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The  performance  of various  CeO2/H-ZSM5  catalysts  was  evaluated  for the  oxidation  of  one  of  the  most
common  chlorinated  pollutants  found  in waste  streams,  namely  1,2-dichloroethane.  The  supported
samples  with  varying  CeO2 loading  (6–50  wt.%)  were  prepared  by impregnation  and  subsequently  cal-
cined  at  550 ◦C. Structural,  morphological  and  physico-chemical  changes  caused  by the  CeO2 addition
were  analysed  by  X-ray  diffraction,  transmission  electronic  microscopy,  N2-physisorption,  temperature-
programmed  desorption  of  ammonia  and  temperature-programmed  reduction  with  hydrogen.  The
hlorinated VOCs
atalytic oxidation
,2-Dichloroethane
upported cerium oxide catalyst
-ZSM5 zeolite

enhancement  of the  catalytic  behaviour  of  the resulting  samples  with  respect  to  plain  H-ZSM5  could
be  accounted  for on  the basis  of the  synergetic  role  played  by oxygen  mobility  and  acid  sites.  Hence,  an
optimum  cerium  loading  of  11  wt.%  was  found  with  a T50 value  around  210 ◦C. At  350 ◦C,  where conver-
sion  of  the  chlorinated  feed  is  about  99%,  the  major  oxidation  products  were  carbon  oxides  and  hydrogen
chloride  with  a reduced  presence  of  chlorinated  by-products  and  molecular  chlorine.  A relatively  good
catalytic  stability  was  noticed  during  80  h  time  on line.
. Introduction

The increased production and application of chlorinated volatile
rganic compounds (VOCs) have caused increased concerns over
roper disposal and control of these hazardous waste materials.
hese compounds have a high chemical and thermal stability, and
end to accumulate in the environment. Besides causing localised
dour problems, these pollutants are responsible for the increase
n ground-level ozone concentrations and the formation of sec-
ndary organic aerosols as well. Moreover, some compounds have

 carcinogenic, teratogenic or mutagenic character. For this reason,
n recent years legislation has been introduced in many countries
etting very low emissions limits in process exhaust gases [1].

Chlorinated VOCs have been produced commercially and used
or many purposes by the chemical industry including the man-
facture of herbicides, plastics, and solvents. Uses outside the
hemical industry include solvent degreasing in the automotive
nd aerospace industries, and dry cleaning solvents in the gar-

ent industries and precision solvent cleaning in the electronic

ndustries. When VOC emissions cannot be avoided, they ought
o be controlled by an appropriate end-of-pipe-device. If there

∗ Corresponding author. Tel.: +34 94 6015985; fax: +34 94 6015963.
E-mail address: ruben.lopez@ehu.es (R. López-Fonseca).

926-860X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.12.028
© 2011 Elsevier B.V. All rights reserved.

is no interest in recovering VOCs they are usually destroyed by
deep oxidation. However, as the VOC concentration is usually very
low (below 1000 ppm), direct combustion may  not be appropri-
ate. In conventional incineration methods temperatures exceeding
700 ◦C are required to obtain complete decomposition. This would
require a large amount of extra fuel to maintain the flame temper-
ature and may  produce toxic substances and NOx. Furthermore, the
combustion of chlorinated hydrocarbons presents additional com-
plications. For instance, chlorine-containing materials are known
to inhibit flame propagation and have low heats of combus-
tion. As a result, development of low-temperature (in the range
300–550 ◦C) processes for chlorinated waste disposal can offer
significant improvements over traditional thermal oxidation [2].
Catalytic deep oxidation is more selective and, as it requires less
heating, is more cost effective than direct combustion for treat-
ing oxygen-containing waste gases. As large gas volumes have to
be typically treated, this catalytic approach has to be performed
at very high space velocity (>10,000 h−1) and thus requires a very
active catalyst. A catalytic combustion process, if properly designed,
must lead to the complete destruction of all kinds of chlorinated
VOC including the harmful by-products, which can be produced by

an incomplete destruction of the starting chlorocarbon.

Supported noble-metal catalysts as well as (supported) metal
oxide catalysts are commercially applied for the oxidation process.
Alumina is most frequently employed as a carrier. Noble metals

dx.doi.org/10.1016/j.apcata.2011.12.028
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:ruben.lopez@ehu.es
dx.doi.org/10.1016/j.apcata.2011.12.028
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re powerful oxidation catalysts, but can easily form inorganic
hlorides, with deactivation as a likely consequence. Further-
ore, noble-metal chloride species could also cause chlorination

f organic compounds besides its oxidation [3,4]. Additional disad-
antages of this type of catalysts are associated with their high cost
nd limited availability. Metal oxide catalysts, such as chromium,
anadium and copper oxides, are reported to be suitable for this
rocess as well, although the lower activity and volatilisation of
etaloxychlorides can be serious drawbacks [3].  Thus substantial

fforts are currently being made to develop alternative catalysts
ith a comparable performance.

