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Abstract

The effects of supports including TiO2 and Al2O3 on the molecular structure and catalytic activity of chromium oxide for the comp
oxidation of perchloroethylene (PCE) have been examined with respect to the content of Cr on the catalyst surface. The results f
XPS, Raman, and TPR-TPO indicate that the state of the surface species of chromium oxide strongly depends on catalyst sup
loading. The amount of Cr(VI) in the high oxidation state on the surface of the catalyst increased as the content of Cr increas
to 17 wt%, while the relative ratio of Cr(VI)/Cr(III) existing on the catalyst surface decreased with respect to the Cr loading, regard
the supports examined in the present study. The molecular structure of Cr(VI) was also altered with respect to the content of C
surface nature of support. Monochromate species appeared on the surface of Al2O3 at 1 wt% of Cr loading on the catalyst surface. Howev
further increase in the Cr contents up to 17 wt% formed di-, tri-, and tetrachromate species of Cr(VI) and crystallineα-Cr2O3 on the surface
of Al2O3. CrOx /TiO2 catalyst formed polymeric chromium oxide species on its surface in the wide range of Cr content of the catalys
to 17.4 wt%. The high degree of polymerization of chromate species on the surface of TiO2 containing the strong redox ability is contrast
with the state of the chromate species on Al2O3. The rate of PCE oxidation was enhanced as the Cr loading increased for both ca
CrOx /TiO2 catalyst revealed a relatively higher reaction rate than CrOx /Al2O3 at the given content of Cr and its surface density. TOF
the catalyst increased along with the degree of polymerization of the chromate species on the catalyst surface. The superior perf
CrOx /TiO2 catalyst is attributed mainly to the formation of the polychromate species containing a stronger redox ability on the su
TiO2. This clearly suggests that the metal–oxygen–support interaction (MOSI) is critical in the present catalytic reaction system.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Chromium-based catalysts have been widely exam
for polymerization, hydrogenation-dehydrogenation, i
merization, aromatization, partial oxidation, and DeNx
reaction because of the peculiar characteristics of Cr o
species on the surface of the support, including oxida
state, coordination environment, and degree of polymer
tion [1]. This versatility of the supported chromium oxid
catalyst has led to extensive fundamental studies on the
rameters controlling the molecular structure of chromi
oxide on the catalyst surface. The catalyst characte
tion techniques employed were mainly Raman [2–15],
[15,16], XPS [17–24], ESR [25], TPR [26–31], and EXAF
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0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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XANES [32–35]. Deo and Wachs [13] investigated t
combined molecular structure of chromium oxide conta
ing both mono- and polychromate to elucidate the per
mance of 1 wt% chromium-based catalysts for metha
oxidation. The catalytic activity was closely related to t
surface oxide–support interaction, and the role of the s
port was also critical for the reaction system reveal
the reactivity in the order of CrOx /ZrO2 > CrOx /TiO2 >

CrOx /SiO2 > CrOx /MgO > CrOx /Nb2O5 > CrOx /Al2O3.
Recently, Fountzoula et al. [20] reported that the crea
of the monochromate species on the surface of the ana
type TiO2 is important for high performance of the deNOx

reaction. However, there have been few studies clearly
cidating the roles of the surface chromate species and
supports in the oxidation reactions, particularly the remo
of chlorinated hydrocarbon, perchloroethylene (PCE) in
present study. PCE has been commonly employed as a

http://www.elsevier.com/locate/jcat
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dard compound for the development of the catalytic sys
for the removal of CVOCs (chlorinated volatile organic co
pounds) [36].

There have been a number of investigations on the c
lytic oxidation of CVOCs, regarded as one of the ma
air pollutants. The catalytic process contains a variety
distinctive advantages, including mild operating conditio
low energy consumption, and less formation of noxious
products over incineration and sorption as a CVOC rem
technology. The catalyst developed so far is mainly no
metal or metal oxide [37]. It has been reported that am
the catalysts chromium oxide is the most effective for
complete oxidation of PCE [38]. Moreover, CrOx /TiO2 and
/Al2O3 catalysts containing a high surface area revealed
strongest PCE removal activity compared to the chrom
oxides supported on SiO2, SiO2–Al2O3, activated carbon
and low surface area of TiO2 and Al2O3 [39]. It was also
concluded that the high performance of CrOx /TiO2 and
/Al2O3 is primarily due to the formation of a high amou
of Cr(VI), the active reaction species on the surface of
support. However, the distinction of the PCE removal ac
ity over CrOx /TiO2 and /Al2O3 catalysts could not be we
understood simply with the amount of Cr(VI) formed on t
catalyst surface at the given density of the hydroxyl gr
on the surface of the support, which is closely related
the formation of Cr(VI) [3]. It can be anticipated that t
molecular structure of Cr(VI) on TiO2 and Al2O3 is also
critical for PCE oxidation as well as the amount of Cr(V
on the catalyst surface. Hence, a systematic study on
molecular structure of chromium oxide with respect to
surface nature of supports and Cr content may be desira
clearly describe the phenomena occurring on the surfac
chromium oxides during the course of the reaction. Altho
many studies have been reported on the surface structu
CrOx /TiO2 and /Al2O3 catalysts, none of them could o
serve the distinction of the phase of CrOx on the surface o
TiO2 and /Al2O3 containing a variety of the metal conten
and they simply discussed that both supports form a s
lar molecular structure of chromium oxide compared to
on the surface of SiO2. Moreover, the correlation of the ca
alytic oxidation, particularly decomposition of CVOC wi
the molecular structure and the redox property of CrOx has
not been examined yet.

