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The CeO; or/and CuO modified USY zeolite catalysts were prepared and investigated in the catalytic
behavior for chlorinated volatile organic compounds (CVOCs) decomposition as well as the durability
during 100 h exposure to 1,2-chloroethane (DCE). The results reveal that modified USY catalysts show
good catalytic activity for CVOCs decomposition, and high selectivity to the formation of CO, and HCIL.
The better catalytic activity of the CeO, or/and CuO modified USY catalysts can be ascribed to the high
dispersion of active phases (CeO, or CuO), the improved mobility of active oxygen species and the incre-
ment of Lewis acidity. The addition of CeO, or/and CuO improves the durability of the catalysts during
the long term exposure to DCE due to the slight coke deposition and preserved high density of acid sites.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds (CVOCs), such
as dichloromethane (DCM), 1,2-dichloroethane (DCE), and
trichloroethylene (TCE), are a wide-ranging class of solvents com-
monly found in industrial waste streams and constitute a major
source of air and groundwater pollution [1]. Such compounds are
well known to be hazardous to the environment and human beings.
Some are involved in the depletion of ozone layer as well as the
formation of photochemical smog. Some are typically carcinogens,
mutagens and teratoges [2,3]. Not only the increasing stringent
environmental regulations limiting emissions of CVOCs, but also
the increasing amounts of CVOCs released in the environment
together with their suspected toxicity and carcinogenic properties,
have urged researchers worldwide to find clean and effective
methods for destruction of CVOCs. Catalytic oxidation has been
considered as a more proper technique for the decomposition of
CVOCs compared with direct combustion, due to its less severe
conditions (temperature <500 °C), high catalytic performance for
the destruction of low concentrations of contaminant (<1000 ppm)
and high selectivity to harmless by-products [4,5].

Zeolite is a kind of material with abundant acid sites, espe-
cially the Brgnsted acidity, which play a key role in the adsorption
and destruction of CVOCs [6]. However, easy coke deposition
causes the deactivation of zeolites, which inhibits the application
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in the decomposition of CVOCs [7-10]. In recent years, transi-
tion metal (Cr, Mn and Co) modified zeolite catalysts have been
studied [11-14]. Those catalysts show good catalytic activity for
catalytic oxidation of CVOCs, high selectivity towards the forma-
tion of desired products (HCI and CO,) with less toxicity, and good
stability during CVOCs decomposition.

However, less consideration has been given to investigate
the suitability of copper modified zeolite catalyst for CVOCs
destruction, though it is considered as an effective catalyst
for decomposition of non-chlorinated VOCs [15-17]. Abdullah
et al. [18] have reported that bimetallic supported H-ZSM-5
(Cr1.0Cug5/SiCly-Z) shows high catalytic activity for decomposition
of CVOCs and favorable selectivity to CO,. Vu et al. [19] have found
that MnCuOy/TiO, supported catalyst is very active for oxidation
of chlorobenzene without formation of any other harmful organic
compounds. Moreover, no deactivation of the catalyst is observed.
In this paper, we evaluate the catalytic behavior of USY zeolite
and cerium or/and copper modified USY zeolite catalysts for the
decomposition of various CVOCs (DCM, TCE and DCE). The aim of
the present work is to have an investigation of the effect of mod-
ification of CeO, or/and CuO to USY zeolite on the characteristics,
catalytic behavior and durability for CVOCs decomposition.

2. Experimental

2.1. Catalysts preparation

The molar ratio of SiO,/Al;03 for USY zeolite is 5.3. CeO,-
USY catalyst with CeO, loading of 12.5wt% was prepared
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Table 1

Specific surface area and pore volume of USY and modified USY catalysts.
Catalyst Ser (m?/g)? Viiic (cm?/g)° Vies (cm?/g)° Vr (cm®/g)
usy 540.2 0.245 0.141 0.386
CeO,-USY 468.3 0.211 0.107 0.318
CuO-USY 496.4 0.232 0.130 0.362
CuO0-Ce0,-USY 389.3 0.169 0.094 0.263

@ Calculate from BET method.
b Calculated from HK method.
¢ Calculated from BJH method.

by USY impregnated with Ce(NO3)3-6H,0 (AR, 98.0%) solution.
CuO-Ce0,-USY catalyst with CuO and CeO, loading of 16.9
and 12.5wt.% respectively, was prepared by USY zeolite co-
impregnated with Ce(NO3)3-6H,0 and Cu(NOs3)3-3H,0 (AR, 99.5%)
solution. The impregnated catalysts were dried at 100°C for 2h,
then calcined in air at 350°C for 0.5 h and further at 550 °C for 2 h.

