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Abstract Three Y zeolites supported CeO, -catalysts
(CeO,/USY, CeO,/HY, CeO,/SSY) were prepared and
used for deep oxidation of 1,2-dichloroethane (DCE) in
low concentration (about 1,000 ppm). The catalysts were
characterized by XRD, N, adsorption/desorption and
H,-TPR. The results showed that the catalytic activity of
the supported CeO, catalysts was much higher than that of
Y zeolites, in particular, CeO,/USY exhibited the highest
activity, Togy, values of DCE was about 270 °C. And the
catalytic activity was strongly related to the interaction
between CeO, and Y zeolites.

Keywords CeO,/USY - Catalytic oxidation - DCE

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
commonly found in industrial waste streams and constitute a
major source of air and groundwater pollution [1]. The
increasing amounts of CVOC:s released in the environment,
together with their suspected toxicity and carcinogenic
properties, have prompted researchers world-wide to find
clean effective methods of destruction. The abatement of
CVOC:s by catalytic combustion has been widely utilized in
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several technical processes [2]. Moreover, catalytic oxida-
tion appears to be more efficient for the abatement of low
concentrations of contaminant (<1,000 ppm), which cannot
be thermally combusted without additional fuel [3].

Most reported studies of the catalysts for CVOC catalytic
combustion have focused on three types of catalysts based
on noble metals, transition metals, and zeolites. Noble metal
catalysts such as Pt, Pd, Rh, and Ru are very active for the
destruction of CVOCs, but the halide (HCI and Cl, pro-
duced from the decomposition of CVOCs) deactivation is
still avoidless [4, 5]. Traditionally, supported transition
metal oxides have been proposed as the potential substitutes
for the noble metal-based catalysts [6]. Transition metal
oxides are in general less catalytic active than noble metals
for the destruction of CVOCs, but they can resist the
deactivation by poisoning largely [7]. Among these cata-
lysts, chromium-based catalysts have exhibited the highest
activity for CVOCs destruction [8—10]. Nevertheless, the
uses of chromium-based catalysts are restricted, owing to
the formation of the extremely toxic residues (such as
chromium oxychloride) at low temperature [11]. Conse-
quently, there is interest in developing catalysts that are less
expensive and more robust than the materials presently in
use. For these reasons, there are strong interests to develop
alternative efficient catalysts for CVOC oxidation.

Zeolites, like Y, X, BETA, ZSM-5, and MCM-41 have
traditionally received great interest because of their opti-
mum performances as solid acid catalysts in refining and
petrochemical processes [12, 13] and as adsorbents in
many separation and purification processes [14]. In the last
few years, a few investigations reported on the literature
have also proved that zeolites with the strong acid sites
play a key role in controlling the decomposition of
chlorinated compounds, but less consideration has been
given to their applicability as potential catalysts for the
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decomposition of CVOCs [15-20], due to have lower
catalytic activity of deep oxidation, and they easily produce
coke deposition, which results in the catalyst deactivation.

The rare-earth elements have been used widely in the
environmental catalysts. Especially cerium oxide has much
more attracted attention in three-way catalysts and been
used an effective promoter or supporting material based on
its high oxygen-storage capacity (OSC) and facile redox
cycle of Ce*™/Ce** [21-23]. Supported CeO, and CeO,
based mixed oxides are also cheap, environmentally
friendly and efficient catalysts for the catalytic destruction
of non-chlorinated VOCs [24-27], such as methane, CO,
methanol, and propane. They can be also used in the wet
oxidation processes of the organic compounds, such as the
treatment of the industrial waste-waters and the removal of
total organic carbon from polluted waters [28-33].
Recently, the supported CeO, and CeO,-based mixed
oxides have attracted considerable attention for the
decomposition of CVOCs (DCE, TCE, DCM) [35-39].
These studies indicate that Ce,Zr;_,O, mixed oxides
exhibit better redox and acidic properties than pure CeO,,
and Ce 5Zr 50, showed the best performance.