In the present study, the role of TiO2 and Al2O3 sup-
ports for the characteristics of chromium oxide includ
the molecular structure, the redox ability, and the catal
activity for the complete oxidation of PCE was investiga
and compared in order to elucidate the correlation betw
the characteristics of the catalyst and its activity. XRD, X
Raman, and TPR-TPO were employed to investigate the
face structure of chromium oxide species and redox prop
of the catalysts, and TOF was also calculated on the
sis of the steady-state oxidation rate of PCE examined
continuous flow reactor system. Then, the high performa
of CrOx /TiO2 catalyst over CrOx /Al2O3 for the removal of
CVOC has been thoroughly understood.
-

f

f

-

2. Experimental

The supported chromium oxide catalysts were prep
by the incipient wetness impregnation method with an aq
ous solution of chromium nitrate [Cr(NO3)3 · 9H2O, Aldrich
Chemical Co.]. The supports employed in the present s
were TiO2 (Hombikat UV-100) and Al2O3 (Aldrich) con-
taining the highest PCE removal activity confirmed in
earlier study [39]. Both supports also contain similar surf
areas, 250 and 290 m2/g, respectively. After the impregna
tion of chromium oxide on the supports, the catalysts w
subsequently dried at 110◦C for 12 h and calcined in air a
450◦C for 5 h. The BET surface areas of the catalysts w
measured with a Micromeritics ASAP 2010 using liquid2
at 77 K. Prior to the measurements, the catalysts were
treated in vacuo at 180◦C for 10 h.

XRD patterns of the catalyst prepared in the present s
were observed by an M18XHF (MAC Science Co.) d
fractometer employing Cu-Kα radiation (λ = 1.5405 Å) as
an X-ray gun. The diffraction patterns in the regions
2θ = 10–90◦ were usually examined with a scanning spe
of 4.0◦/min, operating at 40 kV and 200 mA of an X-ra
gun.

XPS spectra were obtained by VG ESCALAB 22
equipped with Mg anode (Mg-Kα radiation, 1253.6 eV) run
at 15 kV and 20 mA. The spherical sector of the analy
was operated in the fixed transmission (FAT) mode wit
pass energy of 50 eV set across the hemispheres. The i
ment was typically operated at a pressure near 1×10−8 Torr
in the analysis chamber. The samples of the catalyst wer
alyzed in a powder dusted on a double-sided adhesive
The oxidation state of chromium existing on the catalyst
face was determined by curve fitting using nonlinear le
squares with the Cr 2p3/2 envelope. The binding energies
XPS results for the catalyst samples were referenced
the C 1s line (284.6 eV) of the carbon overlayer. The
widths of the peak at the half-maximum (FWHM) were
lowed to change to attain the best fitting. The positive cha
produced during the photoejection process was compen
by a flood gun. In order to minimize the photoreduction
chromium oxide species on the catalyst surface during
experiments, all the catalyst samples were analyzed with
short period of time. To calculate the theoretical ratio of
peak intensities for Cr 2p/Ti 2p and Cr 2p/Al 2p, the mo
developed by Kerkhof and Moulijn [40] was employed. T
model has been widely employed to demonstrate the m
imum concentration of promoter homogeneously suppo
on porous material and to predict XPS relative intensity
tween promoters and supports. Indeed, the model effect
described the ratios of both CrOx /TiO2 and CrOx /Al2O3
catalytic systems [16,41]. The cross sections and the m
escape depths of the photoelectrons used for the cal
tion of the ratio were based upon the previous studies
Scofield [42] and Penn [43], respectively.

Temperature-programmed reduction (TPR) experim
were carried out using 50 mg of the catalysts heate
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10◦C/min under hydrogen (5%) atmosphere in a flow
nitrogen at 40 ml/min. The catalysts were pretreated w
oxygen at 500◦C for 0.5 h. A thermal conductivity detecto
(TCD; HP 5890 GC) was employed to examine the c
sumption of hydrogen during the reduction of the catal
The reducing gas mixtures were dried in a cold trap be
reaching TCD of GC. Temperature-programmed oxida
(TPO) spectra were also obtained with the identical ap
ratus employed for the TPR study over the reduced cata
using oxygen (1%) in a flow of helium. The TPO experim
was performed with the reduced catalyst during TPR,
TPR was conducted again after TPO. Hence, the TPR-T
TPR experiment was done in series to understand the
duction and reoxidation property of the chromium ox
catalysts.

Raman spectra were recorded from the powder sam
pressed into self-supporting wafers. The spectra were
tained in the 180◦ configuration on a Model 532-RENS-A0
using the 514.5-nm radiation of argon ion gas as an
citation source. The laser power at the sample wa
was 25 mW, and the spectral resolution was 3–4 cm−1.
The scattered radiation was detected by a Wright instrum
containing an intensified photodiode array, cooled ther
electrically to−30◦C. The Raman spectra were obtained
room temperature and under ambient conditions.

The conversion and the reaction rate of the comp
oxidation of PCE were examined in a continuous flow m
croreactor by using 0.03–0.3 g of 60/80 mesh size of
catalysts diluted in inert quartz in order to avoid the reac
channeling under atmospheric pressure. A reactant ma
containing air with 30 ppm of PCE was fed into the reac
at a flow rate of 600 ml/min. The feed and product stream
of the reactor were analyzed by on-line Hewlett-Pack
5890A gas chromatography (GC) with TCD and FID det
tors. The steady-state conversion of PCE was calculate
measurement of the inlet and outlet concentrations of P
at 300◦C. No chlorinated by-products were detected in
downstream of the reactor during the course of reaction.
and Cl2 were not detected due to the detection problem
the product stream. It has been confirmed by carbon bala
however, that more than 90% of PCE mainly converted
CO and CO2. The detailed experimental procedures were
ready described elsewhere [39].