2.2. Catalysts characterization

The nitrogen adsorption-desorption measurement was per-
formed at liquid N, temperature on a Coulter ONMISORP-100
apparatus. The catalyst was first degassed under vacuum for 3 h
at 200 °C before the measurement.

X-ray diffraction (XRD) measurement was performed on an ARL
X'TRA X-ray Diffractometer (Thermo Eelctron Corporation, USA),
with Cu Ka radiation at 40kV and 40 mA in a scanning range of
5-70° (260). The XRD analysis of the aged catalyst was performed on
the same apparatus and with the same radiation, but in a scanning
range of 3-90° (20) with a step size of 0.02° and a step time of 2.5s.

The ammonia temperature-programmed desorption (NH3-TPD)
was performed in a quartz fixed-bed micro-reactor equipped with
TCD. Prior to adsorption of ammonia, the catalyst (100 mg) was
pretreated in a N stream (99.99%, 35 mLmin~') at 500 °C for 0.5 h.
After being cooled down to 100°C, the catalyst was exposed to
a flow (30mLmin~1) of 20 vol.% NH3/N, mixture for 30 min, and
then treated in a N, flow for 1h in order to remove physically
bound ammonia. Finally, desorption performance was carried out
in a N, flow (40 mLmin~!) from 100 to 600 °C at a heating rate of
10°Cmin~!. All these profiles were simulated by Gaussian func-
tions.

The diffuse reflectance infrared spectra of pyridine adsorption
(DRIFT) were obtained with a Nicolet Nexus 470 spectrometer
(NICOLET Corporation, USA). All spectra were recorded in the range
4000-1300cm~! with a 2cm~! resolution. After the catalyst was
evacuated at 300°C at 10> Torr for 4 h, pyridine vapor was admit-
ted at room temperature until the catalyst surface was saturated.
Pyridine was desorbed until a pressure of 10~ Torr to ensure that
there was no more physisorbed pyridine. The spectra of adsorbed
pyridine were then measured. Different spectra were obtained by
subtracting the spectrum of the dehydrated catalysts from the spec-
tra obtained after pyridine adsorption.

The hydrogen temperature-programmed reduction (H,-TPR)
was performed in a quartz fixed-bed micro-reactor equipped with
TCD, using a 5vol.% H,/Ar mixture. After the catalyst (50 mg) was
pretreated in air at 300 °C for 0.5 h, the reduction was carried out
from 100 to 800°C at a heating rate of 10°Cmin~!. The H, con-
sumption during the reduction was measured by TCD, and the
water formed during H,-TPR was absorbed with 5A molecular
sieve.

The coke content of the used catalysts was measured in a Ther-
mogravimetric Analyzer TGA (Perkin Elmer Inc., USA). After the
pre-treatment in a N flow (99.99%, 30 mLmin~!) at 120°C for
0.5 h, the used catalyst was further heated up to 800°C at a rate
of 10°Cmin~! in a mixture flow (60 mLmin~') of 40 vol.% O,/N,.