Recently, ceria-based bulk oxides have shown promising results
n the oxidation of chlorinated VOCs owing to their remarkable
edox properties (based on its high oxygen-storage capacity and
acile cycle of Ce4+/Ce3+), thermal stability and resistance to Cl-
oisoning [5–9]. Hence, it seems reasonable to expect that the
verall catalytic behaviour of the resulting Ce catalyst could be
oticeably improved by suitably supporting this active phase on

 carrier. Moreover, it was previously demonstrated that the sup-
ort itself can play a relevant role in enhancing the conversion
f the chlorinated hydrocarbons [10]. This promoting effect has
een typically associated with the acidic properties. In this work
ur attention was focused on the use of H-zeolites as an appropri-
te support. There is a wide range of zeolite structures available
ith variable aluminium concentrations, enabling zeolites with

pecific properties to be selected as catalyst support. The selec-
ion of H-ZSM5 zeolite for this work was justified on the basis
f previous reports where a number of zeolites including H-Y,
-ZSM5, H-MOR and H-BETA were examined in the oxidative
ecomposition of chlorinated hydrocarbons [11–13]. The better
atalytic behaviour was related to its relatively high internal sur-
ace area, strong acidity and three-dimensional channel system.

oreover, when compared with conventional (alumina and sil-
ca) supports Gutierrez-Ortiz et al. [14] found a highly active
ehaviour for H-ZSM5 supported Mn2O3 catalysts in the oxida-
ion of dichloromethane and trichloroethylene. Accordingly, Scire
t al. [15] observed a better catalytic behaviour for supported Pt
atalysts when H-ZSM5 zeolite was used as carrier with respect
o H-BETA and alumina in the combustion of chlorobenzene. In
his sense, Rachapudi et al. [16] also reported a good performance
f Cr/H-ZSM5 catalysts in the destruction of vinyl chloride and
richloroethylene although a partial loss of toxic chromium was
oticed.

In the present work the suitability of H-ZSM5 supported ceria
atalysts for the oxidation of 1,2-dichloroethane, which was  cho-
en as a model chlorinated VOC, was examined in a fixed-bed flow
eactor. 1,2-Dichloroethane (C2H4Cl2, DCE), also known as ethy-
ene dichloride, is probably one of the most important chlorinated
OC emitted in gaseous industrial waste streams since it is used as
n intermediate for the production of polyvinyl chloride, the most
roduced plastic in the world after polyethylene [17]. Less impor-
ant uses are as a solvent in textile cleaning and metal degreasing
nd paint remover, a starting material for paint, varnish, and finish
emovers, a cleaner for upholstery and carpets, a fumigant, a lead
cavenger in antiknock gasoline, and as a dispersant for plastics and
lastomers such as synthetic rubber [18].

. Experimental

.1. Catalysts preparation
The parent ZSM-5 zeolite (Si/Al = 27.3 as determined by XRF
nalysis [11]) was  supplied by Zeolyst Corp. The supported samples
ere prepared by impregnation of the zeolite (10 g) with aque-

us solutions (100 cm3) of cerium nitrate (Aldrich) for 4 h under
General 417– 418 (2012) 93– 101

vacuum conditions. Five samples with varying CeO2 loadings (6,
11, 17, 26 and 50 wt.%) were obtained. These were denoted as
CeO2(x)/H-ZSM5 where x is the CeO2 content. A pure ceria catalyst
was used as a reference for comparative purposes. This sample was
prepared by Rhodia using a proprietary precipitation route from the
nitrate precursor. The samples were then dried at 110 ◦C overnight
followed by calcination at 550 ◦C for 4 h in static air. Next, catalyst
pellets with a 0.3–0.5 mm diameter were prepared by a process
of compressing the oxide powders into flakes in a hydraulic press
(Specac), crushing and sieving. All the samples obtained prior to
catalytic activity and selectivity experiments were characterised
using several analytical techniques.

2.2. Characterisation techniques

The metal content in the catalysts was measured by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) in ARL
Fisons 3410 ICP equipment. Prior to analysis, the samples were
dissolved in an acid solution (HCl + HNO3) with small amounts
of HF. Textural properties were evaluated from the nitrogen
adsorption–desorption isotherms, determined at −196 ◦C with a
Micromeritics ASAP 2010 apparatus. The adsorption data recorded
from the amount of N2 physisorbed at different relative pressures
were treated with the full BET equation. The ‘t-plot’ method was
applied in order to obtain an estimation of the microporous vol-
ume  (Vmicro) and surface area (Smicro), and to determine the external
surface area (Sext).

X-ray diffraction (XRD) studies were carried out on a X’PERT-
MPD X-ray diffractometer with Cu K� radiation (� = 1.5406 Å) and
Ni filter. The X-ray tube was  operated at 30 kV and 20 mA.  Samples
were scanned from 5◦ < 2� < 80◦ and the X-ray diffraction line posi-
tions were determined with a step size of 0.02◦ and counting time of
2.5 s per step. Transmission electron microscopy (TEM) investiga-
tions were performed using a Philips CM200 microscope equipped
with LaB6 crystal as electron source and operating at 200 kV. Bright
field images were acquired using a high resolution CCD camera.
Drops of emulsions, created by sonication of the powder samples
in ethanol, were deposited on C coated Cu grids and left in air top
dry.