3. Results

The surface area and density of chromium oxide catal
employed in the present study are listed in Table 1 as a f
tion of Cr content on TiO2 and Al2O3. The density is defined
as the number of chromium atoms per square nanomet
the surface area of the catalyst. The catalysts are repres
by x symbols of CrOx /Al2O3 or /TiO2, wherex is the Cr
content on the catalyst. The impregnation of chromium
the surface of the supports decreased the specific su
area of the support as the content of Cr increased du
,

f
d

e

Table 1
Chromium content, surface area, and chromium oxide surface densi
CrOx /TiO2 and /Al2O3 catalysts

Catalyst Cr content BET surface area CrOx surface density
(wt%) (m2/g) (nm−2)

TiO2 − 250 −
1CrOx /TiO2 1.0 217 0.5
3.2CrOx /TiO2 3.2 228 1.6
5.1CrOx /TiO2 5.1 212 2.8
11.9CrOx /TiO2 11.9 177 7.8
17.4CrOx /TiO2 17.4 153 13.2
Al2O3 − 290 −
1CrOx /Al2O3 1.0 262 0.4
3.3CrOx /Al2O3 3.3 268 1.4
5CrOx /Al2O3 5.0 251 2.4
10.8CrOx /Al2O3 10.8 232 5.4
16.8CrOx /Al2O3 16.8 184 10.6

the blocking of relatively narrow pores of the supports
chromium oxide [20]. The higher the content of Cr on t
surface of the support, the higher the surface densitie
chromium atoms attained. Monolayer surface coverag
supported chromium is known as 6.6 and 4.0 atoms/nm2

of the surface density for TiO2 and Al2O3, respectively, by
Raman spectroscopy discriminating the phase of CrOx in
the forms of two-dimensional overlayer and crystallites [1
hence the catalysts contain approximately 0 to 2.7 of th
retical monolayer of Cr on the surface of the support.

3.1. XRD

Fig. 1 shows the XRD patterns of supported chromi
oxide catalysts with respect to the Cr contents. Most of
diffraction patterns are the characteristic peaks forγ -Al2O3
or anatase–TiO2 without the presence of those of cry
talline α-Cr2O3 on their surface. The XRD patterns reve
ing α-Cr2O3 appear only for 17.4CrOx/TiO2 catalyst con-
taining the highest Cr content. The results imply that
chromium oxide is well dispersed on the support surf
as an amorphous or microcrystalline phase without a
ing the phase of support, and that crystallineα-Cr2O3 only
forms on the surface of TiO2 containing a high content o
Cr, 17.4CrOx /TiO2.

3.2. XPS

The XPS patterns of the Cr 2p doublet for both CrOx /TiO2
and /Al2O3 catalysts with respect to the Cr loading can
observed in Fig. 2. The deconvolution of the Cr 2p3/2 signals
based upon the previous studies [17–24] and the com
ison to the reference samples including CrO3 and Cr2O3
indicate that the spectra for the present catalytic syst
contain two major peaks at 579.3–579.5 eV for Cr(VI) a
576.3–576.9 eV for Cr(III). Although the presence of the
termediate chromium species including Cr(IV) and/or Cr
cannot be excluded, the species is hardly distinctive du
the intrinsic complexity of the Cr(III) species by XPS [20
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Fig. 1. XRD patterns of CrOx /TiO2 and /Al2O3 catalysts.

Fig. 2. XPS spectra of CrOx /TiO2 and /Al2O3 catalysts.
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XPS spectra of two types of chromium oxide cataly
supported on TiO2 and Al2O3 reveal similar patterns of th
response signal without a major distinction with respec
the support. The spectra exhibit that the intensity of
shoulder peak at lower binding energy, which can be
signed to that of Cr(III), increases as the content of Cr
both CrOx /TiO2 and /Al2O3 catalysts increases. The rati
of Cr(VI)/Cr(III) for CrOx /Al2O3 catalyst representing th
relative amounts of Cr(VI) and Cr(III) on the catalyst surfa
based on the peak intensities of XPS for Cr(VI) and Cr(
decrease with respect to the content of Cr up to 16.8 w
as listed in Table 2. Although it is expected that the tre
of the ratio over CrOx /TiO2 with regard to the Cr conten
is similar to that for CrOx /Al2O3, the intensity ratios fo
CrOx /TiO2 cannot be obtained due to the overlap betw
a Ti 2s shakeup satellite and the Cr 2p lines [16].

The intensity ratios of Cr 2p/Al 2p and Cr 2p3/2/Ti 2p3/2

estimated from XPS observation as a function of the ato
ratios, Cr/Al and Cr/Ti of the catalysts, can be observ
in Fig. 3. For CrOx /TiO2 catalyst, the ratios of the pea
areas for Cr 2p3/2/Ti 2p3/2 can be hardly measured d
to the overlap between a Ti 2s shakeup satellite (Ti 2sat)
as stated, which exists at about 13 eV on the high en
side of the Ti 2s, and the Cr 2p line [16]. However, t
Cr 2p3/2/Ti 2p3/2 area ratio can be obtained by measur
the peak intensity for Cr 2p+ Ti 2ssat and subtracting th
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Fig. 3. XPS intensity ratios of Cr 2p/Al 2p and Cr 2p3/2/Ti 2p3/2 for CrOx /TiO2 and /Al2O3 catalysts.
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intensity for Ti 2ssat as estimated from the identical spe
tra, which was examined on pure TiO2 by using the inten-
sity of the Ti 2p3/2 with a weight factor of 0.15 [16]. Fo
comparison, the theoretical value of the Cr 2p/Al 2p and
Cr 2p3/2/Ti2p3/2 intensity ratio calculated for monolaye
dispersion can also found in Fig. 3.