2.3. Catalytic activity tests

Catalytic activity tests were carried out in a fixed-bed micro-
reactor (quartz glass, 6 mm i.d.) at atmospheric pressure. The feed
gas (DCE, DCM and TCE) was prepared by delivering the liquid
CVOCs by a syringe pump into dry air (dried by silica gel and
5A zeolite), which was metered by a mass flow controller. Its
concentration was about 1000 ppm. The gas hourly space veloc-
ity (GHSV) was 15,000 h~! with a total flow of 75 mLmin~!. The
components of gas stream were analyzed by an on-line gas chro-
matograph equipped with a packed column (OV 101) and a FID
detector. Mass spectrum was used for the determination of those
detected intermediates (CH3Cl, C;H3Cl, CH3CHO, CH3COOH and
C,Cly). The conversion was calculated using the area of the C;H,4Cly.
The amount of CH3Cl and C;H3Cl was calculated from the CoH4Cly
peak. The amount of CH3CHO, CH3COOH, C,HCl3 and C,Cly was
calculated from the calibration curve of those compounds, respec-
tively.

The temperature-programmed surface reaction (TPSR) mea-
surement was carried out under the catalytic activity tests
condition ([DCE]=~1000ppm, GHSV=15000h"1) in order to
detect the evolutions of the reactant (DCE) and the products (HCI,
Cl, and CO,). First, the adsorption of DCE on the catalyst was first
carried out at 50°C. After the adsorption-desorption reached an
equilibrium, the catalyst was heated from 50 to 500°C at a rate of
5°Cmin~!. The reactant (DCE) and the products (HCI, Cl, and CO,)
were analyzed on-line over a mass spectrometer apparatus (HIDEN
QIC-20).

2.4. Durability tests

The durability test of USY and modified USY catalysts was per-
formed under the condition as follows. Each catalyst was exposed to
DCE stream ([DCE]=~1000 ppm) at given temperatures for 100 h.
The total flow was 75 mLmin~! with GHSV=15,000h~!.

3. Results and discussion
3.1. Characterization results

3.1.1. Structure and texture

The specific surface area and pore volume of each catalyst is
listed in Table 1. An evident decrease in the specific surface area
as well as in the pore volume is observed over modified USY cata-
lysts in comparison with USY zeolite, indicating that those added
active phases cause the blockage of the pore channel of USY zeo-
lite. With regard to the loss of pore volume, the decrease is more
obvious in the mesopore volume (loss by 24%) than that in micro-
pore volume (loss by 14%) over CeO,-USY, while the decreases
in mesopore volume (loss by 5.3 and 31%) is slightly lower than
that in micropore volume (loss by 7.8 and 33%) over CuO-USY
and CuO-Ce0,-USY. The results demonstrate that CeO, addition
mainly causes the reduction in mesopore volume, while CuO addi-
tion mainly leads to the decrease in micropore volume. It can be
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Fig. 1. XRD patterns of CeO,, USY and modified USY catalysts.

due to the smaller radius of Cu2* that can enter the micropore more
easily.

The XRD patterns of CeO,, USY and modified USY catalysts
are shown in Fig. 1. For Ce0,-USY, the signals ascribed to fluo-
rite structure ceria (ISCD, No. 28709) are rather weak, indicating
high dispersion of CeO, on USY zeolite. However, the signal is
intense over CuO-CeO,-USY due to the location of CuO species in
the pore channel of USY zeolite hindering the dispersion of CeO,
species. For CuO-USY and CuO-CeO,-USY, no distinct diffraction
peaks assigned to CuO can be detected over those two catalysts. The
results are in agreement with N, adsorption/desorption that cat-
alysts with better dispersion of active phases show higher surface
area and pore volume. Furthermore, the absence of CuO diffrac-
tion peaks in CuO-USY and CuO-Ce0O,-USY may be caused by the
interaction of CuO with zeolites which results in copper oxide de-
aggregation and incorporation of single copper ions and/or Cu-O
species into the zeolite cationic sites via their exchange with the
zeolite bridging OH groups [20]. In addition, the possible formation
of CuO-CeO, solid solution may occur in CuO-CeO,-USY [21,22]
may also lead to the disappearance of the distinct diffraction peaks
of CuO.