Temperature-programmed desorption (TPD) of ammonia was
performed on a Micromeritics Autochem 2920 instrument
equipped with a quartz U-tube coupled to a thermal conductiv-
ity detector. Prior to adsorption experiments, the samples (40 mg)
were first pre-treated in a 5%O2/He stream at 550 ◦C. Then, they
were cooled down at 100 ◦C in a He flow (20 cm3 min−1). Later,
the NH3 adsorption step was performed by admitting a flow of
10%NH3/He at 100 ◦C up to saturation. Subsequently, the samples
were exposed to a flow of helium (50 cm3 min−1) 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 550 ◦C
at a heating rate of 10 ◦C min−1 in a He stream (50 cm3 min−1). This
temperature was maintained for 120 min  until the adsorbate was
completely desorbed. The amount of gases desorbed was deter-
mined by time integration of the TPD curves. The gas stream at the
exit was on-line analysed by mass spectrometry (MS) in order to
verify the absence of NOx and/or water, which could be formed as
a result of ammonia oxidation during the run.

Redox behaviour was examined by temperature-programmed
reduction experiments (TPR). These experiments were conducted
on a Micromeritics Autochem 2920 instrument as well. Firstly, all
the samples were pre-treated in an oxygen stream (5%O2/He) at
550 ◦C for 1 h, and then cooled down to room temperature. The

reducing gas used in all experiments was  5%H2 in Ar, with a flow
rate of 50 cm3 min−1. The temperature range explored was from
room temperature to 950 ◦C with a heating rate of 10 ◦C min−1.
This temperature was  maintained for 0.5 h so as to complete the
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eduction process. The water produced by reduction was  trapped
nto a cold trap. The consumption of H2 was quantitatively was
uantitatively measured by time integration of TPR profiles.

The amount of coke present in the used samples was  determined
y means of dynamic thermogravimetry using Setaram Setsys Evo-

ution apparatus under atmospheric pressure coupled to a mass
pectrometer (Pfeiffer Prisma) (TGA-MS). The mass loss and the
ample temperature were continuously recorded by a comput-
rised data acquisition system. After an isothermal step at 150 ◦C
he combustion of coke was carried out from 150 to 900 ◦C at a con-
tant heating rate of 5 ◦C min−1. The oxidant stream was 5%O2/He
50 cm3 min−1) flowing downwards onto the cylindrical sample
older. The quantification of chlorine content was evaluated by
nergy disperse X-ray (EDX also known as EDS, or EDAX) analy-
is using a JEOL JSM-6400 scanning electron microscope coupled
ith analysis software INCA Energy 350 from Oxford Instruments.

.3. Catalyst activity determination

Catalytic tests were performed in a bench-scale fixed bed reac-
or (Microactivity modular laboratory system provided by PID
ng&Tech S.L.) operated at atmospheric pressure and fully moni-
ored by computer. The reactor was made of quartz with an internal
iameter of 10 mm and a height of 300 mm,  in which the tempera-
ure is controlled with a thermocouple place in the catalyst bed.
ypically 0.85 g of catalyst in powdered form (0.3–0.5 mm)  was
oaded. The reaction feed consisted of 1000 ppm of DCE in dry air

ith a total gas flow of 500 cm3 min−1. The amount and granulo-
etric fraction of catalyst and the total gaseous stream were chosen

n order to be in true kinetic regime, namely be out of the internal
nd external diffusion limits, and to reach a gas hourly space veloc-
ty of 15,000 h−1, which corresponds to the conditions usually met
n the exhaust gases from industrial units. Catalytic activity was

easured over the range 150–550 ◦C and conversion data were cal-
ulated by the difference between inlet and outlet concentrations.
he good reproducibility of the experimental data was  assessed on
he basis of replicate runs. Conversion measurements and product
rofiles were taken at steady state, typically after 30 min  on stream.
ither product selectivity was calculated based on either chlorine
r carbon atoms present in that product divided by the total chlo-
ine or carbon atoms present in the product stream (expressed as
). The feed and effluent streams were analysed using an on-line
980A Agilent Technologies gas chromatograph equipped with a
hermal conductivity (CO and CO2) and an electron capture detec-
or (chlorinated hydrocarbons). Analysis of HCl and Cl2 was carried
ut by means of ion selective electrode and titration, respectively.
urther details on analytical procedures are described elsewhere
19].

. Results and discussion

.1. Characterisation of the catalysts

Thermogravimetric analysis was preliminary conducted in
rder to determine the temperature for the oxidative decomposi-
ion of the precursor salt (cerium nitrate). As a result, the activation
rocedure could be defined so as to obtain the desired cerium oxide
CeO2). Several weight losses were recorded from 110 to 300 ◦C (not
hown here), though no further change in weight was observed at
igher temperatures. Thus, calcination at a temperature of at least
00 ◦C was required to convert cerium nitrate into cerium oxide.
Fig. 1 shows the XRD patterns of the prepared CeO2-zeolite cata-
ysts calcined at 550 ◦C. The patterns of the reference bulk samples
CeO2 and H-ZSM5) were also included for the sake of compari-
on. For all the supported samples the peaks attributed to CeO2
Fig. 1. XRD patterns of the CeO2/H-ZSM5 zeolite catalysts.

with a fluorite-like structure at 2� 23.6◦, 41.5◦, 54.4◦ and 60.1◦

could be clearly observed. These peaks were increasingly intense
with ceria content while the peaks associated with the H-ZSM5
zeolite markedly decreased [20]. In fact, in the case of the sample
with the highest CeO2 loading (50 wt.%), the signals correspond-
ing to the crystalline support were hardly visible, which suggested
that CeO2 was  probably poorly dispersed on the zeolite. The mean
diameter of the supported crystallites of CeO2, calculated from the
X-ray line broadening according to the Scherrer equation (Table 1),
monotonically increased with CeO2 loading from 6.3 to 9.9 nm.