In the process of CVOCs decomposition, the dehydro-
chlorination occurs usually at lower temperature, and then
intermediates are further oxidized [2, 18, 34, 40]. So, the
acidic sites in the catalysts and their oxidation ability play a
very important role to the catalytic performance. In this
article, our purpose is to examine the catalytic oxidation
performance of Y zeolite supported CeO, catalysts for the
catalytic oxidation of DCE in low concentration and
studied the relationship between the catalytic activity and
properties of these CeO,/Y catalysts.

2 Experimental
2.1 Catalysts Preparation

NH,Y, USY, and SSY were supplied by HUAHUA Corp.
HY was obtained by calcination of NH,Y zeolite at 550 °C
for 2 h in air. CeO, was prepared by thermal decomposition
of Ce(NO3); - 6H,O (AR, 98.0%) at 550 °C for 2 h in air.

Three supported catalysts (CeO,/USY, CeO,/HY, CeO,/
SSY with weight ratio of 1/8) were prepared by impreg-
nation method. Dried at 100 °C for 2 h, and then calcined
at 350 °C for 0.5 h and 550 °C for 2 h in air.

2.2 Catalysts Characterization
2.2.1 X-Ray Powder Diffraction (XRD)

The phase composition of the various samples was deter-
mined by means of X-ray powder diffraction (XRD), using

@ Springer

a RigakuD/max-3BX. The operating parameters were as
follow: monochromatic Cu Ko radiation, Ni filter, 40 mA,
40 kV, between 20 values 3° and 70°.

2.2.2 Nitrogen Adsorption/Desorption

The surface areas of the samples were determined by
nitrogen adsorption/desorption at liquid nitrogen tempera-
ture using a Coulter OMNISORP-100 apparatus. The
samples were degassed under vacuum for 3 h at 200 °C
before the measurements. Specific total surface area was
calculated using the Brunauer-Emmett-Teller (BET)
equation.

2.2.3 Temperature-Programmed Reduction (H,-TPR)

Temperature-programmed reduction (H,-TPR) was carried
out in a flow system to observe reducibility of the sup-
ported catalysts. Prior to H,-TPR measurement, 100 mg
catalyst was pre-treated at 300 °C for 0.5 h in air. The
reductive gas was a mixture of 5 vol.% H, in Ar (40 mL/
min), which was purified using deoxidizer and silica gel.
Temperature of the sample was programmed to rise at a
constant rate of 15 °C/min. The amount of hydrogen
uptakes during the reduction was measured by a thermal
conductivity detector (TCD), and the effluent H,O formed
during H,-TPR was absorbed with a 5 A molecular sieve.
The hydrogen uptakes were quantified using CuO as a
standard.

2.2.4 NH;TPD

Temperature-programmed desorption (TPD) of NH; was
carried out in a flow system to observe acidic properties of
the catalysts. Prior to NH3-TPD experiments, the samples
(100 mg) were first pre-treated in a quartz tube for 0.5 h in
an He stream at 500 °C to removal the surface adsorption
substance. Then, they were cool down to 100 °C. At
100 °C, keep the samples in a NH; flow (20 mL min~ ") for
0.5 h. Subsequently, the samples were exposed to a flow of
helium for 1 h at 100 °C in order to remove reversibly and
physically bound ammonia from the surface. Finally,
desorption was carried out from 100 to 600 °C at a heating

rate of 10 °C min—".

2.3 Catalytic Activity Tests

The catalytic activity in the complete oxidation of DCE
was measured in a continuous flow micro-reactor system at
atmospheric pressure with a quartz tube reactor. 0.3 mL
catalyst was placed in the middle of reactor, and the space
velocity (GHSV) was 10,000 h™'. The concentration of
DCE was about 1,000 ppm, which was prepared by
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delivering the liquid DCE by a syringe pump into dry air
(dried by silica gel and 5A zeolite), which was metered by
a mass flow controller. The gas stream was analyzed with
an on-line gas chromatograph equipped with an OV101
column connected to a FID for the detection of organic
molecules. Furthermore, MS was used to monitor and
confirm the formation of by-products.