3.1.2. Acidity

The NH3-TPD profiles of USY and modified USY catalysts are
shown in Fig. 2. Two distinct desorption peaks are observed
over USY and CeO,-USY. The first peak (peak «) is ascribed to
weak acid sites, which shifts to lower temperature range over
Ce0,-USY compared with that over USY. The second peak (peak
) is assigned to strong acid sites, which maintains at the simi-
lar position for CeO,-USY as that for USY. In the case of CuO-USY
and CuO-CeO,-USY, the redistribution of the surface acidity is
detected. Peak B shifts to lower temperature range, and a third
desorption peak (peak <) with weak intensity is observed at
much higher temperature range (>450°C). The low concentration
of this very strong acid site compared with the remaining acid
sites are created by the metal cations [13,23,24]. The quantitative
analysis is listed in Table 2. We can see that the concentra-
tion of total acid sites of the catalysts follows the order of
CuO-USY > USY >» Cu0-Ce0O,-USY > CeO,-USY. Moreover, the per-
centage of medium strong acidity and strong acidity is higher in
CuO-USY and Cu0-Ce0,-USY (64.3 and 59.1%, respectively) than
that in USY and CeO,-USY (51.3 and 49.1%, respectively). The
results above indicate that the addition of CuO results in the slight
decrease in the acidity strength, but leads to the increment in the
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Fig. 2. NH3-TPD profiles of USY and modified USY catalysts.

Table 2
The acidity distribution of USY and modified USY catalysts.

Catalyst Acidity distribution (mmol NH3/g)

Total o B y
usy 1.030 0.502 0.527 -
Ce0,-USY 0.750 0.382 0.368 -
CuO-Usy 1.036 0.370 0.592 0.074
CuO-Ce0,-USY 0.762 0312 0.354 0.096

concentration of acid sites, especially that of medium strong acid
sites and strong acid sites.

It is well known that diffuse reflectance infrared spectra (DRIFT)
of pyridine adsorbed mainly shows the nature of the acid sites,
discriminating between Brgnsted and Lewis acid sites. The DRIFT
spectra of pyridine adsorbed on USY and modified USY catalysts are
also determined and shown in Fig. 3. The distinct bands ascribed
to Lewis acidity and Brensted acidity are clearly observed over
USY and Ce0,-USY [25,26]. However, the intensity of all the bands
is a little weaker on CeO,-USY compared with that on USY. It is
worth noting that the redistribution of the acidity is observed over
CuO-Ce0,-USY. The intensity of the bands ascribed to Lewis acid-
ity becomes much more intense while that ascribed to Brgnsted
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Fig. 3. DRIFT spectra of pyridine adsorbed on USY and modified USY catalysts at
200°C (SL: strong Lewis acidity, L: Lewis acidity and B: Brensted acidity).
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Fig. 4. H,-TPR profiles of CeO, and modified USY catalysts.

acidity is hardly detected. Similar behavior have been observed on
modified HZSM-5 zeolite catalysts, which is ascribed to a solid-
state reaction between active phases (ZnO, Ge,03 or CuO) and
Brensted acid sites of the zeolite during the preparation and calci-
nation [27-29]. The results are in agreement with NH3-TPD results.
The acidity strength of catalysts is weakened when CuO species
are added to USY or Ce0,-USY, since the acidity strength of Lewis
acid sites is weaker than that of Brensted acid sites. Furthermore,
the concentration of strong acid sites (strong Lewis acidity) is
increased over CuO-CeO,-USY compared with that over CeO,-USY
as observed from NH3-TPD results.

3.1.3. Redox property

The temperature-programmed reduction technique is a conven-
tional method for characterizing the reducibility of the catalysts.
The H,-TPR profiles of the catalysts are shown in Fig. 4. Evidently,
three reduction peaks are observed on pure CeO,. Peaks o and
[3 detected below 600°C are ascribed to the reduction of sur-
face and sub-surface oxygen, and peak -y observed above 600°C
is assigned to the reduction of bulk oxygen [30]. When CeO,
species are loaded on USY zeolite, the reduction peaks of both sur-
face oxygen and bulk oxygen evidently shift to lower temperature
range, indicating the good mobility of the oxygen species. More-
over, the broad peak observed within the temperature 250-600 °C
also demonstrates the good redox property of CeO,-USY [31,32].
There is only one reduction peak with high intensity detected
over CuO contained catalysts. The peak temperature of the reduc-
tion peak is 293 and 282°C over CuO-USY and CuO-CeO,-
USY, respectively. It is noticeable that not only the peak temper-
ature of the reduction peak shifts to lower temperature, but the
intensity of the reduction peak is enhanced for CuO-CeO,-USY
compared with that for CuO-USY. The results indicate that the
reduction of CuO species is promoted by cerium addition via the
strong interaction between CuO and CeO, species [33].