The intensity ratios between the Cr 2p peak and the A
and Ti 2p peaks increase linearly with respect to the Cr c
tent, indicating that the chromium oxide is well dispers
on the surface of TiO2 and Al2O3 up to 16.8 wt%, although
the species of chromium oxides formed on the catalyst
face are transformed from Cr(VI) to Cr(III) as previous
confirmed in Table 2. The intensity ratios of Cr 2p/Al 2p
and Cr 2p3/2/Ti 2p3/2 measured for CrOx /Al2O3 and/TiO2

are identical to that of the theoretical value calculated
monolayer dispersion up to 1 wt% of the Cr content. Abo
this loading of Cr, the deviation between the measured
the theoretical values begins to occur. For CrOx /Al2O3 ca-
talysts, the Cr 2p/Al 2p intensity ratios are lower than thos
of monolayer dispersion, and the deviation becomes la
as the Cr loading increases, mainly due to the decr
of chromium oxide dispersion on the catalyst surface.
deed, the dispersion of CrOx /Al2O3 catalyst was calculate
from the result by the XPS, and is listed in Table 2.

Table 2
XPS data for CrOx /TiO2 and /Al2O3 catalysts

Catalyst Binding energy Intensity ratio Dispersio
Cr 2p3/2 (eV) Cr 2p/ Cr(VI)/ (%)

Cr(VI) Cr(III) (Ti, Al) 2p Cr(III)

1CrOx /TiO2 597.4 576.4 0.03 – –
3.2CrOx /TiO2 579.4 576.9 0.16 – –
5.1CrOx /TiO2 579.5 576.9 0.25 – –
11.9CrOx /TiO2 579.3 576.7 0.50 – –
17.4CrOx /TiO2 579.3 576.7 0.84 – –
1CrOx /Al2O3 579.3 576.3 0.36 7.7 100
3.3CrOx /Al2O3 579.4 576.7 0.75 4.5 71.4
5CrOx /Al2O3 579.5 576.9 1.10 2.2 62.5
10.8CrOx /Al2O3 579.3 576.9 2.60 1.4 61.9
16.8CrOx /Al2O3 579.4 576.8 4.50 1.2 60.8
the other hand, the Cr 2p3/2/Ti 2p3/2 intensity ratios for
CrOx /TiO2 catalysts are higher than the monolayer valu
contrary to the CrOx /Al2O3. This indicates that the prese
CrOx /TiO2 catalytic system may not be described by
Kerkhof–Moulijn monolayer model [16].

3.3. Raman

The Raman spectra of CrOx /Al2O3 catalysts containing
1–16.8 wt% of Cr are shown in Fig. 4. For the catalyst c
taining 1 wt% of Cr, Raman peaks are mainly obser
at a band frequency∼860 and 364 cm−1. These peaks
have been assigned to the symmetric stretching and b
ing modes of isolated tetrahedral surface-chromate spe
that is distorted by its interaction with the surface of the
ide support [3]. When the Cr content increased to 3.3 w
the stretching and bending modes shifted upward to 870
374 cm−1, respectively. Although the band at∼217 cm−1

attributed to the presence of Cr–O–Cr linkages is not
served in the present study, the upward shift of the Ra
bands indicates the formation of the dimers of chromi
oxide [3]. The Raman spectra for 5CrOx /Al2O3 also show
that the bands at∼874 and∼378 cm−1 corresponding to
a dimeric chromium oxide species shift to the higher f
quency and contain new peaks at∼990 and∼855 cm−1.

Fig. 4. Raman spectra of CrOx /Al2O3 catalyst.
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Fig. 5. Raman spectra of CrOx /TiO2 catalyst.

This pair of peaks can be commonly assigned to the tri-
tetramers of the chromium oxide by observing the prese
of nonterminal chromate units on the catalyst surface [2

The Raman spectra for 5CrOx /Al2O3 reveal that the
chromium oxide exists in the forms of di-, tri-, and tetrame
species on the surface of Al2O3. For 10.8CrOx/Al2O3 ca-
talyst, the spectra exhibit mainly two bands at∼995 and
∼846 cm−1, which can be assigned to the polymeric surf
species of Cr as discussed. For 16.8CrOx /Al2O3, a new band
appears at∼550 cm−1 in addition to the bands at∼995 and
∼845 cm−1. The band at this frequency can be commo
assigned to crystallineα-Cr2O3 [6]. It should be noted tha
the decrease of the peak intensity is primarily due to
gradual color change of the catalyst from bright yellow
dark brown as the content of Cr increases on the cat
surface.

Fig. 5 exhibits the Raman spectra of 1–17.4 wt% Crx /
TiO2 catalysts. The strong TiO2 Raman bands below the fr
quency at 700 cm−1 prevent the examination of the state
chromium oxide in this region of the spectra [3]. Moreov
the second Raman band for the anatase type of TiO2 at about
800 cm−1 also hinders the chromium oxide peaks from
spectra [7]. However, all Raman bands for CrOx /TiO2 cata-
lyst examined in the present study reveal that the pea
∼997 cm−1 originated from tri- and tetrameric chromiu
oxide species, which are also observed in the Raman b
for CrOx /Al2O3 catalysts containing high loadings of C
above 5 wt%.