TEM images included in Fig. 2 revealed that the cerium oxide
was preferentially deposited on the external zeolite surface since
ceria particles were too large to enter into the H-ZSM5 framework.
The fine particles were relatively spherical in shape and each parti-
cle was  found to be an aggregate of nanocrystallites. As revealed by
both XRD and TEM results low loadings of CeO2 (6–11 wt.%) led to
a higher dispersion and a smaller crystallite size. In contrast, when
the Ce content was larger the dispersion markedly decreased owing
to the formation of conglomerates [21]. Table 1 summarises the
textural properties of the zeolite catalysts in terms of specific sur-
face area and pore volume. As a rule, it was noticed that, the more
CeO2 content was  impregnated, the more surface loss was observed
(from about 465 m2 g−1 for the bare support to around 270 m2 g−1

for CeO2(50)/H-ZSM5). In line with XRD analysis this observation
was related to steric effects that provoked a reduction of the free
channel passage inside the zeolite framework. Consequently some
of the micropores of the H-ZSM5 zeolite were blocked as revealed
by the decrease in the microporous surface area.

Temperature-programmed desorption of ammonia was used to
characterise the overall acidity and the acid strength distribution
of the catalysts (Fig. 3). On-line MS  analysis confirmed that NH3
was the only species in the exit stream. Thus, the possibility of NH3
combustion over metal catalysts was  ruled out. The area under the
curve gave an estimation of the total amount of acid sites in each

sample (Table 2). It was noticed that the acidity of the samples con-
taining up to 26 wt.%CeO2 (484–558 �mol  NH3 g−1) was  relatively
similar to that of the bare support (490 �mol  NH3 g−1). Even a slight
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Table  1
Textural properties of the CeO2/H-ZSM5 zeolite catalysts.

Catalyst SBET (m2 g−1) SEXT (m2 g−1) Smicro (m2 g−1) Vmeso (cm3 g−1) Vmicro (cm3 g−1) dCeO2 (nm)

H-ZSM5 464 58 406 0.086 0.157 –
CeO2(6)/H-ZSM5 428 58 370 0.073 0.155 6.3
CeO2(11)/H-ZSM5 422 58 364 0.099 0.138 7.6
CeO2(17)/H-ZSM5 405 49 356 0.096 0.129 9.0
CeO2(26)/H-ZSM5 391 67 324 0.151 0.123 9.8
CeO2(50)/H-ZSM5 270 58 212 0.220 0.075 9.9
CeO2 99 – – 0.210 – 9.0

Fig. 2. TEM images of the CeO2/
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Fig. 3. NH3-TPD profiles of the CeO2/H-ZSM5 zeolite catalysts.
H-ZSM5 zeolite catalysts.

increase was observed in some cases (6 and 11 wt.%CeO2) proba-
bly due to the contribution of the inherent acidity of the deposited
small CeO2 crystallites. Note that pure ceria was  characterised by
a substantial overall acidity (about 110 �mol  NH3 g−1). As for the
CeO2(50)/H-ZSM5 sample the acidity notably decreased owing to
the major loss of surface area as a result of pore blockage [22]. In
general, the TPD curves presented two distinct desorption peaks.
The first peak that appeared at approximately 200 ◦C, was indica-
tive of the presence weak sites, whereas the second one, located

at around 380 ◦C, could be related to the presence of strong acid
sites. In order to quantify the number of acid sites the profiles
were deconvoluted into two  Gaussian-like peaks (exceptionally

Table 2
Acidic properties of the CeO2/H-ZSM5 zeolite catalysts.

Catalyst Total acidity
(�mol  NH3 g−1)

Weak
acidity (%)

Strong
acidity (%)

H-ZSM5 490 49 51
CeO2(6)/H-ZSM5 558 49 51
CeO2(11)/H-ZSM5 562 50 50
CeO2(17)/H-ZSM5 491 50 50
CeO2(26)/H-ZSM5 484 50 50
CeO2(50)/H-ZSM5 323 46 54
CeO2 112 40 60
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Fig. 4. H2-TPR profiles of the CeO2/H-ZSM5 zeolite catalysts.

he profile corresponding to pure ceria was deconvulted into four
aussian-like peaks). It was noticed that the acid strength distri-
ution (relative amount of weak and strong acidity) was hardly
odified by CeO2 deposition, and that it was about 1:1 (virtually

dentical for all supported samples). It should be also pointed out
hat no evident change of peak temperatures in TPD profiles was
oticed. This observation was in line with the results reported by
ugi et al. [22]. Previous results on pyridine adsorption followed
y DRIFTS evidenced that H-ZSM5 zeolites contained both types of
cid sites (Brønsted and Lewis), but predominantly Brønsted sites
11,23,24]. In contrast, the cerium pure oxide presented Lewis acid
ites [25].