3.2. Catalytic activity results

The catalytic activity for the decomposition of DCE over
USY and modified USY catalysts is presented in Figs. 5 and 6.
As shown in Fig. 5, the catalytic activity for DCE decomposi-
tion, based on Tgy (temperature at which 90% conversion is
attained), decreases in the following order of CeO,-USY(246°C)>
Cu0-USY(269°C)>Cu0-Ce0,-USY(288°C)>USY(310°C). The
results indicate that the addition of CeO, or/CuO to USY zeolite
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Fig. 5. Conversion of DCE over USY and modified USY catalysts.

results in the interaction between active phases and USY zeolite,
which shows an evident enhancement in decomposition of DCE.

The concentration-temperature relationships of major by-
products CHsCl, C;H3Cl, CH3CHO and CH3COOH during DCE
decomposition are presented in Fig. 6. Large concentration of CH3Cl
and C;H3Cl are produced over USY zeolite, but nearly no CH;CHO
or CH3COOH is detected. When CeO, is introduced to USY zeo-
lite, the concentration of CH3Cl is decreased due to the decrease in
strong acid sites. However, the concentration of C;H3Cl, CH3CHO
and CH3COOH is increased, with the maximum value observed
at 320, 360, and 360°C, respectively. The results indicate that
the interaction between CeO, species and USY zeolite is bene-
ficial to the dehydrochlorination of DCE [34,35]. However, the
decrease in protonic acid sites (strong acid sites) in CeO,-USY
compared with that in USY inhibits the further dehydrochlori-
nation process of C;H3Cl, thus, the concentration of C;HsCl is
higher over CeO,-USY than that over USY. At the same time, the
presence of active oxygen species over CeO,-USY promotes the
production of CH3CHO and CH3COOH. In addition, small amount
of C,H,Cl, (always <20 ppm) is detected over USY and CeO,-
USY (not shown in Fig. 6), which may be resulted from the chlo-
rination of C;H3Cl followed by dehydrochlorination [30,31,36]. It
is noticeable that the concentration of CH3Cl and CyH3Cl is obvi-
ously decreased over CuO-USY and CuO-Ce0Q,-USY. However, a
certain amount of high chlorinated by-products C;HCl3 and C,Cly
is detected (not shown in Fig. 6). The production of high chlorinated
by-products during CVOCs catalytic decomposition over Cu-based
catalysts has been reported by other researchers [37]. We deduce
that C;HCI3 may be formed through chlorination of C;H,Cl, fol-
lowed by dehydrochlorination due to the presence of CuO species,
while C,Cl4 may be formed via the chlorination of C;HCl3 followed
by dehydrochlorination. The production of CH3CHO and CH3COOH
is obviously promoted at lower temperature range with CuO added
to USY or Ce0,-USY, due to the abundant amount of active oxygen
species with better mobility in the catalysts as stated in the results
of redox property.

The adsorption-desorption behavior of DCE and the evolutions
of the main products (CO,, HCI and Cl,) over the catalysts have
been further investigated by TPSR technique, in order to evaluate
the selectivity towards the formation of HCl and CO,. As presented
in Fig. 7, desorption of DCE occurs at relatively low temperature
range accompanied with DCE decomposition. When CeO, or CuO
isintroduced into USY, the intensity of desorption peak is enhanced
and the peak-temperature of desorption peak shifts to higher tem-
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Fig. 6. Concentration-temperature relation of the by-products during DCE decomposition over USY and modified USY catalysts: (A) CH3Cl, (B) C;H3Cl, (C) CH3CHO and (D)
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perature range. It indicates that the synergy between active phases
(CeO, and CuO) and USY zeolite is of great significance to improve
the integration of adsorption-desorption-catalysis process. The
peak is weakened and broadened with the peak-temperature fur-
ther shifting to higher temperature range over CuO-CeO,-USY.