3.4. TPR-TPO

TPR profiles for chromium oxide catalysts supported
Al2O3 and TiO2 were obtained from 100 to 500◦C to in-
vestigate the reducibility of the catalysts as shown in Fig
The reduction feature of the catalyst by hydrogen varies
respect to the type of support and the Cr content of the c
lyst. For the CrOx /Al2O3 catalyst, a single reduction peak
320–390◦C with respect to the Cr content can be observ
whereas the CrOx /TiO2 catalyst contains two distinctive re
duction peaks at 280–320 (low-temperature peak, LTP)
at 420–440◦C (high-temperature peak, HTP). The ma
s

mum of the hydrogen consumption peak for CrOx /Al2O3
shifts toward lower temperatures as the Cr content incre
up to 10.8 wt% and then remains at the same temper
even by a further increase of the content to 16.8 wt%.
the CrOx /TiO2 catalyst, the intensity of LTP significant
increases compared to HTP as the content of Cr on the
lyst surface increases. In addition, a shift of LTP has b
observed to a lower temperature with respect to the con
of Cr, although the maximum peak position hardly mov
probably due to the broadening of LTP. The total amo
of H2 consumption by TPR increases as the Cr con
increases, regardless of the catalyst support. Howeve
amount of hydrogen based upon the Cr loading of the c
lysts decreases as listed in Table 3.

TPO has been sequentially conducted for the fully
duced chromium oxide catalysts by TPR study within a te
perature range from 100 to 550◦C, to verify the reoxidation
feature of chromium oxide catalysts. However, TPO profi
within the temperature range covered in the present s
were hardly distinctive for examining the reoxidation abil
of CrOx /Al2O3 and /TiO2 catalysts, mainly due to the broa
ness of the patterns. The profiles simply reveal the incr
of the amount of oxygen consumption as the Cr conten
creases. This, however, is quite consistent with the tren
TPR of the catalyst examined.

The reoxidized chromium oxide catalyst by TPO w
reduced again by TPR to confirm the reversibility of its
dox capability. The spectra by the second TPR (TPR2)
CrOx /Al2O3 and /TiO2 catalysts were similar to those by t
first TPR (TPR1), regardless of the contents of Cr on the
alyst surface covered in the present study, while the am
of hydrogen consumption during TPR2 was in the rang
70–80% of that by TPR1.

The redox ability of CrOx /Al2O3 and /TiO2 catalysts was
also investigated by hydrogen pulse experiment. The p
of 8.12 µmol H2 was fed into the microreactor containin
150 mg of the chromium oxide catalysts with respect to
reduction temperature and the consumption of hydrogen
monitored by TCD. The fixed fraction of hydrogen inject
was consistently consumed during the course of the puls
periment until the surface of the catalyst was fully satura
with H2 and reduced to Cr(III). The rate of hydrogen co

Table 3
TPR data for CrOx /TiO2 and /Al2O3 catalysts

Catalyst Tmax (◦C) H2 consumption H2/Cr
(a.u.) (a.u.)

1CrOx /TiO2 300 440 282 5.42
3.2CrOx /TiO2 280 420 440 2.64
5.1CrOx /TiO2 288 420 520 1.96
11.9CrOx /TiO2 316 430 750 1.21
17.4CrOx /TiO2 316 430 753 0.83
1CrOx /Al2O3 390 – 187 3.60
3.3CrOx /Al2O3 346 – 386 2.25
5CrOx /Al2O3 333 – 618 2.38
10.8CrOx /Al2O3 325 – 823 1.47
16.8CrOx /Al2O3 324 – 903 1.03
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Fig. 6. TPR profiles of CrOx /TiO2 and /Al2O3 catalysts.

Fig. 7. H2 conversion of CrOx /TiO2 and /Al2O3 catalysts.
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sumption, also regarded as the catalyst reduction rate
be observed in Fig. 7 with respect to reaction tempera
and Cr content. Less than 5% of H2 injected was consume
at 200◦C, regardless of the catalyst. However, the amoun
the consumption increases as the temperature increase
most of hydrogen injected to the catalyst has been consu
at 400◦C except 1 wt% CrOx /Al2O3 and /TiO2. A larger
amount of H2 consumption for CrOx /TiO2 has been ob
served compared to that for CrOx /Al2O3, regardless of the
Cr content and reduction temperature. It should be noted
the consumption of H2 increases as the Cr content increas

On the other hand, the O2 pulse experiment reveale
distinctive reoxidation phenomena compared with the2
pulse test. All of oxygen injected by pulse was complet
consumed independent of the oxidation condition until
reduced catalyst was saturated with O2 and fully reoxidized.
Therefore, the reoxidation ability of CrOx /TiO2 and /Al2O3

catalysts can be hardly distinctive by the O2 pulse experi-
ment.

As another method for the evaluation of the reoxidat
rate of the catalyst, the fully reduced chromium oxide ca
lysts under H2 at 450◦C for 2 h were reoxidized in air at 200
d

t

300, and 400◦C of the reoxidation temperatures during 2
of the period, and then the reoxidized catalysts were
duced again by TPR as shown in Fig. 8. The TPR profi
of 11.9CrOx /TiO2 show that the intensity of the two pea
simultaneously increases as the reoxidation temperatur
creases without alteration of the peak position. The TPR
files of 10.8CrOx /Al2O3 also exhibit that the amount of th
hydrogen consumption increases with increasing reoxida
temperature, although the maximum reduction tempera
slightly shifts to a higher temperature than before. Howe
the reoxidation ability of both catalysts is quite distinctiv
The 11.9CrOx/TiO2 catalyst reoxidized at 200, 300, an
400◦C restored 22, 61, and 90% of its initial fraction
hydrogen consumption, respectively, during TPR, while
10.8CrOx /Al2O3 catalyst did 23, 38, and 50% of its initia
hydrogen consumption, respectively. This may indicate
the reoxidation ability of CrOx /TiO2 catalyst is stronger tha
that of CrOx /Al2O3.