Cerium oxide is characterised by its oxygen storage capacity as
 result of its facile redox system (Ce4+/Ce3+). The redox properties
f the catalysts were thus examined by TPR with hydrogen. Fig. 4
hows the TPR profiles of CeO2/H-ZSM5 catalysts along with that of
ure ceria. It could be seen that the pure CeO2 sample displayed a
road reduction profile with a low-temperature H2 peak centred at
round 480 ◦C, which was attributed to the reduction of the upper-
ost layers of Ce4+, and a high-temperature H2 peak centred at

70 ◦C approximately, which was associated with the bulk ceria
eduction [5].  Note that no appreciable hydrogen consumption was
bserved for the parent H-ZSM5 zeolite (not shown in Fig. 4). As for
he eventual presence of Ce3+ in calcined CeO2/H-ZSM5 samples it
as assumed that this could be considered negligible. In this sense,
artinez-Arias et al. [26] established a model of the characteristics

f ceria entities present in CeO2/�-Al2O3 samples with a varying
eria content (1–39 wt.%). A multi-technique approach evidenced
hat ceria entities mostly contained Ce as Ce4+.

For the ceria supported catalysts the reduction of surface Ce4+

resent in dispersed ceria crystallites was seen to occur at slightly
ower temperatures (250 ◦C) as compared with pure ceria (300 ◦C).
owever, in this case two reduction peaks instead of a single
ne were clearly visible at 400 and 500 ◦C, respectively. Also two
eduction peaks were noticeable in the high-temperature range
>650 ◦C). These two peaks were tentatively assigned to the reduc-
ion of bulk ceria (800 ◦C) and the reduction of Ce4+ to form bulk

eAlO3 phase (950 ◦C) [27–31].  It is believed that CeAlO3 may  be
ormed by the partial reaction of cerium with aluminium (probably
xtraframework aluminium) from the zeolite under reductive con-
itions. The extent of this transformation was observed to be larger
General 417– 418 (2012) 93– 101 97

with increasing cerium loading. In an attempt to verify the forma-
tion of cerium aluminate during the TPR run a bulk Ce/Al sample
was synthesised according to the following procedure. An aqueous
mixture of cerium nitrate and aluminium nitrate with a Ce:Al molar
ratio of 1 was prepared. The solution was dried at 110 ◦C and the
solid was  then calcined at 550 ◦C in static air. Subsequently the sam-
ple was  submitted to a temperature-programmed reduction under
the same experimental conditions. The TPR profile of this sample is
included in Fig. 4 and revealed a noticeable H2 consumption in the
900–950 ◦C window according to the following reaction

2CeO2 + Al2O3(H-ZSM5) + H2 → 2CeAlO3 + H2O (1)

XRD analysis of this reduced (uniformly green in colour) sam-
ple revealed the formation of CeAlO3 (JCPDS 28-0260) with distinct
diffraction lines at 2� 23.6◦, 33.6◦ and 41.5◦ [32]. Note that most of
the peaks corresponding to CeAlO3 either overlap on or are very
close to those of CeO2. The CeO2(26)/H-ZSM5 and CeO2(50)/H-
ZSM5 samples after TPR were analysed by XRD in order to detect the
formation of CeAlO3. Apparently, the main diffraction peaks of this
species were not observed probably due to its relatively reduced
formation and/or small crystallite size.

The amount of H2 consumed during reduction was evidently
larger with CeO2 loading on the supported catalysts (Table 3). The
CeO2(11)/H-ZSM5 sample exhibited the largest hydrogen uptake
per gram of cerium. This involved a promoted Ce4+ reduction
between 350 and 550 ◦C. The values of H2 consumption, which is
a direct measurement of the amount of oxygen evolved from the
sample, are useful for calculating the amount of Ce3+ formed during
reduction (nCe3+ ) [33]. The values of the percentage of Ce3+ (%Ce3+)
referred to the cationic sublattice are estimated according to the
following equation

%Ce3+ = nCe3+

nCeT

× 100 (2)

where nCeT is the amount of cerium ions in 1 mol  of the oxide
(nCeT is equal to 1 for CeO2) is equal to 1 for CeO2). On the
other hand, since the stoichiometry of the reduction process estab-
lishes that the formation of two  Ce3+ ions corresponds to the
simultaneous formation of one oxygen vacancy [34], the amount of
oxygen vacancies (nOV) in 1 mol  of oxide can be therefore calculated
as

nOV = nCe3+

2
(3)

The percentage of oxygen vacancies (%OV) corresponds to the
percentage of vacancies present in the sample, with the anionic
sublattice as a reference. This is equal to

%OV = nOV

nOT
× 100 (4)

where nOT is the amount of oxygen sites in 1 mol  of oxide. As
nOT is equal to 2 (2 mol  of oxygen sites for 1 mol of oxide), from
Eqs. (2)–(4),  the percentage of oxygen vacancies referred to the
total amount of oxygen atoms initially present in the oxide can be
obtained as follows

%OV = %Ce3+

4
(5)

The %OV is an interesting parameter to discuss on the basis
of the labile oxygen for the catalytic reaction since it represents
the amount of oxygen available for the catalytic oxidation of the

chlorinated molecules [7]. Table 3 lists the %OV values after the
reduction process up to 350 and 550 ◦C. The CeO2(11)/H-ZSM5 cat-
alyst showed the highest values at both low and high reduction
temperatures.
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Table  3
Redox properties of the CeO2/H-ZSM5 zeolite catalysts.

