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Abstract

The effects of supports including Ti&and AbO3 on the molecular structure and catalytic activity of chromium oxide for the complete
oxidation of perchloroethylene (PCE) have been examined with respect to the content of Cr on the catalyst surface. The results from XRD,
XPS, Raman, and TPR-TPO indicate that the state of the surface species of chromium oxide strongly depends on catalyst support and C
loading. The amount of Cr(VI) in the high oxidation state on the surface of the catalyst increased as the content of Cr increased from 1
to 17 wt%, while the relative ratio of Cr(VICr(lll) existing on the catalyst surface decreased with respect to the Cr loading, regardless of
the supports examined in the present study. The molecular structure of Cr(VI) was also altered with respect to the content of Cr and the
surface nature of support. Monochromate species appeared on the surfag®$&aA1 wt% of Cr loading on the catalyst surface. However,
further increase in the Cr contents up to 17 wt% formed di-, tri-, and tetrachromate species of Cr(VI) and crystailifig on the surface
of Al,03. CrO,/TiO2 catalyst formed polymeric chromium oxide species on its surface in the wide range of Cr content of the catalyst from 1
to 17.4 wt%. The high degree of polymerization of chromate species on the surfaceyaforiaining the strong redox ability is contrasted
with the state of the chromate species on@d. The rate of PCE oxidation was enhanced as the Cr loading increased for both catalysts.
CrO,/TiO, catalyst revealed a relatively higher reaction rate than, @& O3 at the given content of Cr and its surface density. TOF of
the catalyst increased along with the degree of polymerization of the chromate species on the catalyst surface. The superior performance o
CrO,/TiO, catalyst is attributed mainly to the formation of the polychromate species containing a stronger redox ability on the surface of
TiO». This clearly suggests that the metal-oxygen—support interaction (MOSI) is critical in the present catalytic reaction system.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction XANES [32-35]. Deo and Wachs [13] investigated the
combined molecular structure of chromium oxide contain-
Chromium-based catalysts have been widely examineding both mono- and polychromate to elucidate the perfor-
for polymerization, hydrogenation-dehydrogenation, iso- mance of 1 wt% chromium-based catalysts for methanol
merization, aromatization, partial oxidation, and DeNO oxidation. The catalytic activity was closely related to the
reaction because of the peculiar characteristics of Cr oxidesurface oxide—support interaction, and the role of the sup-
species on the surface of the support, including oxidation port was also critical for the reaction system revealing
state, coordination environment, and degree of polymeriza-the reactivity in the order of Cr@ZrO, > CrO,/TiOs >
tion [1]. This versatility of the supported chromium oxide CrO,/SiO; > CrO,/MgO > CrO,/Nb,Os > CrO,/Al,0s.
catalyst has led to extensive fundamental studies on the paRecently, Fountzoula et al. [20] reported that the creation
rameters controlling the molecular structure of chromium of the monochromate species on the surface of the anatase-
oxide on the catalyst surface. The catalyst characteriza-type TiO; is important for high performance of the deNO
tion techniques employed were mainly Raman [2-15], IR reaction. However, there have been few studies clearly elu-
[15,16], XPS [17-24], ESR [25], TPR [26-31], and EXAFS-  ¢idating the roles of the surface chromate species and the
supports in the oxidation reactions, particularly the removal
~* Corresponding author. of chlorinated hydrocarbon, perchloroethylene (PCE) in the
E-mail address: isnam@postech.ac.kr (I.-S. Nam). present study. PCE has been commonly employed as a stan-
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dard compound for the development of the catalytic system 2. Experimental
for the removal of CVOCs (chlorinated volatile organic com-
pounds) [36]. The supported chromium oxide catalysts were prepared
There have been a number of investigations on the cata-by the incipient wetness impregnation method with an aque-
Iytic oxidation of CVOCs, regarded as one of the major ous solution of chromium nitrate [Cr(Ngx - 9H2O, Aldrich
air pollutants. The catalytic process contains a variety of Chemical Co.]. The supports employed in the present study
distinctive advantages, including mild operating conditions, were TiG (Hombikat UV-100) and AIO3 (Aldrich) con-
low energy consumption, and less formation of noxious by- taining the highest PCE removal activity confirmed in an
products over incineration and sorption as a CVOC removal earlier study [39]. Both supports also contain similar surface
technology. The catalyst developed so far is mainly noble areas, 250 and 2907y, respectively. After the impregna-
metal or metal oxide [37]. It has been reported that among tion of chromium oxide on the supports, the catalysts were
the catalysts chromium oxide is the most effective for the subsequently dried at 12C for 12 h and calcined in air at