3.5. PCE decomposition activity

The conversion of PCE for prereduced 11.9CrOx/TiO2
and 10.8CrOx /Al2O3 catalysts under H2 at 450◦C for 2 h
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Fig. 8. TPR profiles of fresh and reoxidized 11.9CrOx /TiO2 and 10.8CrOx /Al2O3 catalysts.
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Fig. 9. PCE oxidation activity of 11.9CrOx /TiO2 and 10.8CrOx /Al2O3 ca-
talysts with respect to reoxidation temperature.

as a function of reoxidation temperature can be obse
in Fig. 9. The conversion of the catalysts increases as
reoxidation temperature increases. The CrOx /TiO2 catalyst
reveals relatively higher PCE conversion than CrOx /Al2O3
at the identical reoxidation temperature, particularly at
and 400◦C of reoxidation temperatures. This is quite co
sistent with the amount of hydrogen consumed by TPR
observed in Fig. 8. The result also indicates that the am
of high oxidation state of Cr(VI) on the catalyst surface c
be directly correlated with the PCE removal activity. T
lower activity of the catalysts reoxidized at 200◦C than that
at 300 and 400◦C may be indicative of the effectiveness
Cr(VI) in the present catalytic system.

The reaction rate of the decomposition of PCE over
catalysts containing 1–17.4 wt% of Cr at 300◦C can be ex-
amined in Fig. 10. The reaction rate has been calculate
the basis of the differential reactor operation maintaining
PCE conversion less than 15% by controlling the rea
space velocity in order to avoid complexity in the devel
ment of the reaction kinetics. The activity by the supp
itself was minimal compared to the supported catalyst
der the reaction conditions covered in the present study.
total reaction rate of the chromium oxide catalyst at ste
state is significantly enhanced by the addition of Cr on
t

Fig. 10. Reaction rate of PCE oxidation over 11.9CrOx /TiO2 and
10.8CrOx /Al2O3 catalysts with respect to Cr content.

surface of the support. It should be noted that CrOx /TiO2
always contains a higher reaction rate than CrOx /Al2O3, re-
gardless of the content of Cr on the catalyst surface.

Fig. 11 shows the specific TOF for PCE oxidation o
CrOx /Al2O3 at 300◦C with respect to Cr loading. The TO
value was calculated based on the dispersion of Cr on
catalyst surface evaluated by XPS. The result reveals
TOF increases up to 10.8 wt% of Cr content and the fur
increase of Cr loading decreases the TOF. It should be n
that TOF for CrOx /TiO2 catalyst was not obtained due to t
applicability of the monolayer model by XPS and the lack
metal dispersion for the catalyst as already stated.

4. Discussion

4.1. Structure of chromium oxide on the catalyst surface

It has been generally recognized that the surface c
mium oxide species strongly depends on the support
the surface density of chromium oxide [1]. Based upon
servations by XRD, XPS, TPR, and Raman, the feature
chromium oxide species on the surface of Al2O3 and TiO2
can be examined with respect to the Cr content.
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Fig. 11. TOF for PCE oxidation referring to Cr measured by XPS o
CrOx /Al2O3 catalysts with respect to Cr content at 300◦C.

The XRD and XPS results for CrOx /Al2O3 and /TiO2
catalysts reveal the general features of chromium oxide
the surface of TiO2 and Al2O3 supports with respect to C
content. The chromium oxides are well dispersed on the
port surface and mainly exist in the form of a high oxidat
state of Cr(VI) due to the strong interaction with the supp
particularly TiO2 and Al2O3 at a low content of Cr as prev
ously reported [20,23,24]. Adding Cr to the catalyst surf
increases the content of Cr(III) on the surface of the cata
by forming a poorly dispersed cluster of chromium oxide
of crystalline Cr(III) and in part of highly dispersed Cr(II
on the catalyst surface [21]. The distribution of Cr(VI) a
Cr(III) on the surface of CrOx /Al2O3 and /TiO2 catalysts is
quite consistent with the previous study by Kozlwoski [2
that 60% of Cr existing on the catalyst surface is Cr(VI)
a surface concentration of 3.9 Cr/nm2 for CrOx /Al2O3. The
present result also exhibits the presence of small amou
Cr(III) on the catalyst surface at the lowest loading of
1 wt% CrOx /Al2O3 (0.4 nm2) and /TiO2 (0.5 nm2). This is
probably due to the incorporation of the chromium ions o
the lattice of the structure of Al2O3 [23] and TiO2 [7].

The increase of XPS intensity ratios of Cr 2p/Al 2p for a
CrOx /Al2O3 catalytic system also confirms that the Cr co
tent on the surface of Al2O3 increases in proportion to th
amount of Cr added on the catalyst surface. This also imp
the uniform deposition of Cr on the Al2O3 surface. However
the significant deviation of the intensity ratios between
theoretical values assuming the monolayer coverage an
measured ratios for CrOx /Al2O3 with respect to Cr conten
as shown in Fig. 3 reveals the dispersion for CrOx /Al2O3
decreasing with increasing Cr loading as listed in Table
It can also be concluded from the TPR results revealing
increase of peak intensity of H2 consumption as the H2/Cr
mole ratio decreases with respect to the content of Cr on
catalyst surface as listed in Table 3.

On the other hand, the trend of XPS intensity ratios
Cr 2p/Ti 2p over the CrOx /TiO2 catalyst implies that the
monolayer model may not be useful for the impregna
CrOx /TiO2 as also observed by Venezia et al. [16]. Th
discussed that the higher values of the ratio experimen
measured than the theoretical ones with monolayer ass
tion for CrOx /TiO2 contrary to CrOx /Al2O3 are probably
due to the location of most of the chromium concentra
on the outside of the titania particles without the diffusion
Cr into the inside of the titania lattice.