Catalyst H2 consumption (�mol  H2 g cat−1) H2 consumption (�mol  H2 g CeO2
−1) %OV

350 ◦C 550 ◦C 350 ◦C 550 ◦C 350 ◦C 550 ◦C

H-ZSM5 – – – – – –
CeO2(6)/H-ZSM5 4.56 78.8 76.1 1312.5 0.65 11.3
CeO2(11)/H-ZSM5 18.53 160.0 168.4 1454.9 1.45 12.52
CeO2(17)/H-ZSM5 24.64 160.9 145.0 946.4 1.25 8.14
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CeO2(26)/H-ZSM5 26.41 198.4 

CeO2(50)/H-ZSM5 33.75 293.6 

CeO2 40.05 344.1 

.2. Catalytic activity

The oxidation of 1,2-dichloroethane at constant weight
ourly space velocity (635 g h molDCE

−1) and feed concentration
1000 ppm in air) was chosen as a measure to evaluate the per-
ormance of the synthesised catalysts. Typically, catalytic activity
as characterised by monitoring the rise in conversion as a func-

ion of temperature under given test conditions. A characteristic
urve, referred to as the light-off or ignition curve, was obtained. T50
temperature at which 50% conversion was reached) was used as
n indicative of the relative reactivity of the catalysts. Fig. 5 shows
he light-off curves of the various H-ZSM5 supported ceria cata-
ysts. Also the curves corresponding to the plain H-ZSM5, pure CeO2
nd CeAlO3 were included for the sake of comparison. These sam-
les were previously subjected to a calcination procedure similar
o that of the supported catalysts. The possibility of homogeneous
as phase reactions at the reaction temperature range studied
as checked through an experiment placing crushed quartz into

he reactor tube. It was found that all the catalysed reactions
eeded lower reaction temperatures than the homogenous reac-
ion (>400 ◦C) irrespective of the catalyst examined.

The bare zeolite exhibited a noticeably better conversion with
espect to the pure cerium oxide (with a shift of about 100 ◦C). This

ighly active behaviour suggested that acidity played a relevant
ole in the activation of the reactant molecule [14]. However, as
ill be shown later, a disadvantage of plain H-ZSM5 as a catalyst

or the oxidation of DCE is that CO is formed, while CO2 is preferred,
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ig. 5. Light-off curves of DCE oxidation over the CeO2/H-ZSM5 zeolite catalysts.
110.0 826.8 0.95 7.12
68.9 599.2 0.59 5.16
40.0 344.1 0.34 2.96

and that it will lose its activity by deposition of carbonaceous mate-
rial [11]. Interestingly, the addition of CeO2 to the zeolitic support
significantly increased the activity for DCE oxidation, decreasing
T50 from 250 to 210 ◦C (Table 4). This suggested a beneficial syn-
ergy between CeO2 species and H-ZSM5 zeolite for the activation
of oxygen species of the ceria crystallites [35]. Thus it is believed
that the reaction was  markedly accelerated owing to the simulta-
neous participation of the acid (mostly Brønsted-type) sites of the
zeolite (where the chlorinated feed was  efficiently adsorbed) and
the redox sites from the metal phase (oxidation of the adsorbed
feed with lattice oxygen anions) [6]. Although it could be a priori
expected that increasing amounts of CeO2 would lead to increas-
ing activity of the catalysts, results included in Fig. 5 evidenced
that there was an optimum Ce content (11 wt.%) for the investi-
gated H-ZSM5 supported catalysts. Furthermore the activity of the
CeO2/H-ZSM5 catalysts was  essentially independent of the Ce load-
ing over the range 26–50 wt.%. On the hand, it must be pointed out
that the catalytic activity of CeAlO3 was  markedly lower in com-
parison with CeO2 and ZSM-5 based catalysts with T50 and T90 of
385 and 450 ◦C, respectively.

From the characterisation results it is thought that the catalytic
activity is governed by the degree of Ce4+ reduction at low temper-
atures, which in turn depends on the crystallite size, along with the
acidity of the resulting catalyst. The optimal combination of these
features appears to be achieved for the sample CeO2(11)/H-ZSM5.
In an attempt to clarify the influence of these two key catalytic prop-
erties of the zeolite supported ceria catalysts Figs. 6 and 7 illustrate
the relationship between the catalytic activity (in terms of T50) and
the %OV parameter and the overall acidity, respectively. From these
graphs it is clearly observed that an effective oxygen mobility via
Ce4+ → Ce3+ is more crucial for a high catalytic activity provided
that deposition of CeO2 does not lead to a substantial decrease in
the intrinsic acidity of the zeolite support.