complete oxidation of PCE [38]. Moreover, Cy(iO2 and 450°C for 5 h. The BET surface areas of the catalysts were
/Al 03 catalysts containing a high surface area revealed themeasured with a Micromeritics ASAP 2010 using liquig N
strongest PCE removal activity compared to the chromium at 77 K. Prior to the measurements, the catalysts were pre-
oxides supported on SiQ SiO,—Al»03, activated carbon, treated in vacuo at 18@ for 10 h.
and low surface area of Tgland AbOs [39]. It was also XRD patterns of the catalyst prepared in the present study
concluded that the high performance of GfGO, and were observed by an M18XHF (MAC Science Co.) dif-
IAl,03 is primarily due to the formation of a high amount fractometer employing Cu-Kradiation ¢ = 1.5405 A) as
of Cr(VI), the active reaction species on the surface of the an X-ray gun. The diffraction patterns in the regions of
support. However, the distinction of the PCE removal activ- 20 = 10-90 were usually examined with a scanning speed
ity over CrQ,/TiO2 and /ALO3 catalysts could not be well  of 4.0°/min, operating at 40 kV and 200 mA of an X-ray
understood simply with the amount of Cr(VI) formed on the gun.
catalyst surface at the given density of the hydroxyl group  XPS spectra were obtained by VG ESCALAB 220i
on the surface of the support, which is closely related to equipped with Mg anode (Mg-Kradiation, 1253.6 eV) run
the formation of Cr(VI) [3]. It can be anticipated that the at 15 kV and 20 mA. The spherical sector of the analyzer
molecular structure of Cr(VI) on Ti@and AbOs is also was operated in the fixed transmission (FAT) mode with a
critical for PCE oxidation as well as the amount of Cr(VI) pass energy of 50 eV set across the hemispheres. The instru-
on the catalyst surface. Hence, a systematic study on thementwas typically operated at a pressure nead 08 Torr
molecular structure of chromium oxide with respect to the inthe analysis chamber. The samples of the catalyst were an-
surface nature of supports and Cr content may be desirable talyzed in a powder dusted on a double-sided adhesive tape.
clearly describe the phenomena occurring on the surface ofThe oxidation state of chromium existing on the catalyst sur-
chromium oxides during the course of the reaction. Although face was determined by curve fitting using nonlinear least
many studies have been reported on the surface structure okquares with the Cr 2p, envelope. The binding energies of
CrO,/TiO, and /AbO3 catalysts, none of them could ob- XPS results for the catalyst samples were referenced with
serve the distinction of the phase of Gron the surface of  the C 1s line (284.6 eV) of the carbon overlayer. The full
TiO2 and /AbO3 containing a variety of the metal contents widths of the peak at the half-maximum (FWHM) were al-
and they simply discussed that both supports form a simi- lowed to change to attain the best fitting. The positive charge
lar molecular structure of chromium oxide compared to that produced during the photoejection process was compensated
on the surface of Si®©) Moreover, the correlation of the cat- by a flood gun. In order to minimize the photoreduction of
alytic oxidation, particularly decomposition of CVOC with  chromium oxide species on the catalyst surface during XPS
the molecular structure and the redox property of Chas experiments, all the catalyst samples were analyzed within a
not been examined yet. short period of time. To calculate the theoretical ratio of the
In the present study, the role of TiGnd AbO3 sup- peak intensities for Cr 2p/Ti 2p and Cr 2p/Al 2p, the model
ports for the characteristics of chromium oxide including developed by Kerkhof and Moulijn [40] was employed. The
the molecular structure, the redox ability, and the catalytic model has been widely employed to demonstrate the max-
activity for the complete oxidation of PCE was investigated imum concentration of promoter homogeneously supported
and compared in order to elucidate the correlation betweenon porous material and to predict XPS relative intensity be-
the characteristics of the catalyst and its activity. XRD, XPS, tween promoters and supports. Indeed, the model effectively
Raman, and TPR-TPO were employed to investigate the sur-described the ratios of both Cy@@iO, and CrQ/Al,O3
face structure of chromium oxide species and redox property catalytic systems [16,41]. The cross sections and the mean
of the catalysts, and TOF was also calculated on the ba-escape depths of the photoelectrons used for the calcula-
sis of the steady-state oxidation rate of PCE examined in ation of the ratio were based upon the previous studies by
continuous flow reactor system. Then, the high performance Scofield [42] and Penn [43], respectively.
of CrO,/TiO2 catalyst over CrQ/Al O3 for the removal of Temperature-programmed reduction (TPR) experiments
CVOC has been thoroughly understood. were carried out using 50 mg of the catalysts heated at
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10°C/min under hydrogen (5%) atmosphere in a flow of Table 1
nitrogen at 40 mimin. The catalysts were pretreated with Chromium content, surface area, and chromium oxide surface density for
oxygen at 500C for 0.5 h. A thermal conductivity detector ~ CrOx/TiO2 and /ALOg catalysts