MS Signal (a.u.)

It is speculated that much stronger adsorption of DCE occurs on
CuO-Ce0,-USY, which inhibits desorption and decomposition of
DCE to some extent.

In the case of CO, evolution, CO, is observed at the tempera-
ture as low as 250°C over modified USY catalysts, while CO, can
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Fig. 7. TPSR profiles for DCE decomposition over modified USY catalysts.
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Fig. 8. Catalytic activity for DCM decomposition over USY and modified USY catalysts: (A) conversion of DCM and (B) concentration of CH3Cl.

only be detected until the temperature reaches 400 °C over USY. It
indicates that the synergy between active phases and USY zeolite
promotes the selectivity to the formation of CO,. It is interesting to
note that one more peak is observed below 350 °C over CuO-USY
and CuO-CeO,-USY, which may be ascribed to a combined sig-
nal of CO, produced during DCE decomposition and the desorption
of CO, adsorbed at low temperatures on the catalysts [38]. The
sequence of the selectivity to CO, over these catalysts is as fol-
lows: CuO-USY > Cu0O-CeO,-USY > Ce0,-USY > USY. Based on the
mechanism of DCE decomposition, the pathway of the CO, pro-
duced over each catalyst is different. For modified USY catalysts,
the production of CO, can be assigned to the further oxidation of
acetate species in the presence of active oxygen species [35]. For
USY zeolite, the increment of CO, within high temperature range
may be resulted from the oxidation of coke deposited on the surface
of USY zeolite.

The evolutions of HCl and Cl, demonstrate that HCl is the major
chlorinated by-product within the temperature range 50-400°C,
which is a preferred chlorinated product instead of Cl,. The results
can be ascribed to the two reasons presented below. (i) DCE
contains sufficient hydrogen atoms for the complete oxidation
to the desired products [6]. (ii) The hydroxyls in the zeolites
structure largely promote HCl formation by the Deacon reaction
(2HCI+1/20, < Cl; +H,0), especially in the combustion of com-
pounds with a low H/Cl ratio [39,40]. As the temperature further
increases, the amount of Cl, shows an increase over CeO,-USY and
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CuO-USY. It can be explained as the fact that the oxidation of HCl is
promoted at higher temperature range according to Deacon reac-
tion in the presence of active oxygen species [35,39]. However, the
amount of Cl, remains stable over CuO-CeO,-USY. It may be due
to the interaction between CuO and CeO> that inhibits the increase
of Cl, production.

On the basis of the results above, USY, CeO,-USY and
CuO-Ce0,-USY are chosen for decomposition of DCM and TCE in
order to have a further investigation of the effect of interaction
between CuO and CeO; on the catalytic behavior of the catalysts.
The catalytic activity for DCM and TCE decomposition over USY and
modified USY catalysts is presented in Figs. 8 and 9, respectively.

We can see from Fig. 8(A) that DCM can be completely
converted within 450°C over USY. With the introduc-
tion of CeO, or/and CuO species, the conversion for DCM
decomposition is improved. Based on Ty, the catalytic
activity of the catalysts decreases in the following order of
Cu0-Ce0,-USY(330°C) > Ce0,-USY(340°C)>USY(370°C). CH;3Cl
is the main by-product during DCM decomposition. As shown
in Fig. 8(B), large concentration of CH3Cl is produced over USY
and the maximum value is observed at about 360°C, which is
closed to the temperature of complete conversion of DCM. It is
noticeable that the concentration of CH3Cl is decreased evidently
over modified USY catalysts, especially over CuO-Ce0O,-USY that
CH3Cl can no longer be detected within the whole temperature.
The results indicate that the addition of active phases shows
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Fig. 9. Catalytic activity for TCE decomposition over USY and modified USY catalysts: (A) conversion of TCE and (B) concentration of C;Cl,.
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Fig. 10. The mechanism of the formation of C,Cls during TCE decomposition.