4. Product distribution

High conversion is not the only criterion for determin-
ing good chlorinated VOC destruction catalysts. It is indeed

useful to provide some basic information about the nature
and the amount of reaction products, as the combustion of
chlorinated VOCs may  be accompanied by the concomitant pro-
duction of carbon monoxide and highly chlorinated by-products,

Table 4
T50 values (◦C) for DCE oxidation over the CeO2/H-ZSM5 zeolite catalysts.

Catalyst T50 (◦C) T90 (◦C)

H-ZSM5 250 290
CeO2(6)/H-ZSM5 225 260
CeO2(11)/H-ZSM5 210 260
CeO2(17)/H-ZSM5 225 270
CeO2(26)/H-ZSM5 230 270
CeO2(50)/H-ZSM5 230 275
CeO2 320 395
CeAlO3 385 450
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Fig. 6. Relationship between T50 and %OV for the CeO2/H-ZSM5 zeolite catalysts.
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sometimes more toxic and recalcitrant than the starting material.
DCE oxidation gave rise to CO2, CO, HCl and Cl2 as major prod-
ucts. Nevertheless, the decomposition was accompanied by the
generation of methyl chloride and vinyl chloride at mild temper-
atures (between 175 and 375 ◦C) according to Eqs. (6)–(9) (Fig. 8).
These chlorinated intermediates were formed by partial oxida-
tion and dehydrochlorination of the feed molecule, respectively.
The peak concentrations were 200–225 ppm (200 ◦C) for methyl
chloride and 100–120 ppm (250 ◦C) for vinyl chloride. In addition,
reduced quantities (<20 ppm) of trans-1,2-dichloroethylene, cis-
1,2-dichloroethylene, trichloroethylene and tetrachloroethylene
were also identified. Other authors found acetic acid and acetalde-
hyde in the product stream over CeO2/Y catalysts [36], which was
consistent with the proposed mechanism for DCE oxidation [25].
However, these species were not detected in our experiments prob-
ably due to the high activity of the examined catalysts for the
oxidation of these compounds to yield carbon oxides and hydrogen
chloride/molecular chlorine.

C2H4Cl2 → C2H3Cl + HCl (6)

C2H3Cl + 5/2O2 → 2CO2 + HCl + H2O (7)

C2H4Cl2 + O2 → CH3Cl + HCl + CO2 (8)

CH3Cl + 3/2O2 → CO2 + HCl + H2O (9)

Apart from enhancing DCE conversion, which could be ranked
as moderate, the deposition of CeO2 crystallites on the zeolitic sup-
port resulted in slightly lower amounts of chlorinated by-products.
What was  more important was that these were abated at signifi-
cantly lower temperatures. Note that the deep decomposition of the
by-products generated over H-ZSM5 required temperatures higher
than 450–500 ◦C. In addition, the increased yield of vinyl chloride
can cause deactivation by coking, as it can readily polymerise to
form carbonaceous residues [11].

At 350 ◦C, where DCE decomposition was almost complete
(>99%) over the supported catalysts and the yield of chlorinated
by-products was appreciably low (<10 ppm), the chlorine atoms
present in the feed were preferentially converted into hydrogen
chloride leading to HCl selectivity values higher than 90% over
CeO2(6)/H-ZSM5, CeO2(11)/H-ZSM5 and CeO2(17)/H-ZSM5 cata-

lysts (Table 5). In contrast, the selectivity decreased to 80% over
CeO2(25)/H-ZSM5 and 72% over CeO2(50)/H-ZSM5. If the reaction
temperature is increased the formation of hydrogen chloride is
inhibited in favour of molecular chlorine. This observation was  a
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 profiles over the CeO2/H-ZSM5 zeolite catalysts.
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Table  5
Selectivity values (%) to CO2, CO, HCl and Cl2 over the CeO2/H-ZSM5 zeolite catalysts
as  a function of temperature.

T (◦C) SHCl SCl2 SCO2 SCO

CeO2(6)/H-ZSM5
250 54 0 17 4
300  70 0 29 66
350 95 3 30 70
400  68 32 33 67
500  47 53 39 61
550  56 44 49 51

CeO2(11)/H-ZSM5
250 60 0 26 30
300 79 1 33 65
350  92 6 35 65
400  69 31 41 58
500  45 55 51 48
550 54 46 63 37

CeO2(17)/H-ZSM5
250 55 1 18 35
300 73 1 27 70
350  91 6 27 72
400 66 34 32 68
500  46 54 43 57
550  50 50 56 44

CeO2(26)/H-ZSM5
250 54 0 25 35
300 66 0 28 50
350  80 15 33 64
400 50 49 37 63
500  43 57 43 56
550  48 52 54 46

CeO2(50)/H-ZSM5
250 42 0 25 33
300 57 8 30 57
350  72 18 41 58
400 49 51 43 56
500  45 55 54 46
550  48 52 66 34

H-ZSM5
250  54 0 0 0
300 70 0 6 19
350  75 0 10 21
400  82 1 15 35
500  98 2 30 70
550  91 9 31 69

CeO2

250 7 1
300 37 18 10 3
350  27 25 25 7
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400  27 30 52 17
500  41 58 68 24
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onsequence of the occurrence of the so-called Deacon reaction
2HCl + O2 ↔ Cl2 + H2O), which was activated at high temperatures