(TCD; HP 5890 GC) was employed to examine the con- Catalyst Crcontent BET surface area  Gr&urface density
sumption of hydrogen during the reduction of the catalyst. (wt%) (m?/g) (nm~?)
The reducing gas mixtures were dried in a cold trap before TiO - 250 -
reaching TCD of GC. Temperature-programmed oxidation 1C":/TiO2 10 217 05
. . : . 3.2CrQ/TiO, 32 228 16
(TPO) spectra were also obtained with the identical appa- 5.1Cr0.TiO, 51 212 28
ratus employed for the TPR study over the reduced catalysts; 1 gcrq /mio, 119 177 78
using oxygen (1%) in a flow of helium. The TPO experiment 17.4CrQ./TiO, 17.4 153 132
was performed with the reduced catalyst during TPR, and Al203 - 290 -
TPR was conducted again after TPO. Hence, the TPR-TPO-1CrO:/Al205 10 262 04
TPR experiment was done in series to understand the re—ggg%élé? g:g ;g? ;i
duction and reoxidation property of the chromium oxide 19 gcrq./a,04 108 232 54
catalysts. 16.8CrQ./Al,03 16.8 184 106

Raman spectra were recorded from the powder sample
pressed into self-supporting wafers. The spectra were ob- ) )
tained in the 18Bconfiguration on a Model 532-RENS-A01,  the blocking of relatively narrow pores of the supports by
using the 514.5-nm radiation of argon ion gas as an ex- chromium oxide [20]. The hlg.her the content of Cr on the
citation source. The laser power at the sample wafers surface of the support, the higher the surface densities of
was 25 mW, and the spectral resolution was 3—4-tm chromium atoms attained. Monolayer surface coverage of
The scattered radiation was detected by a Wright instrumentSuPPorted chromium is known as 6.6 and 4.0 ajoms
containing an intensified photodiode array, cooled thermo- ©f the surface density for Tiand AbOs, respectively, by
electrically to—30°C. The Raman spectra were obtained at Ra@man spectroscopy discriminating the phase of .GrO
room temperature and under ambient conditions. the forms of two-dimensional overlayer and crystallites [15];

The conversion and the reaction rate of the complete hence the catalysts contain approximately O to 2.7 of theo-
oxidation of PCE were examined in a continuous flow mi- etical monolayer of Cr on the surface of the support.
croreactor by using 0.03-0.3 g of 60/80 mesh size of the
catalysts diluted in inert quartz in order to avoid the reactant 3-1. XRD
channeling under atmospheric pressure. A reactant mainly
containing air with 30 ppm of PCE was fed into the reactor ~ Fig. 1 shows the XRD patterns of supported chromium
at a flow rate of 600 mimin. The feed and product streams OXide catalysts with respect to the Cr contents. Most of the
of the reactor were analyzed by on-line Hewlett-Packard diffraction patterns are the characteristic peaks/fakl 203
5890A gas chromatography (GC) with TCD and FID detec- Or anatase—Ti® without the presence of those of crys-
tors. The steady-state conversion of PCE was calculated bytalline «-Cr2Oz on their surface. The XRD patterns reveal-
measurement of the inlet and outlet concentrations of PCEINg «-Cr203 appear only for 17.4CrgTiO; catalyst con-
at 300°C. No chlorinated by-products were detected in the taining the highest Cr content. The results imply that the
downstream of the reactor during the course of reaction. HCI chromium oxide is well dispersed on the support surface
and Cp were not detected due to the detection problems in @s an amorphous or microcrystalline phase without alter-
the product stream. It has been confirmed by carbon balanceing the phase of support, and that crystallin€r,Oz only
however, that more than 90% of PCE mainly converted to forms on the surface of Ti©containing a high content of
CO and CQ. The detailed experimental procedures were al- Cr, 17.4CrQ/TiOx.
ready described elsewhere [39].

3.2. XPS

3. Results The XPS patterns of the Cr 2p doublet for both GfGO,
and /ALOs catalysts with respect to the Cr loading can be

The surface area and density of chromium oxide catalystsobserved in Fig. 2. The deconvolution of the Cg2fsignals
employed in the present study are listed in Table 1 as a func-based upon the previous studies [17-24] and the compar-
tion of Cr content on TiQand AbOs. The density is defined  ison to the reference samples including @rénd CpO3
as the number of chromium atoms per square nanometer ofindicate that the spectra for the present catalytic systems
the surface area of the catalyst. The catalysts are representedontain two major peaks at 579.3-579.5 eV for Cr(VI) and
by x symbols of CrQ/Al,03 or /TiOy, wherex is the Cr 576.3-576.9 eV for Cr(lll). Although the presence of the in-
content on the catalyst. The impregnation of chromium on termediate chromium species including Cr(IV) and/or Cr(V)
the surface of the supports decreased the specific surfaceannot be excluded, the species is hardly distinctive due to
area of the support as the content of Cr increased due tothe intrinsic complexity of the Cr(lll) species by XPS [20].
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Fig. 2. XPS spectra of Cr@dTiO» and /AbOg3 catalysts.

XPS spectra of two types of chromium oxide catalysts is similar to that for CrQ/Al,0s, the intensity ratios for
supported on Ti@and ALOs reveal similar patterns of the  CrO,/TiO2 cannot be obtained due to the overlap between
response signal without a major distinction with respect to a Ti 2s shakeup satellite and the Cr 2p lines [16].
the support. The spectra exhibit that the intensity of the  The intensity ratios of Cr 2p/Al 2p and Cr 2p/Ti 2p3/2
shoulder peak at lower binding energy, which can be as- estimated from XPS observation as a function of the atomic
signed to that of Cr(lll), increases as the content of Cr on ratios, CyAl and Cr/Ti of the catalysts, can be observed
both CrQ./TiO, and /AbOj3 catalysts increases. The ratios in Fig. 3. For CrQ/TiO, catalyst, the ratios of the peak
of Cr(VI)/Cr(lll) for CrO,/Al;O3 catalyst representing the areas for Cr 2g,/Ti 2p3/2 can be hardly measured due
relative amounts of Cr(VI) and Cr(lIl) on the catalyst surface to the overlap between a Ti 2s shakeup satellite (ThRs
based on the peak intensities of XPS for Cr(VI) and Cr(lll) as stated, which exists at about 13 eV on the high energy
decrease with respect to the content of Cr up to 16.8 wt% side of the Ti 2s, and the Cr 2p line [16]. However, the
as listed in Table 2. Although it is expected that the trend Cr 2p3,2/Ti 2p3/» area ratio can be obtained by measuring
of the ratio over CrQ/TiO2 with regard to the Cr content the peak intensity for Cr 2p- Ti 2ss5t and subtracting the
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Fig. 3. XPS intensity ratios of Cr 2l 2p and Cr 2p,2/Ti 2p3,2 for CrO,/TiO2 and /ALO3 catalysts.