3 Results and Discussion
3.1 Catalytic Activity Tests

Table 1 and Fig. la show the catalytic activity of CeO,,
USY, HY, SSY, CeO,/USY, CeO,/HY, and CeO,/SSY for
the catalytic oxidation of DCE. From Table 1 and Fig. la,
it can be seen that the catalytic activity of CeO,, USY, HY,
and SSY is low, while the catalytic activity of CeO,/Y
catalysts is evidently increased. Togq, of CeO,/USY, CeO,/
SSY, and CeO,/HY is about 90, 10, and 80 °C lower than
that of their supports, respectively, The catalytic activity of
these supports for the oxidation of DCE decreases in the
order: USY > HY > SSY, while the catalytic activity of
the loading CeO, catalysts decreases in the order: CeO,/
USY, Ce0O,/SSY > CeO,/HY, which indicates that differ-
ent characteristics of USY, HY, and SSY zeolites would
result in different synergies between CeO, and Y-type
zeolites and catalytic activity for the oxidation of DCE.
The modified Y-type zeolites have strong Brgnsted acidity
and porosity, while CeO, has more Lewis sites and good
redox property. So these CeO,/Y materials would take on
adsorbent and catalytic properties simultaneously. Gon-
zalez-Velasco and coworkers [34] demonstrates that acid
sites play a key role in controlling the decomposition of
chlorinated compounds over zeolites (SiO,—Al,03) since
they act as effective chemisorption for such compounds. In
addition, the porosity of Y-type zeolites is beneficial to the
dispersion of CeQO,, which would promote oxidation
activity of the CeO,/Y catalysts. Simultaneously, this
would also decrease significantly coke deposition on zeo-
lites surface, which is caused by the strong acidity of
zeolites.

The main intermediates and oxidation products (Cly,
HCl, CH;Cl, C,H;Cl, CH;CHO, and CH;COOH) are
measured during catalytic destruction of DCE. And infin-
itesimal C,H,Cl, is also detected. The temperature—
concentration relationships of C,H3Cl, CH;CHO,
CH;COOH, C,H,Cl ,, and CH;Cl are shown in Fig. 1b-f.
The data of maximum concentration and peak temperature
are listed in Table 2.

According to the literature [35], the mechanism of the
oxidation of DCE is known as follows: The decomposition
occurs through by dehydrochlorination into vinyl chloride

Table 1 Tsoq and Togy of DCE for different Y zeolite supports and
CeO,/Y catalysts

CeO, USY HY SSY CeOs CeOy CeOyf

USY HY SSY

Catalysts

Tso (°C) 285 250 275 300 215 280 210
Togss (°C) 350 360 370 370 270 360 290

in the presence of acid sites. This intermediate can be
attacked by nucleophilic oxygen species from the catalyst
to form chlorinated alkoxide species, which readily
decompose to gradually generate acetaldehyde, acetates
and CO,.

Figure 1b shows the temperature—concentration rela-
tionship of C,H;Cl. From Fig. 1b, it can be seen that the
main intermediate is C,H3Cl in the oxidation of DCE at
low temperature. The peak temperatures at which C,H;Cl
reaches its maximum concentration are relatively low on
Ce0,/USY and CeO,/SSY, at about 300 and 280 °C,
respectively, compared with their supports (about 340 and
360 °C) and CeO, (about 320 °C). On CeO,/USY and
CeO,/SSY, the peak temperature is lower while C,H3Cl
reaches the maximum concentration. It indicates that there
is higher dehydroclorination decomposition activity for
DCE destruction on CeO,/USY and CeQ,/SSY.