obvious limitation on the production of CH3Cl, which is beneficial
to the oxidation of DCM into COx and HCl [39,41]. According
to the findings reported by Brink et al. [41], DCM first reacts
with surface hydroxyl groups resulting adsorbed formaldehyde
intermediates and HCL. Then, the formaldehyde disproportionates
into methoxy and formate species. The former further converts to
COy and the latter can react with HCI to form the main by-product
methylchloride. In our study, as a result, the improved catalytic
activity of modified USY catalysts for DCM decomposition may be
related to the co-existence of both acidity and better mobility of
oxygen species in the catalysts as revealed in the results of acidity
and redox property. Moreover, the presence of active oxygen
species in modified USY catalysts promotes the HCl consump-
tion via Deacon reaction. Therefore, the formation of CHsCl is
decreased through the reaction of methoxy with HCl. Especially
over CuO-Ce0O,-USY, no CHs3Cl is detected due to the much
better mobility of oxygen species as stated in the results of redox
property.

We can see from Fig. 9 that the addition of CeO,
orfand CuO species to USY evidently enhances the cat-
alytic activity for TCE decomposition. On the basis of Tgg,
the catalytic activity of the catalysts follows the order:
Cu0-Ce0,-USY(318°C) > Ce0,-USY(422°C)>USY(515°C). C,Cly
is the main by-product during TCE decomposition. Small concen-
tration of C,Cly is produced over USY. However, the production of
C,Cly is evidently increased over modified USY catalysts. Especially
over CuO-Ce0,-USY, large concentration of C,Cl, is detected with
the maximum value observed at about 340°C. However, the
by-product can be completely decomposed at high temperatures
(<500°C). According to the mechanism of TCE decomposition, it is
deduced that TCE first decomposes on acid sites with the evolution
of HCl and COy [34,42]. And the formation of C,Cly is resulted
from the chlorination of TCE followed by dehydrochlorination in
the presence of noble metals and metal oxides as exhibited in
Fig. 10 [34,43]. Due to the promoted formation of Cl, via Deacon
reaction over modified USY catalysts with active oxygen species as
stated in the results of redox property, the reaction between TCE
and Cl, to yield C,Cly is enhanced. At the same time, the catalytic
activity for TCE decomposition is also improved, especially over
CuO-Ce0,-USY.
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3.3. Durability of USY and modified USY catalysts

The catalytic durability of the catalysts in the decomposition
of DCE as conversion vs. time on stream is presented in Fig. 11.
As shown in Fig. 11(A), the conversion falls rapidly in the initial
stages of the reaction and decreases from 87 to 27% over USY after
100h tests, while the conversion maintains at 100% over modi-
fied USY catalysts. However, it is known that a certain part of the
catalyst bed may not participate in the reaction when the con-
version reaches 100%. Therefore, we re-evaluated the durability of
Ce0,-USY and CuO-Ce0,-USY under relatively low conversions.
As shown in Fig. 11(B), DCE conversion falls from 88 to 63% in the
first 40 h over Ce0,-USY and stays at 60% in the rest time, while it
falls from 85 to 72% in the initial 20 h and maintains at about 70%
during the rest reaction time. The results indicate that the modifi-
cation to the USY zeolite evidently enhances the durability of the
catalysts during the long term tests. Especially for CuO-CeO,-USY
that the interaction between CeO, and CuO further improves the
durability of the catalyst.

Itis well known that coke deposition easily takes place on zeolite
[10,44]. As listed in Table 3, severe coke deposition is observed in
USY while much lower coke content is detected over the modified
USY catalysts. It indicates that the presence of abundant oxygen
species, which is in favor of the deeper oxidation of DCE into CO,,
inhibits the production of coke during the long time reaction. There-
fore, the rather slight coke deposition over modified USY catalysts
is one of the factors to the good durability during the long time
tests.