intensity for Ti 2sat as estimated from the identical spec- the other hand, the Cr 2p/Ti 2ps,» intensity ratios for
tra, which was examined on pure T®y using the inten-  CrO,/TiO catalysts are higher than the monolayer values,
sity of the Ti 2> with a weight factor of 0.15 [16]. For  contrary to the Cr@/Al,0s. This indicates that the present
comparison, the theoretical value of the Cr/2p2p and CrO,/TiO, catalytic system may not be described by the
Cr 2ps/2/Ti2pz/2 intensity ratio calculated for monolayer ~Kerkhof—=Moulijn monolayer model [16].
dispersion can also found in Fig. 3.

The intensity ratios between the Cr 2p peak and the Al 2p 3.3. Raman
and Ti 2p peaks increase linearly with respect to the Cr con- o
tent, indicating that the chromium oxide is well dispersed  Theé Raman spectra of CxQAl203 catalysts containing
on the surface of Ti@and AbOs up to 16.8 wt%, although 1—.1_6.8 wt% of Cr are shown in Fig. 4. For the_ catalyst con-
the species of chromium oxides formed on the catalyst sur-t@ining 1 wt% of Cr, Raman peaks ar? mainly observed
face are transformed from Cr(VI) to Cr(lll) as previously &t @ band frequency-860 and 364 cm". These peaks
confirmed in Table 2. The intensity ratios of Cr/20 2p have been as§|gned to the symmetric stretching and bend—
and Cr 2p)/Ti 2ps/2 measured for CrQ/Al,03 and,/TiO2 ing mod_es of |soIaFed. tetrahgdral §urface-chromate species
are identical to that of the theoretical value calculated for thatis distorted by its interaction with the surface of the ox-
monolayer dispersion up to 1 wt% of the Cr content. Above 'd€ support [3]. When the Cr content increased to 3.3 wt%,
this loading of Cr, the deviation between the measured and € stret(ihmg and bending modes shifted upward to 810 and
the theoretical values begins to occur. For Ci,03 ca- /4 CT~, respectively. Although the band &t217 e

talysts, the Cr 2pAl 2p intensity ratios are lower than those attributed to the presence of Cr-O-Cr linkages is not ob-

of monolayer dispersion, and the deviation becomes IargerserVEd.In Fhe present study., the upwarq shift of the Ra_man
as the Cr loading increases, mainly due to the Olecreasebands indicates the formation of the dimers of chromium

of chromium oxide dispersion on the catalyst surface. In- oxide [3]. The Raman spectra for SGrid 203 also show

~ 1 i
deed, the dispersion of CkQAl,O3 catalyst was calculated that. the.bands 3?874 e}nd 378. cm 'correspon('jlng to
from the result by the XPS, and is listed in Table 2. On a dimeric chromium oxide species shift to the higher fre-

quency and contain new peaks-a890 and~ 855 cnt L.

Table 2 550 845

XPS data for CrQ/TiO» and /AbOs3 catalysts 16.8 wt.% 846 995
55 6%

Catalyst Binding energy Intensity ratio Dispersion 10.8 wt.% A

Cr2ps» (eVv) Cr 2p/ Cr(V1)/ (%)

3

Cr(v) Cr(ll)  (Ti, Ay2p Cr(lll) S 5w 3
1Cro,/TiO, 5974 5764 003 - - 5 [33wioam
3.2CrQ /TiOy 5794 5769 0.16 - - =
5.1CrQ /TiO2 5795 5769 0.25 - -
11.9CrQ./TiO2 5793 5767 050 - -
17.4CrQ,/TiO2 5793 5767 0.84 - -
1CrO/AI03 5793 5763 036 77 100 . . . '
3.3CrQ /Al 03 5794 5767 0.75 45 714 200 400 600 800 1000 1200
5CrO, /Al 03 5795 5769 110 22 625 ) 1
10.8CrQ/Al,03 5793 5769 260 14 619 Raman Shift em’")
16.8CrQ./Al,0O3 5794 5768 4.50 12 608

Fig. 4. Raman spectra of CkQAl,O3 catalyst.
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mum of the hydrogen consumption peak for Gf&I»,03

097 shifts toward lower temperatures as the Cr content increases
1.9 wt.% up to 10.8 wt% and then remains at the same temperature
even by a further increase of the content to 16.8 wt%. For
the CrQ./TiOz catalyst, the intensity of LTP significantly
increases compared to HTP as the content of Cr on the cata-
lyst surface increases. In addition, a shift of LTP has been
observed to a lower temperature with respect to the content
of Cr, although the maximum peak position hardly moves,
probably due to the broadening of LTP. The total amount

17.4 wt.%

Intensity (a.u.)

