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Abstract

The paper reports on the performance of chromium or/and copper supported on H-ZSM-5 (Si/Al = 240) modified with silicon tetrachloride
(Cr1.5/SiCl4-Z, Cu1.5/SiCl4-Z and Cr1.0Cu0.5/SiCl4-Z) as catalysts in the combustion of chlorinated VOCs (Cl-VOCs). A reactor operated at a gas
hourly space velocity (GHSV) of 32,000 h−1, a temperature between 100 and 500◦C with 2500 ppm of dichloromethane (DCM), trichloromethane
(TCM) and trichloroethylene (TCE) is used for activity studies. The deactivation study is conducted at a GHSV of 3800 h−1, at 400◦C for up to
12 h with a feed concentration of 35,000 ppm. Treatment with silicon tetrachloride improves the chemical resistance of H-ZSM-5 against hydrogen
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hloride. TCM is more reactive compared to DCM but it produces more by-products due to its high chlorine content. The stabilization
ttributed to resonance effects. Water vapor increases the carbon dioxide yield through its role as hydrolysis agent forming reactive carband
cting as hydrogen-supplying agent to suppress chlorine-transfer reactions. The deactivation of Cr1.0Cu0.5/SiCl4-Z is mainly due to the chlorinatio
f its metal species, especially with higher Cl/H feed. Coking is limited, particularly with DCM and TCM. In accordance with the M
revelen model, the weakening of overall metal reducibility due to chlorination leads to a loss of catalytic activity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chlorinated volatile organic compounds (Cl-VOCs) are
mportant environmental pollutants due to their high toxicity,
nertness and widespread application in industries[1–3]. Cat-
lytic combustion is a viable technology for the abatement of
OC in an air stream and a packed bed reactor is the most com-
only used type of reactor. However, it should be noted that there
as been an introduction of innovative reactors, such as a fleece
eactor by Everaert et al.[4,5] to serve the same purpose. Despite
eing relatively more reactive compared to non-chlorinated
omologues, catalytic combustion of Cl-VOC still faces sev-
ral drawbacks[1]. Depending on reaction conditions, chlorine-

ransfer reactions could significantly occur with unsuitable type
f catalyst to produce high molecular weight chlorinated by-
roducts[2,6,7]. Oxidation of Cl-VOC also produces hydrogen
hloride (HCl), and sometimes, molecular chlorine (Cl2), which

∗ Corresponding author. Tel.: +604 594 1012; fax: +604 594 1013.
E-mail address: chzuhairi@eng.usm.my (A.Z. Abdullah).

can attack and deactivate the catalyst. Hydrogen-lean Cl-V
are often less reactive and tend to cause the occurrence of
chlorinated substances in the product stream[8].

The reactivity of Cl-VOCs is governed by several fact
Chlorine is an electron-pulling atom due to its high electron
ativity and can induce electron clouds in the chemical bo
leading to changes in the reactivity of the molecule. It also h
lone pair of electrons to interact, and can sometimes, be inv
in the formation of chemical bonds with adjacent atoms[9].
The presence of double bonds in a Cl-VOC molecule m
induce resonance that can also affect the stabilization o
molecule[10]. In addition, an increasing number of chlor
atoms in an organic molecule also affects its reactivity and
finding should be explained based on the understanding o
intra-molecular electronic flow during the combustion proc
[6].

Larger molecules will generally have to undergo more
dation steps to completely break their molecules and ultim
produce carbon dioxide and water. In this longer process
under specific conditions, there will be more opportunity
chlorine-transfer reactions to take place. In fact, the low ca
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.05.051
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Nomenclature

a activity
Fv,in, Fv,out molar flow rates of VOC (mol/s)
−r′

t rate of reaction (mol/(s gcat))
t time on stream (h)
Wcat weight of catalyst (g)

dioxide yield in the combustion of higher molecular weight Cl-
VOC is reported by most researchers investigating this matter
[1,6,8]. An incomplete combustion will also lead to the forma-
tion of higher molecular weight by-products, often, chlorinated
ones[1,5]. These undesirable by-products always occur with
most of the catalyst, especially at low conversion, low oxygen
concentration, high feed concentration and high Cl/H ratio Cl-
VOCs[6,11,12].