ainly over ceria-rich supported catalysts. Thus, at 500–550 ◦C
l2 selectivity values as high as 55–60% were obtained over
eO2(26)/H-ZSM5 and CeO2(50)/H-ZSM5. On the other hand, all
upported ceria catalysts converted DCE at 300–350 ◦C to give rise
Ox as major carbon-containing oxidation products (Table 5). The
elative CO/CO2 ratio was about 70:30. At higher temperatures and
etal content the oxidation of CO to CO2 was favoured, and as a

esult significantly higher CO2 selectivity values could be attained
anging from 50 to 66%. Note that CO2 selectivity at 550 ◦C over
lain H-ZSM5 was only 30%. In view of the results on the cat-
lytic behaviour of CeO2/H-ZSM5 samples the main drawback of
hese catalysts is probably the high selectivity to CO instead of
O2. Adding water to the feedstream has been shown to be an effi-
ient strategy to significantly increase the selectivity to CO2 [37].

nother option could be that based on the addition of a second
ctive metallic phase such as cobalt (with a known high activity
or CO oxidation), but undesired side effects may  appear, for exam-
le, an increase in Cl2 yield (due to the occurrence of the Deacon
Fig. 9. DCE oxidation over CeO2(11)/H-ZSM5 sample at 225 ◦C as a function of time
on stream.

reaction) and/or the formation of highly chlorinated by-products
due to further chlorination of the feed [19].

5. Catalyst stability and characterisation of used samples

The stability of the most active sample, namely CeO2(11)/H-
ZSM5, was investigated by analysing the evolution of conversion
with time on stream at 225 ◦C for 80 h. This temperature was
selected as it provoked a conversion of less than 100%, thus
providing a more sensitive indication of changes of the catalyst per-
formance with time on line. The used catalysts were characterised
by BET measurements, dynamic thermogravimetry, XRD and EDX.
A slight deactivation with a decrease in conversion from 60 to 51%
was observed as shown in Fig. 9. The decline in conversion was
evident during the initial 5 h interval while conversion remained
reasonably stable at longer time on stream. This behaviour was  in
agreement with the results reported by Huang et al. [38] for the
oxidation of DCE over CuO/CeO2/USY zeolite catalysts. Note that
the generation of chlorinated by-products as well the selectivity to
CO/CO2 and HCl/Cl2 remained unaffected with extended time on
line.

Probably the deposition of coke, about 2 wt.% as quantified by
themogravimetry, was responsible for this decrease in activity. It
is thought that the loss in activity caused by coking at longer time
intervals was minimal because the amount of deposited coke was
not increased with time. Probably there was a balance between the
rate of coke formation (polymerisation of vinyl chloride) and the
rate of partial coke combustion which could result in a constant
accumulated amount of carbonaceous deposits. Hence, this balance
was reflected by a lower but constant conversion. Note that coke
started to oxidise, as revealed by dynamic thermogravimetry cou-
pled to mass spectrometry, at about 175 ◦C. It was then reasonably
to expect that combustion of coke may  occur to a significant extent
during DCE oxidation. TGA-MS analysis also revealed that these
carbonaceous deposits could be completely burnt off at tempera-
tures lower than 550 ◦C to yield CO2 as deep oxidation product. This
observation was  important for the eventual regeneration step since
it did not require excessively high temperatures which could induce
a structural collapse of the zeolitic support and/or sintering of CeO2

crystallites. On the other hand, the BET surface area of the spent
catalyst was  seen to decrease by 12%. XRD analysis revealed that
the framework was  preserved, thereby evidencing a relatively good
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tructural stability. Moreover, EDX analysis indicated the presence
f a relatively reduced amount of Cl on the samples about 0.5 wt.%.

. Conclusions

In this paper a series of H-ZSM5 supported CeO2 samples with
arying metallic loading (6–50 wt.%) were examined for the com-
ustion of 1,2-dichloroethane, which is one of the most frequently
hlorinated pollutants found in industrial processes. When com-
ared with the plain support and the bulk cerium oxide the activity
f the prepared catalysts was markedly higher irrespective of the
erium content. The combination of acidic and oxidising proper-
ies was responsible for their catalytic performance. From catalyst
tructure-activity relationships it could be established that cat-
lytic activity was primarily governed by a more effective oxygen
obility of the deposited ceria crystallites. Overall acidity and

cid strength distribution appeared to be of secondary importance.
his bifunctional character was optimised for the supported sam-
le with a CeO2 content of 11 wt.%. This sample not only lowered
he oxidation temperature, with a T50 value of 210 ◦C operating at
5,000 h−1, but also substantially reduced the formation of chlo-
inated intermediates, mainly vinyl chloride and methyl chloride.
nterestingly, both chlorinated feed and by-products were abated
t sufficiently low temperatures (<350 ◦C). As a consequence, the
ain chlorinated deep oxidation was hydrogen chloride instead of
olecular chlorine since the Deacon reaction was not markedly

ctivated. However, the main disadvantage was  related to an
ncomplete selectivity to CO2. Finally, preliminary stability studies
evealed that, although a certain decrease in conversion was  noted
ainly due to coking, the CeO2(11)/H-ZSM5 catalyst remained sta-

le during 80 h time on line.
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