200 400 600 800 1000 1200 of H, consumption by TPR increases as the Cr content
Raman Shift (cm") increases, regardless of the catalyst support. However, the
_ _ amount of hydrogen based upon the Cr loading of the cata-
Fig. 5. Raman spectra of Cx@IO; catalyst. lysts decreases as listed in Table 3.

TPO has been sequentially conducted for the fully re-

This pair of peaks can be commonly assigned to the tri- and duced chromium oxide catalysts by TPR study within a tem-
tetramers of the chromium oxide by observing the presenceperature range from 100 to 55G, to verify the reoxidation
of nonterminal chromate units on the catalyst surface [2-5]. feature of chromium oxide catalysts. However, TPO profiles

The Raman spectra for 5CgAlI,O3 reveal that the  within the temperature range covered in the present study
chromium oxide exists in the forms of di-, tri-, and tetrameric were hardly distinctive for examining the reoxidation ability
species on the surface of A)3. For 10.8CrQ/Al,O3 ca- of CrO,/Al,03 and /TiQ, catalysts, mainly due to the broad-
talyst, the spectra exhibit mainly two bands~a895 and ness of the patterns. The profiles simply reveal the increase
~ 846 cnT!, which can be assigned to the polymeric surface of the amount of oxygen consumption as the Cr content in-
species of Cr as discussed. For 16.8QAD,03, anew band  creases. This, however, is quite consistent with the trend of
appears at- 550 cnt ! in addition to the bands at 995 and TPR of the catalyst examined.
~845 cn1. The band at this frequency can be commonly  The reoxidized chromium oxide catalyst by TPO was
assigned to crystalline-Cr2O3 [6]. It should be noted that  reduced again by TPR to confirm the reversibility of its re-
the decrease of the peak intensity is primarily due to the dox capability. The spectra by the second TPR (TPR2) for
gradual color change of the catalyst from bright yellow to CrO,/Al>,O3 and /TiG; catalysts were similar to those by the
dark brown as the content of Cr increases on the catalystfirst TPR (TPR1), regardless of the contents of Cr on the cat-
surface. alyst surface covered in the present study, while the amount

Fig. 5 exhibits the Raman spectra of 1-17.4 wt% @rO  of hydrogen consumption during TPR2 was in the range of
TiO, catalysts. The strong Tig&ZRaman bands below the fre-  70-80% of that by TPR1.
quency at 700 cm' prevent the examination of the state of The redox ability of CrQ/Al,03 and /TiQ, catalysts was
chromium oxide in this region of the spectra [3]. Moreover, also investigated by hydrogen pulse experiment. The pulse
the second Raman band for the anatase type of @&t@bout of 8.12 umol H was fed into the microreactor containing
800 cnt! also hinders the chromium oxide peaks from the 150 mg of the chromium oxide catalysts with respect to the
spectra [7]. However, all Raman bands for GfOO; cata- reduction temperature and the consumption of hydrogen was
lyst examined in the present study reveal that the peak atmonitored by TCD. The fixed fraction of hydrogen injected
~997 cnt! originated from tri- and tetrameric chromium  was consistently consumed during the course of the pulse ex-
oxide species, which are also observed in the Raman bandgeriment until the surface of the catalyst was fully saturated
for CrO,/Al,O3 catalysts containing high loadings of Cr Wwith Hz and reduced to Cr(lll). The rate of hydrogen con-
above 5 wt%.

Table 3
3.4. TPR-TPO TPR data for CrQ/TiO» and /AbOs3 catalysts

Catalyst Tmax (°C) Ho consumption H/Cr

TPR profiles for chromium oxide catalysts supported on (a.u.) (a.u.)

Al>03 and TiQ were obtained from 100 to 50C to in- 1CrO/TiO5 300 440 282 %2
vestigate the reducibility of the catalysts as shown in Fig. 6. 3.2CrQ./TiO, 280 420 440 B4
The reduction feature of the catalyst by hydrogen varies with >-1Cr/TiO2 288 420 520 D6

11.9CrQ./TiO, 316 430 750 r1
respect to the type of support and the Cr conteqt of the cata-;; 4CrQITIO, 316 430 753 ®3
lyst. For the CrQ/Al O3 catalyst, a single reduction peak at  1¢ro,/Al,05 390 _ 187 %0
320-390 C with respect to the Cr content can be observed, 3.3Cr0./Al,03 346 - 386 25
whereas the CrQTiO; catalyst contains two distinctive re- ig;oxclgl /2'330 322 - Z;g ﬁ?

. 8Cr _

duction peaks at 280-320 (low-temperature peak, LTP) anle.BCrQ /Aéog 324 ~ 903 103

at 420-440C (high-temperature peak, HTP). The maxi-
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Fig. 7. Hp conversion of CrQ/TiO» and /AbO3 catalysts.