Figure 1c, d show the temperature—concentration rela-
tionship of CH;CHO and CH3;COOH. From Fig. lc, d, it
can be seen that the maximum concentrations of CH;CHO
and CH3COOH are the highest on CeO,. The maximum
concentrations of these two intermediates are higher on
CeO,/Y catalysts than that on their supports, while the peak
temperatures at which the maximum concentrations reach
are lower. There are two maximum concentrations on
Ce0,/USY and CeO,/SSY. The first peak temperature at
which CH;CHO and CH3;COOH reaches maximum con-
centrations appears at about 260 °C, and the second one
appears at about 370 or 340 °C, respectively. This indicates
that the deep oxidative ability of CeO,, CeO,/USY, and
CeO,/SSY for DCE is much stronger than other catalysts.

Figure le shows the temperature—concentration rela-
tionship of infinitesimal by-product C,H,Cl,. From
Fig. le, it can be seen that more C,H,Cl, are produced on
CeO,, CeO,/USY, and CeO,/SSY than on other catalysts,
which means that there is higher dehydrogenization per-
formance on these catalysts.

Figure 1f shows the temperature—concentration rela-
tionship of CH5CI. From Fig. 1f it can be seen that when
the reacting temperature reaches higher than 350 °C, the
quantity of CH3Cl increases evidently as the temperature
increases on all supports and catalysts. At about 420 °C,
the maximum concentration of CH;Cl appears on CeO,/
SSY and CeO,/USY, about 104 and 64 ppm, respectively.
At the opposite, the concentration of CH3Cl on CeO,/HY
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Fig. 1 The catalytic activity of CeO,/Y catalysts. a conversion of C,H4Cl,; b concentration of C,H;Cl; ¢ concentration of CH3;CHO; d
concentration of CH;COOH; e concentration of C,H,Cl,; f concentration of CH;Cl

and three supports increases continuously until the reacting
temperature reaches 500 °C. However, there is no CH;Cl
detected on CeO,. As is known, there are strong acidic sites
on Y zeolites, but not on CeO,. So we suggest that there is
a relationship between the acidity of catalysts and CH;Cl.
The stronger acidity there is on the catalysts, the easier for
the catalysts to promote DCE cracking to CH;Cl.
TPSR-MS method is used to follow the products of
deep oxidation of DCE (shown in Fig. 2). Figure 2a—c
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shows the transformation of HCIl, Cl,, and CO, with
temperature increasing on USY, CeO,, and USY/CeO,.
Hydrogen chloride is the preferred chlorinated decompo-
sition product instead of Cl,, since it can be readily
removed from the effluent stream by downstream aqueous
scrubbing. From Fig. 2, it can be seen that HCI is the
main product below 250 °C, the catalysts show a high
selectivity (~100%) towards HCl formation. At higher
than 400 °C, when conversion of DCE is complete, and
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Table 2 C,,,x and T, of different by-products on different catalysts
Catalyst C,H;Cl CH;CHO CH3;COOH CH;Cl C,H,Cl,
Cmax (ppm) Tmax (OC) Cmax (ppm) Tmax (OC) Cmax (ppm) Tmax (OC) CI]]EIX (ppm) Tmax (OC) Cmax (ppm) Tmax (OC)
CeO, 310 320 74 380 198 360 10 420 30 380
USYy 332 340 35 380 35 420 120 >500 6 380
HY 522 380 0 0 4 420 140 >500 43 400
SSY 508 360 17 365 13 440 69 >500 35 440
CeO,/USY 513 300 25 260 71 260 104 420 19 380
45 370 93 370
CeO,/HY 628 380 15 420 28 400 114 >500 0 0
CeO,/SSY 529 280 34 260 91 260 64 420 37 360
64 340 147 340