With regard to the acidity of the aged catalysts, both USY-A
and CeO,-USY-A catalysts show the loss of the total acidity, which
is more evident for the former compared with that for the lat-
ter. Interestingly, the increase in the total acidity is observed over
CuO-Ce0,-USY-A. It may be related to the complete change in the
zeolite framework of the catalyst, which will be discussed below.
The preserved relatively high density of acid sites may be another
factor to the high conversion of DCE maintained during the long
time tests.

The XRD analysis of the used catalysts is carried out in order
to determine the change in the zeolite framework. As shown
in Fig. 12, it is observed that USY-A and CeO,-USY-A preserve
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Fig. 11. The conversion of DCE over USY, Ce0,-USY and CuO-CeO,-USY as a function of time on stream: (A) at 300 °C and (B) at various temperatures.
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Table 3

Coke content, total acidity and crystallinity of the catalysts after 100 h tests (300°C, 15,000 h~").

Coke content (%)

Total acidity (mmol NHs/g) (used/fresh) Crystallinity (%)

USY-A? 114
Ce0,-USY-A 1.1
CuO-Ce0,-USY-A 1.5

0.589/1.030 90.0
0.617/0.750 84.1
1.035/0.762 95.8

@ Catalysts after 100 h test.

. (A) B
3 . s 3 @
< <
E Cu0-CeO,-USY-A g Cu0-CeO -USY-A
= usy| = USY
15 16 17 18 19 20 30 32 34 36 38 40 42 44 46
/ 2 Theta (°) 2 Theta (°)
=
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i
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Fig. 12. XRD patterns of the catalysts after 100 h test (inset figures: XRD patterns of
fresh USY and CuO-CeO,-USY-A from 15° to 20° (A) and 30° to 46° (B)).

the same framework of USY zeolite (space group Fd3m), and the
crystallinity is 90.0% and 84.1% for USY-A and CeO,-USY-A, respec-
tively (listed in Table 3), indicating the relatively good structure
stability during long time tests. It is worth noting that new diffrac-
tion peaks ascribed to the space group (Fm3m) are observed over
Cu0-Ce0,-USY-A compared with fresh USY zeolite (shown in
the inset figures of Fig. 12). Meanwhile, the total acidity increase
obviously compared with that of USY-A (Table 3). Such changes
may be related to the stimulated migration of Cu species into the
zeolite bulk by coordination of copper ions to water molecules
produced during DCE decomposition [20]. However, the change
in the zeolite structure does not show negative effect on the cat-
alytic activity for DCE decomposition. In addition, the crystallinity
of CuO-Ce0,-USY-A shows an evident increase compared with
that of fresh USY zeolite during the long time exposure to DCE,
which also demonstrate the good stability of CuO-CeO,-USY.

4. Conclusions

The CeO, or/and CuO modified USY zeolite catalysts were pre-
pared by impregnation method and investigated in the catalytic
behavior for decomposition of CVOCs as well as the stability during
long exposure to DCE. All the catalysts were characterized by means
of N, adsorption-desorption, XRD, NH3-TPD, DRIFT and H,-TPR.
The results reveal that CeO,-USY shows the best catalytic activity
for DCE decomposition, and CuO-CeO,-USY presents the highest
catalytic activity for the decomposition of DCM and TCE. The better
catalytic activity of modified USY catalysts for CVOCs decomposi-
tion can be ascribed to the high dispersion of active CeO, or CuO
species, the limited formation of CuO-CeO; solid solution over
CuO-Ce0,-USY, the improved mobility of active oxygen species
and the increment of Lewis acidity. Due to the presence of abundant
active oxygen species with better mobility and stronger oxidizabil-
ity over modified USY catalysts, the production of CH3CHO and
CH3COOH is promoted and the production of CH3Cl and C;H3Cl

is inhibited. The high selectivity to the formation of HCl and CO,
over modified USY catalysts can be attributed to the existence of
abundant hydroxyls groups and active oxygen species. The addition
of CeO, or/and CuO to USY zeolite improves the durability of the
catalysts with slight coke deposition and relatively high density of
acid sites over used catalysts.
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