sumption, also regarded as the catalyst reduction rate, carB00, and 400C of the reoxidation temperatures during 2 h
be observed in Fig. 7 with respect to reaction temperature of the period, and then the reoxidized catalysts were re-
and Cr content. Less than 5% of lihjected was consumed duced again by TPR as shown in Fig. 8. The TPR profiles
at 200°C, regardless of the catalyst. However, the amount of of 11.9CrQ./TiO> show that the intensity of the two peaks
the consumption increases as the temperature increases argimultaneously increases as the reoxidation temperature in-
most of hydrogen injected to the catalyst has been consumedtreases without alteration of the peak position. The TPR pro-
at 400°C except 1 wt% CrQ/Al,03 and /TiG. A larger files of 10.8CrQ/Al»03 also exhibit that the amount of the
amount of K consumption for CrQITiO, has been ob- hydrogen consumptionincreasgswith incree}sing reoxidation
served compared to that for Cfl,03, regardless of the te.mperatu.re, althoggh the maximum reduction temperature,
Cr content and reduction temperature. It should be noted thatSI9Ntly shifts to a higher temperature than before. However,

the consumption of blincreases as the Cr content increases. EPP? reicixgdcatlo/r_lrgob lity tOfI botth Cat%lyStZ 'Stq'z“'gg dé%tgncth.
On the other hand, the LOpulse experiment revealed € 11.9CrQ/TIO, catalyst reoxidized a ' » an

distinctive reoxidation phenomena compared with the H 400°C restored 22, 61, and 90% of its initial fraction of

Ise test. All of o ef‘)] iniected b Is?e as completel hydrogen consumption, respectively, during TPR, while the
bu - xygen inj Dy pulseé was COmpIEtely ) g /a1,04 catalyst did 23, 38, and 50% of its initial
consumed independent of the oxidation condition until the

) o hydrogen consumption, respectively. This may indicate that
reduced catalyst was saturated with &hd fully reoxidized.

= oC - ) the reoxidation ability of CrQ/TiO» catalyst is stronger than
Therefore, the reoxidation ability of Cr@rliO2 and /AbO3 that of CrQ,/Al ,0s.

catalysts can be hardly distinctive by the Pulse experi-
ment. 3.5. PCE decomposition activity
As another method for the evaluation of the reoxidation
rate of the catalyst, the fully reduced chromium oxide cata-  The conversion of PCE for prereduced 11.9Gf0»
lysts under H at 450°C for 2 h were reoxidized in air at 200, and 10.8CrQ/Al,0Os3 catalysts under fiat 450°C for 2 h
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Fig. 8. TPR profiles of fresh and reoxidized 11.9Gf00O, and 10.8CrQ/Al,O3 catalysts.
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Fig. 9. PCE oxidation activity of 11.9Cr@TiO» and 10.8CrQ/Al,03 ca- Fig. 10. Reaction rate of PCE oxidation over 11.9Gf00, and
talysts with respect to reoxidation temperature. 10.8CrQ, /Al 03 catalysts with respect to Cr content.

as a function of reoxidation temperature can be observedsurface of the support. It should be noted that @D,
in Fig. 9. The conversion of the catalysts increases as thealways contains a higher reaction rate than @AD,03, re-
reoxidation temperature increases. The gD, catalyst gardless of the content of Cr on the catalyst surface.
reveals relatively higher PCE conversion than Qi,03 Fig. 11 shows the specific TOF for PCE oxidation over
at the identical reoxidation temperature, particularly at 300 CrO,/Al»03 at 300°C with respect to Cr loading. The TOF
and 400°C of reoxidation temperatures. This is quite con- value was calculated based on the dispersion of Cr on the
sistent with the amount of hydrogen consumed by TPR as catalyst surface evaluated by XPS. The result reveals that
observed in Fig. 8. The result also indicates that the amountTOF increases up to 10.8 wt% of Cr content and the further
of high oxidation state of Cr(VI) on the catalyst surface can increase of Cr loading decreases the TOF. It should be noted
be directly correlated with the PCE removal activity. The that TOF for CrQ/TiO2 catalyst was not obtained due to the
lower activity of the catalysts reoxidized at 200 than that applicability of the monolayer model by XPS and the lack of
at 300 and 400C may be indicative of the effectiveness of metal dispersion for the catalyst as already stated.
Cr(VI) in the present catalytic system.

The reaction rate of the decomposition of PCE over the
catalysts containing 1-17.4 wt% of Cr at 3@can be ex- 4. Discussion
amined in Fig. 10. The reaction rate has been calculated on
the basis of the differential reactor operation maintaining the 4.1. Structure of chromium oxide on the catalyst surface
PCE conversion less than 15% by controlling the reactor
space velocity in order to avoid complexity in the develop- It has been generally recognized that the surface chro-
ment of the reaction kinetics. The activity by the support mium oxide species strongly depends on the support and
itself was minimal compared to the supported catalyst un- the surface density of chromium oxide [1]. Based upon ob-
der the reaction conditions covered in the present study. Theservations by XRD, XPS, TPR, and Raman, the features of
total reaction rate of the chromium oxide catalyst at steady chromium oxide species on the surface 0$®@¢ and TiQ
state is significantly enhanced by the addition of Cr on the 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 over
CrO, /Al O3 catalysts with respect to Cr content at 3@

The XRD and XPS results for Cr@Al,O3 and /TiG
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measured than the theoretical ones with monolayer assump-
tion for CrO,/TiO2 contrary to CrQ/Al,O3 are probably
due to the location of most of the chromium concentrated
on the outside of the titania particles without the diffusion of
Cr into the inside of the titania lattice.