chlorinated by-products are decomposed. Along with the
reaction temperature increasing, HCl formation is mild. It
is thought that the zeolite hydroxyls in the structure lar-
gely promoted HCI formation by the Deacon reaction
[41]. Therefore, the acid character of the zeolites appears
to be a favorable property to enhance HCI selectivity,
mainly in the combustion of compounds with a low H/Cl
ratio [42]. The relatively low Cl, selectivity of H-type
zeolites indicates that the Deacon reaction occurs to a
reduced extent over these catalysts. This is a desirable
result taking into consideration that HCI is less toxic and
can be easily trapped and neutralized from the effluent
gas stream with a caustic solution. As far as CO, for-
mation was concerned, there was observed a moderate
selectivity to this deep oxidation product. Carbon dioxide
clearly increase when the temperature reaches above
350 °C, which indicates that the deep oxidation of DCE is
complete above 350 °C.

3.2 Catalyst Characterization
3.2.1 N, Adsorption/Desorption Results

The surface area data of these supports and catalysts are
listed in Table 3. From Table 3 it can be seen that the
surface area of CeO,/Y catalysts decreases compared to
that of those supports. Seen from the data, there is no
relationship between catalytic activity and surface area.

3.2.2 XRD Results

Figure 3 shows the XRD patterns of Y-type zeolite and
CeO,/Y catalysts. The data of lattice parameters and
crystallite size are listed in Table 4. From Fig. 3, it can be
seen that the distinct fluorite-type oxide structure of CeO,
are observed at about 28.6°, 33°, 47.6°, and 56.4 °. For all
the CeO,/Y catalysts, no characteristic peak of CeO, is
observed, which suggests that CeO, is highly dispersed on

the Y zeolites. After CeO, is loaded on Y zeolites, the
intensity of Y zeolites, diffractive peaks is weaken and the
lattice parameters increase, which indicates that some
CeO, enter into the framework of Y zeolite. Interestingly at
the opposite, the crystallite size of Y zeolite diminishes
after CeO, is loaded. For CeO, particle of CeO,/Y cata-
lysts, the crystallite size changes but not the lattice
parameters. The crystallite size of CeO, decreases in
the order: CeQ,/SSY > CeO,/USY > CeO, > CeO,/HY,
which evidently corresponds to their catalytic activity. As
said above, we suggest that the catalytic decomposed
reaction of DCE is sensitive to the framework of Y zeolites
and crystallite size of CeO,.

3.2.3 Temperature-Programmed Reduction (H,-TPR)
Results

Temperature-programmed reduction has been widely used
to characterize oxygen-storage/release behavior of ceria-
based materials. Cerium oxide is well known for its facile
reducibility compared to other fluorite-type oxides [36].
Figure 4 shows the H,-TPR profiles of CeO,, CeO,/USY,
CeO,/HY, and CeO,/SSY. From Fig. 4, it can be seen that
the there are three hydrogen consumption peaks during
CeO, reduction in the range of 300-700 °C. The first two
peaks at lower temperature (about 380 and 518 °C) are
usually ascribed to the reduction of surface oxygen, and the
third one at high temperature (>700 °C) is ascribed to the
reduction of bulk oxygen of the CeO, structure [43]. No
hydrogen consumption peaks are observed on USY, HY,
and SSY supports (It is not lined out in Fig. 4). On CeO,/
HY there is only one peak at about 472 °C, but on CeO,/
USY and CeO,/SSY, there are three peaks. The first two
are for the reduction of surface oxygen of CeO, structure in
the range of 300-600 °C. And the third one is for the
reduction of bulk oxygen of the CeO, structure, which
obviously decreases at about 670 and 709 °C. So the
reduction performance of CeO, obviously changes in the
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different catalysts: a products of DCE over USY; b products of DCE
over CeO,; ¢ products of DCE over CeO,/USY

Table 3 Sggr of different supports and catalysts

USY HY SSY CeO, CeOy CeO,/ CeOyf

USY HY SSY

Catalysts

Sper (m%/g) 5402 5268 565.1 79.0 4683 4343 4979

CeO,/Y catalysts. The interaction between CeO, and Y
zeolite is beneficial to the migration for bulk oxygen of the
CeO, structure, which promotes the catalytic activity.
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3.2.4 NH3-TPD Results

