of the reaction. Adsorption of the dye over
the surface of the catalyst is an essential step and the reac-
tion takes place only at the surface of the catalyst where the
dye is in contact with the catalyst. However, at higher sur-
face coverage, the blocking of the active catalyst sites may
take place and the phenomenon in that regime is only the
photolysis of the dye, which is slower compared with the
photocatalytic degradation. The degradation of the cationic
dyes was also tested over the commercial Degussa P-25
TiO, catalyst. The rates of reaction over V,05 were lesser

Table 3. Rate Parameters for the Photocatalytic Degradation
of Anionic and Cationic Dyes over Calcined-V,05

Langmuir-Hinshelwood

ky (min™") K (x10°) (ppm ")
OG 275 2.87
1C 300 1.79
RBBR 1772 0.51
AF 13,791 0.31
BG 11,049 0.23
R6G 597 1.25
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Table 4. Rate Parameters for the Photocatalytic Degradation
of Cationic Dyes over Commercial Degussa P-25 Catalyst

Langmuir-Hinshelwood

ki (min~") K (x10°) (ppm ")
AF 36,239 0.17
BG 15,714 0.26
R6G 298 1.53

for AF, comparable for BG and higher for R6G (Supporting
Information Figure S8 and Table 4).

We have shown the application of a single compound,
V,0s, for three different applications. The fresh compound,
due to high-carbon content is an excellent adsorbent. The
same material after calcination loses carbon and acts as a pho-
tocatalyst for the degradation of various dyes. With the addi-
tion of a very small amount (1 wt %) of Pd nanoparticles, the
same material was found to show catalytic properties for CO
oxidation. Thus, it is possible to synthesize similar materials
and the tune the properties for a particular application.

Conclusions

Using a two-step solution combustion technique, it was pos-
sible to synthesize V,0s rods with length to diameter ratio of
3-6. Pd nanoparticles of 20 nm size were deposited on the
rods using wet-impregnation technique. Partial crystallization
of V,0s5 took place during the combustion step, whereas com-
plete crystallization occurred during the calcination step. The
changes in the crystallinity were investigated using TEM and
XRD. The as-synthesized compound was found to contain a
large amount of carbon deposits, as confirmed by EDX and
TGA. The three materials namely the as-synthesized, the cal-
cined compound and Pd-impregnated compounds were tested
for three different environmental applications, i.e., oxidation of
CO, adsorption, and photocatalytic degradation of dyes. The
Pd-impregnated V,05 showed high activity for CO oxidation
and complete conversion occurred within 350°C. The as-syn-
thesized V,0Os showed high rates of adsorption of cationic
dyes and the adsorption was found to follow nth-order kinetics.
Calcined-V,05 was found to be photocatalytically active for
the degradation of anionic and cationic dyes, and the rates of
degradation were determined.
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