Although the identical pretreatment procedure has been
employed for stabilizing the chromium species on the sur-
face of TiG; and AbOs with increasing Cr content, the
amount of Cr(VI) formed on the surface of Cy@l203
was higher than that on Cy@riO». The quantitative analy-
sis by TPR summarized in Table 3 shows higher hydrogen
consumption for Cr@/Al,03 compared to Cr@TiO». The
XRD patterns also exhibit the presence of crystalline
Cr03 only on the surface of 17.4Cr@rTiO> catalyst. Both
results may commonly indicate that the amount of Cr(VI)
species stabilized on the surface 0$®4 is higher than that
on TiO,. This also implies that the chromium oxide more

catalysts reveal the general features of chromium oxides oneasily interacts with the surface of A3 than with TiQ as

the surface of TiQ and ALO3 supports with respect to Cr

content. The chromium oxides are well dispersed on the sup-

port surface and mainly exist in the form of a high oxidation

state of Cr(VI) due to the strong interaction with the support,

particularly TiG: and AbOs3 at a low content of Cr as previ-

Hardcastle and Wachs roughly proposed [3].

The Raman spectra for CffAlI,03 and /TiQ, catalysts
may present information on the molecular structure of
Cr(VI) existing on the surface of AD3; and TiG. For
1 wt% CrO,/Al,O3 catalyst, only isolated tetrahedral chro-

ously reported [20,23,24]. Adding Cr to the catalyst surface mate species prevail, which are strongly influenced by the
increases the content of Cr(lll) on the surface of the catalyst interaction with the surface of the support. When the Cr con-

by forming a poorly dispersed cluster of chromium oxide or
of crystalline Cr(lll) and in part of highly dispersed Cr(lll)
on the catalyst surface [21]. The distribution of Cr(VI) and
Cr(111) on the surface of CrQYAl,O3 and /TiG, catalysts is
quite consistent with the previous study by Kozlwoski [22]
that 60% of Cr existing on the catalyst surface is Cr(VI) at
a surface concentration of 3.9 @n? for CrO,/Al,03. The

tent increases to 3 wt%, the dimeric chromium oxide species
are formed on the surface of the support and further increase
of Cr content up to 5 wt% causes the coexistence of dichro-
mate and polychromate including trimers and tetramers. For
10.8 and 16.8 wt% of Cr@AIl»03, chromium oxide mainly
exists in the form of polychromate and the crystallime
CrpO3 appears at 16.8 wt% of chromium oxide onp@k,

present result also exhibits the presence of small amount ofalthough it has not been observed by XRD. The identifi-

Cr(Ill) on the catalyst surface at the lowest loading of Cr,
1 wt% CrQ,/Al,03 (0.4 nn?) and /TiQ, (0.5 nn?). This is

cation ofx-Cr,0O3 for 16.8CrQ./Al ;O3 catalyst by Raman
spectroscopy may reveal that the Raman technique is quite

probably due to the incorporation of the chromium ions onto sensitive compared to XRD. The transformation of the mole-

the lattice of the structure of AD3 [23] and TiG, [7].

The increase of XPS intensity ratios of Cr/2yp 2p for a
CrO,/Al 03 catalytic system also confirms that the Cr con-
tent on the surface of AD3 increases in proportion to the

amount of Cr added on the catalyst surface. This also implies

the uniform deposition of Cr on the AD3 surface. However,

cular structures of Cr including monochromate, dichromate,
and polychromate by the increase of the metal content on
the catalyst surface was also reported by Vuurman et al. for
CI‘Ox/A|203 [8]

The CrQ./TiO, catalyst reveals the formation of the
polymeric chromium species even at a Cr content as low

the significant deviation of the intensity ratios between the as 1 wt%, although the coexistence of monomeric species
theoretical values assuming the monolayer coverage and theannot be excluded due to the superimposition of a strong

measured ratios for Cr@Al O3 with respect to Cr content
as shown in Fig. 3 reveals the dispersion for Cif,03

decreasing with increasing Cr loading as listed in Table 2.

TiO2 band. It should be noted that Kim and Wachs [9] ob-
served the existence of polymeric chromium oxide species
on 1 wt% of chromium oxide catalysts supported on JiO

It can also be concluded from the TPR results revealing an Al,03, ZrOz, and NBOs. CrO,/TiO, prepared in the

increase of peak intensity ofHonsumption as the HCr

present study, however, only shows the formation of poly-

mole ratio decreases with respect to the content of Cr on thechromate from 1 wt% of Cr content. This may be due to the

catalyst surface as listed in Table 3.

distinctions of the surface area and the preparation method

On the other hand, the trend of XPS intensity ratios of of the catalysts.

Cr 2p/Ti 2p over the CrQ/TiO, catalyst implies that the

The variety of the molecular structure of chromate

monolayer model may not be useful for the impregnated species existing on the surface o8g and TiQ can also

CrO,/TiO; as also observed by Venezia et al. [16]. They

be confirmed by TPR. For the Cy@Al 203 catalyst, the shift

discussed that the higher values of the ratio experimentally of TPR peak toward lower temperatures with increasing Cr
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content may indicate the strong polymerization of chromium  Based upon the present results, it can be concluded that
oxide species on ADs surface with respect to Cr loading CrO,/TiO2 may contain stronger reduction and oxidation
as can be also observed in Raman spectra [35]. The identicahbility than CrQ./Al 203, which is probably due to the highly
peak position of TPR for CrgAl,0O3 containing 10.8 and  polymerized chromium oxide species on the surface obTiO
16.8 wt% of Cr may reveal that the degree of polymerization compared to AIO3 by the distinctive metal support interac-
of both catalysts has been saturated on the catalyst surfacéion.
without further aggregation of metals as consistent with the
Raman results as discussed. 4.3. Correlation of PCE oxidation activity with structure of