The acid properties of the catalytic materials were analyzed
by TPD of ammonia. The NH;3-TPD profiles of the various
catalysts investigated are shown in Fig. 5. The NHj;
described above 100 °C was considered as chemisorbed
NH; and subsequently used for acidity determination.
From the Fig. 5, it can been see that the total acidity which
was the lowest of pure ceria. The Y zeolite supports and
their CeO,/Y catalysts have two major desorption peaks in
150-250 °C range. The much smaller desorption peaks
were obtained in 300—450 °C range indicating the presence
of strong Brgnsted acid sites. On the contrary, CeO,
showed almost no inflection in this region. Additionally,
the TPD profiles also evidenced the presence of acid sites
of different strength on each sample. The amount of
ammonia desorbing above a certain temperature was taken
as the acid sites concentration and the peak desorption
temperatures of the TPD profile were assumed to be
measures of the relative strength of the sites. In an attempt
to characterize the acid strength sites retaining NH3 at
temperatures higher than 300 °C were considered as strong
sites, and accordingly the sites retaining NH; at tempera-
tures lower than 300 °C were considered as weak acid sites
[38].
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gi??elree:t :Jl;[l))orrzst:rjlrclllsc:;)tfalysts Catalysts Lattice pa'rameters Crystallite? size Lattice parameters Crystallite size
of Y zeolite (nm) of Y zeolite (nm) of CeO, (nm) of CeO, (nm)
USYy 24.48944 53.7 - -
HY 24.64311 74.3 - -
SSY 24.46676 70.7 - -
CeO, - - 5.40822 10.3
CeO,/USY 24.51076 50.7 5.39848 11.7
CeOy/HY 24.65695 71.7 5.41165 9.6
CeO,/SSY 24.51126 68.1 5.39948 12.4

CeOHY

CeOUSY
Ce0/88Y

CeO,

Ho Consumption(a.u)

200 300 400 500 600 700 800

Temperature('C)

Fig. 4 TPR profiles of the Y zeolites catalysts

CeO HY

HY
CeO/SSY

SSY

Signal TCD

CeO USY
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Temperature('C)

Fig. 5 NH;-TPD profiles of the Y zeolites catalysts

4 Conclusion

The purpose of this work is to evaluate the catalytic
activity of a series of CeO,/Y catalysts for deep oxida-
tion of DCE at lean concentration conditions (about

1,000 ppm) between 160 and 500 °C. The supports and
catalysts are characterized by XRD, N, adsorption/
desorption, and H,-TPR. The catalytic reaction results
indicate that: CeO,/USY and CeO,/SSY are the most
active catalysts, Togy, values of which are about 270 and
290 °C, respectively. The catalytic oxidation of DCE
occurs at relative low temperature. However, with this
rapid decomposition, the main intermediate C,H3Cl is
produced. C,H3Cl can be completely decomposed to
CO, and HCI at higher temperature. On CeO,/USY and
Ce0,/SSY, the peak temperature at which the maximum
concentration of C,H3Cl appears are lower, at about 300
and 280 °C, respectively. It shows that there is higher
dehydrochlorination performance on CeO,/USY and
CeO,/SSY during catalytic destruction of DCE. Charac-
terization results indicate that the interaction between
CeO, and Y zeolite directly affects the catalytic activity
of CeO,/Y catalysts. XRD analysis indicates that CeO, is
highly dispersed on the Y zeolite supports. The changes
of lattice parameters and crystallite size of Y zeolite and
CeO, on CeO,/Y catalysts directly affect the catalytic
activity of deep oxidation of DCE. TPR analysis indi-
cates that the interaction between CeO, and Y zeolite is
beneficial to the migration of bulk oxygen of the CeO,
structure, which can promote the catalytic activity of
C602/Y.
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