Although the identical pretreatment procedure has b
employed for stabilizing the chromium species on the s
face of TiO2 and Al2O3 with increasing Cr content, th
amount of Cr(VI) formed on the surface of CrOx /Al2O3
was higher than that on CrOx /TiO2. The quantitative analy
sis by TPR summarized in Table 3 shows higher hydro
consumption for CrOx /Al2O3 compared to CrOx /TiO2. The
XRD patterns also exhibit the presence of crystallineα-
Cr2O3 only on the surface of 17.4CrOx/TiO2 catalyst. Both
results may commonly indicate that the amount of Cr(
species stabilized on the surface of Al2O3 is higher than tha
on TiO2. This also implies that the chromium oxide mo
easily interacts with the surface of Al2O3 than with TiO2 as
Hardcastle and Wachs roughly proposed [3].

The Raman spectra for CrOx /Al2O3 and /TiO2 catalysts
may present information on the molecular structure
Cr(VI) existing on the surface of Al2O3 and TiO2. For
1 wt% CrOx /Al2O3 catalyst, only isolated tetrahedral chr
mate species prevail, which are strongly influenced by
interaction with the surface of the support. When the Cr c
tent increases to 3 wt%, the dimeric chromium oxide spe
are formed on the surface of the support and further incr
of Cr content up to 5 wt% causes the coexistence of dic
mate and polychromate including trimers and tetramers.
10.8 and 16.8 wt% of CrOx /Al2O3, chromium oxide mainly
exists in the form of polychromate and the crystallineα-
Cr2O3 appears at 16.8 wt% of chromium oxide on Al2O3,
although it has not been observed by XRD. The iden
cation ofα-Cr2O3 for 16.8CrOx /Al2O3 catalyst by Raman
spectroscopy may reveal that the Raman technique is
sensitive compared to XRD. The transformation of the mo
cular structures of Cr including monochromate, dichrom
and polychromate by the increase of the metal conten
the catalyst surface was also reported by Vuurman et al
CrOx /Al2O3 [8].

The CrOx /TiO2 catalyst reveals the formation of th
polymeric chromium species even at a Cr content as
as 1 wt%, although the coexistence of monomeric spe
cannot be excluded due to the superimposition of a str
TiO2 band. It should be noted that Kim and Wachs [9] o
served the existence of polymeric chromium oxide spe
on 1 wt% of chromium oxide catalysts supported on TiO2,
Al2O3, ZrO2, and Nb2O5. CrOx /TiOx prepared in the
present study, however, only shows the formation of po
chromate from 1 wt% of Cr content. This may be due to
distinctions of the surface area and the preparation me
of the catalysts.

The variety of the molecular structure of chroma
species existing on the surface of Al2O3 and TiO2 can also
be confirmed by TPR. For the CrOx /Al2O3 catalyst, the shift
of TPR peak toward lower temperatures with increasing
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content may indicate the strong polymerization of chrom
oxide species on Al2O3 surface with respect to Cr loadin
as can be also observed in Raman spectra [35]. The iden
peak position of TPR for CrOx /Al2O3 containing 10.8 and
16.8 wt% of Cr may reveal that the degree of polymeriza
of both catalysts has been saturated on the catalyst su
without further aggregation of metals as consistent with
Raman results as discussed.

Two distinctive reduction peaks for CrOx /TiO2 present
the existence of two types of chromate species on the
lyst surface. According to Zaki et al. [26], the LTP is relat
to the more easily reducible polychromate species and
HTP to the less reducible monochromate species. A s
lar result was also reported by Parlitz et al. [27] assign
the two species as aggregated and isolated Cr(VI) spe
respectively. Although additional studies [28,29], especi
for CrOx /SiO2, reported a two-step reduction from Cr(V
to Cr(II) via Cr(III), it is not the case for the present stu
based upon the relative peak intensity of LTP and HTP
the XPS results. It may reflect the formation of polych
mate on the surface of CrOx /TiO2 containing 1 wt% of Cr
content by TPR. It is also quite consistent with the Ram
results, although the Raman spectra were obtained unde
bient conditions. Therefore, the highly reducible polyme
chromate species are preferentially formed on the sur
of TiO2 compared to Al2O3, which is mainly attributed to
the stronger interaction of chromium oxide with Al2O3 than
with TiO2.

4.2. Redox property of supported chromium oxide catalysts

The redox property of chromia catalyst supported
Al2O3 and TiO2 was observed by sequential study throu
a TPR1-TPO-TPR2 experiment, hydrogen pulse injec
test, and reoxidation of pre-reduced catalyst at 450◦C under
H2 atmosphere to correlate with the PCE oxidation ac
ity. A series of experiments including TPR1-TPO-TPR2
CrOx /Al2O3 and /TiO2 show that 70–80% of Cr(VI) existin
on the catalyst surface participates in the reversible redo
cle, mainly due to the formation of chromium oxide spec
such asα-Cr2O3 particles that are poorly reversible for t
cycle during the course of experiment [30].