Two distinctive reduction peaks for Cy@XiO, present chromium oxide
the existence of two types of chromate species on the cata-
lyst surface. According to Zaki et al. [26], the LTP is related It has been suggested that the high oxidation state of
to the more easily reducible polychromate species and theCr(VI) is an active reaction site for the complete oxidation of
HTP to the less reducible monochromate species. A simi- PCE based upon the direct relationship between the amount
lar result was also reported by Parlitz et al. [27] assigning of Cr(VI) existing on the catalyst surface and PCE oxidation
the two species as aggregated and isolated Cr(VI) speciesactivity. This can also be confirmed by the results of Fig. 9,
respectively. Although additional studies [28,29], especially indicating the large amount of Cr(VI) regenerated at the high
for CrO,/SiOy, reported a two-step reduction from Cr(VI) reoxidation temperature. The higher the content of Cr(VI) on
to Cr(lIl) via Cr(lll), it is not the case for the present study the catalyst surface, the higher the PCE removal activity of
based upon the relative peak intensity of LTP and HTP and the catalyst. Cr(lll) species on the catalyst surface relatively
the XPS results. It may reflect the formation of polychro- reveal weaker catalytic activity than Cr(VI) as clearly ob-
mate on the surface of Cy@riO, containing 1 wt% of Cr served by the activity of the catalyst reoxidized at 2G0
content by TPR. It is also quite consistent with the Raman However, the quantification of Cr(VI) on the catalyst sur-
results, although the Raman spectra were obtained under amface may not be sufficient to elucidate the distinction of the
bient conditions. Therefore, the highly reducible polymeric catalytic activity of CrQ/TiO2 and /AbOg3 catalysts as ob-
chromate species are preferentially formed on the surfaceserved.

of TiO2 compared to AlO3, which is mainly attributed to The variation of TOF for CrYAl,O3 with respect to

the stronger interaction of chromium oxide with,® than the content of Cr strongly implies that the active reac-

with TiO». tion species is closely related to the degree of polymeriza-
tion of chromium oxide on the catalyst surface. TOF in-

4.2. Redox property of supported chromium oxide catalysts creases as the degree of polymerization of Cr(VI) increases

to 10.8 wt% and it levels off to 16.8 wt% of the content of Cr,

The redox property of chromia catalyst supported on since the polymerization of Cr(VI) is terminated at 10.8 wt%
Al,03 and TiG; was observed by sequential study through of Cr where poorly dispersed-Cr,O3 begins to form as
a TPR1-TPO-TPR2 experiment, hydrogen pulse injection examined by Raman and TPR. This may simply indicate
test, and reoxidation of pre-reduced catalyst at450nder that the polymerized chromate is more active than isolated
H, atmosphere to correlate with the PCE oxidation activ- monochromate for the present catalytic system. Since the
ity. A series of experiments including TPR1-TPO-TPR2 for CrO,/TiO; catalyst more easily forms polychromate with
CrO, /Al 03 and /TiQ show that 70-80% of Cr(VI) existing  a strong redox capability on its surface than Ci&>0s3,
on the catalyst surface participates in the reversible redox cy-the high performance of Cr@TiO, for the decomposition
cle, mainly due to the formation of chromium oxide species of PCE over CrQ/Al,03 can be elucidated. It also suggests
such asx-Cr,O3 particles that are poorly reversible for the that the higher PCE oxidation activity of Cy@XiO, even
cycle during the course of experiment [30]. containing a smaller amount of Cr(VI) than Cr@l,03 can

The hydrogen pulse test of chromium oxide catalyst as be closely related to the degree of polymerization of Cr(VI)
shown in Fig. 7 is useful for confirming the higher reduc- on the catalyst surface.
tion rate of CrQ/TiO, catalyst compared to Cr@Al,O3 The dependence of molecular structure and catalyst sup-
as already observed by TPR. The test also reveals that thegport on PCE oxidation activity in the present catalytic system
reduction rate strongly depends on the temperature and themay be elucidated by the role of metal-oxygen—support
reduction procedure. The reoxidation process accompanyinginteraction [12]. Deo and Wocks [13] suggest that the reduc-
the activation of the oxygen from an oxygen molecule to a tion of metal oxide occurs preferentially on the M—O-S (sup-
reactive 3~ species as shown in Fig. 9 also clearly indi- port) bond on the surface of the catalyst. The high reduction
cates that it occurs more readily over GfDiO2 than over temperature of the catalyst is mainly due to the strong bond
CrO,/Al03. A similar result was also reported by Sloczyn- strength for M—O-S. Based upon MOSI, they studied the
ski et al. [31], suggesting the high reoxidation ability of oxidation activity of methanol over vanadia-supported ca-
CrO,/TiO2 compared to Cr@Al,0O3 mainly due to lower talysts by the determination of the bond strength for V—O-S
activation energy of the oxidation and stronger capability of and observed the reactivity of the catalyst on a variety of
electron transfer over Cr@TiO» than over CrQ/Al»0s. the supports in the order of )05/ZrO, > V20s5/TiO2 >
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