The hydrogen pulse test of chromium oxide catalys
shown in Fig. 7 is useful for confirming the higher redu
tion rate of CrOx /TiO2 catalyst compared to CrOx /Al2O3
as already observed by TPR. The test also reveals tha
reduction rate strongly depends on the temperature an
reduction procedure. The reoxidation process accompan
the activation of the oxygen from an oxygen molecule t
reactive O2− species as shown in Fig. 9 also clearly in
cates that it occurs more readily over CrOx /TiO2 than over
CrOx /Al2O3. A similar result was also reported by Sloczy
ski et al. [31], suggesting the high reoxidation ability
CrOx /TiO2 compared to CrOx /Al2O3 mainly due to lower
activation energy of the oxidation and stronger capabilit
electron transfer over CrOx /TiO2 than over CrOx /Al2O3.
l

e

-

,

-

e
e

Based upon the present results, it can be concluded
CrOx /TiO2 may contain stronger reduction and oxidat
ability than CrOx /Al2O3, which is probably due to the high
polymerized chromium oxide species on the surface of T2
compared to Al2O3 by the distinctive metal support intera
tion.

4.3. Correlation of PCE oxidation activity with structure of
chromium oxide

It has been suggested that the high oxidation stat
Cr(VI) is an active reaction site for the complete oxidation
PCE based upon the direct relationship between the am
of Cr(VI) existing on the catalyst surface and PCE oxidat
activity. This can also be confirmed by the results of Fig
indicating the large amount of Cr(VI) regenerated at the h
reoxidation temperature. The higher the content of Cr(VI
the catalyst surface, the higher the PCE removal activit
the catalyst. Cr(III) species on the catalyst surface relati
reveal weaker catalytic activity than Cr(VI) as clearly o
served by the activity of the catalyst reoxidized at 200◦C.
However, the quantification of Cr(VI) on the catalyst s
face may not be sufficient to elucidate the distinction of
catalytic activity of CrOx /TiO2 and /Al2O3 catalysts as ob
served.

The variation of TOF for CrOx /Al2O3 with respect to
the content of Cr strongly implies that the active re
tion species is closely related to the degree of polymer
tion of chromium oxide on the catalyst surface. TOF
creases as the degree of polymerization of Cr(VI) incre
to 10.8 wt% and it levels off to 16.8 wt% of the content of C
since the polymerization of Cr(VI) is terminated at 10.8 w
of Cr where poorly dispersedα-Cr2O3 begins to form as
examined by Raman and TPR. This may simply indic
that the polymerized chromate is more active than isol
monochromate for the present catalytic system. Since
CrOx /TiO2 catalyst more easily forms polychromate w
a strong redox capability on its surface than CrOx /Al2O3,
the high performance of CrOx /TiO2 for the decomposition
of PCE over CrOx /Al2O3 can be elucidated. It also sugge
that the higher PCE oxidation activity of CrOx /TiO2 even
containing a smaller amount of Cr(VI) than CrOx /Al2O3 can
be closely related to the degree of polymerization of Cr(
on the catalyst surface.

The dependence of molecular structure and catalyst
port on PCE oxidation activity in the present catalytic sys
may be elucidated by the role of metal–oxygen–sup
interaction [12]. Deo and Wocks [13] suggest that the red
tion of metal oxide occurs preferentially on the M–O–S (s
port) bond on the surface of the catalyst. The high reduc
temperature of the catalyst is mainly due to the strong b
strength for M–O–S. Based upon MOSI, they studied
oxidation activity of methanol over vanadia-supported
talysts by the determination of the bond strength for V–O
and observed the reactivity of the catalyst on a variety
the supports in the order of V2O5/ZrO2 > V2O5/TiO2 >
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V2O5/Nb2O5 > V2O5/Al2O3 > V2O5/SiO2. Krishnamoor-
thy et al. [14] recently reported that the catalytic oxidation
1,2-dichlorobenzene over the transition metal oxides inc
ing Cr2O3, V2O5, MoO3, Fe2O3, and Co3O4 supported on
TiO2 and Al2O3 is also strongly influenced by MOSI. It ha
also been observed that the catalytic activity of MxOy /TiO2
is higher than that of MxOy /Al2O3. This may be also true
for the removal of PCE on CrOx /TiO2 and /Al2O3 in the
present study.

5. Conclusions

The nature of support and the content of Cr are critical
the molecular structure of chromate species on the surfa
the catalyst and the decomposition of PCE. The active r
tion species, Cr(VI), increases as the loading of Cr to
catalyst surface increases in the range of Cr content fro
to 17.4 wt%, while the ratio of Cr(VI)/Cr(III) existing on
the surface of the catalyst decreases due to the form
of poorly dispersedα-Cr2O3 as the Cr content increases f
both chromium oxide catalysts. Raman and TPR reve
that the degree of polymerization of chromate species lar
depends on the support employed. The polymerized c
mate species were more easily formed on the surface of T2
than on Al2O3. The chromium oxide catalyst supported
TiO2 begins to contain the polymeric chromate species e
at a Cr content of 1 wt%, while those on Al2O3 are pro-
gressively formed on the catalyst surface with respect to
content of Cr. Monochromate is formed at 1 wt% of the
content, dichromate at 3.3 wt%, polychromate at 5, 10.8,
16.8 wt%, and crystallineα-Cr2O3 at 16.8 wt%.

The reduction and oxidation ability of chromium oxid
catalysts have been significantly enhanced by the polym
ization of chromate species on the surface of the cata
Highly polymerized chromate species on a TiO2 surface re-
vealed stronger redox ability compared to monochromat
polymeric chromate species on Al2O3.

The overall reaction rate of PCE decomposition increa
as the Cr loading increases for both chromium oxide c
lysts, although CrOx /TiO2 contains a much higher reactio
rate compared to CrOx /Al2O3. The TOF of CrOx /Al2O3 ca-
talysts for the present catalytic reaction system incre
as the degree of polymerization of chromate increa
It can be concluded that the high PCE oxidation activ
of CrOx /TiO2 catalyst is mainly due to the presence
more easily reducible polychromate species on surfac
TiO2 compared to CrOx /Al2O3, probably through a metal
oxygen–support interaction.
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