Water vapor is known to inhibit the combustion of Cl-VOCs
[7], decrease the by-product formation[6] and improve the selec-
tivity towards HCl, while suppressing the formation of molecular
chlorine[13]. However, the role of water vapor in the combustion
mechanism and the reactivity of Cl-VOCs leading to changes in
the products distribution is rarely reported. Gervasini et al.[8]
reported that hydrogen-lean substances, such as carbon tetra-
chloride could be partially destroyed in the absence of oxygen in
a gas of high humidity. It was suggested that the water molecul
could hydrolyze Cl-VOC in the presence and absence of oxygen
The rate and extent of this reaction were determined by the chem
ical nature of the feed, but might be influenced by the reaction
temperature. Water vapor also can play a role as a polar solve
that increases the mobility of the chloride anion, the effect of
which is expected to suppress chlorine-transfer reactions an
minimize catalyst deactivation[7].

Catalyst deactivation in Cl-VOC combustion is mainly
ascribed to physical and chemical changes occurred on th
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(a) oxidation of the metal species by oxygen from the gas phase;
(b) reduction of the oxidized metal species by the VOC or its

intermediates.

This model assumes the reaction to occur when an organic
molecule interacts with an oxygen-rich portion of the catalyst
[17,19]. The form of the oxygen in the catalyst could be the
chemisorbed oxygen on metal sites, especially those showing
multiple oxidation states[18,20]. The particular portion of the
catalyst will be alternately reduced by the organic reactant and
reoxidized by the oxygen in the feed. A more detail discussion
on the application of this model in VOC combustion reaction
is available in our previous reports[21,22]. An investigation
on the reducibility of the metal species upon reaction with Cl-
VOC, hence, will create a better understanding of the catalyst
deactivation phenomena in the combustion process.

Despite being reported to be the most active transition metal
for VOC combustion, the high toxicity of chromium is its main
disadvantage[5,8,10,18]. Therefore, research on finding a com-
bustion catalyst with lower chromium content through a com-
bination with relatively non-toxic metals is a worthwhile effort.
Several metal combinations have been tested for the combustion
of non-chlorinated and chlorinated VOCs and a review by Ever-
aert et al.[5] provides good information on important findings. In
the present study, a combination of chromium and copper was
used. Our previous result showed that with this combination,
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f a zeolite-supported catalyst can originate from interac
etween chlorine atoms with certain sites in the suppor
onsequently cause the formation of defects in the frame
14]. Generally, chlorinated molecules can selectively attac
l O bonds in the zeolite framework to form aluminum ch

ide [15]. Changes in the active metal species are primarily
o the formation of metal chlorides that are less efficient in
lyzing the combustion reaction[6]. The occasional formatio
f highly volatile oxychloride species, leading to the loss
ctive metal from the catalyst, has been reported by Pad
l. [1]. However, the type and contribution of each mechan
f catalyst deactivation vary with the catalyst system empl

n the combustion process[5,12,16].
The Mars–van Krevelen model is the most reliable m

escribing the VOC combustion reaction[12,17,18]. It is a
odel consisting of a set of model equations that origin

rom a mechanistic representation of the combustion reac
ccording to this model, the combustion reaction occurs acc

ng to two separate redox schemes:
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he carbon dioxide yield in the combustion of non-chlorina
OCs was improved, while the coking activity was suppre

22]. The present paper, therefore, is extended to Cl-VOC. A
ompared to mordenite and beta, ZSM-5 was found to b
ost promising zeolite support for VOC combustion due t

haracteristic pore system, high hydrothermal stability and
oking tendency[23].

A silicon tetrachloride treatment on H-ZSM-5 was also fo
o improve the hydrothermal stability of the zeolite with f
her suppression on the coking tendency of the catalyst[22]. In
he activity study, dichloromethane (DCM), trichlorometh
TCM) and trichloroethylene (TCE) were used as Cl-V
odel compounds due to differences in their chemical na
mphasis is paid to characterizing changes either of the a
etal species or of the zeolite support, and the consequent e
n the activity and deactivation behavior of the bimetallic
lyst. The role of water vapor in the combustion of Cl-VOC
lso elucidated.

. Experimental methods

.1. Preparation of the catalyst support

The ZSM-5 (Si/Al = 240) zeolite sample was supplied
üd-Chemie AG in its sodium form. H-ZSM-5 (coded H
as prepared through exchanging the Na+ cation by NH4

+ in
2.25 M NH4Cl for 12 h followed by filtration, drying an

alcination at 500◦C for 3 h. The chemical modification
-ZSM-5 was performed by reacting the H-ZSM-5 sample w
ilicon tetrachloride vapor in nitrogen at 50 ml/min and 500◦C
or 3 h. The modified ZSM-5 sample was then subjected to



A.Z. Abdullah et al. / Journal of Hazardous Materials B129 (2006) 39–49 41

leaching to remove extra framework species using a 2 M HCl
solution at 60◦C for 2 h, followed by filtration, washing with
deionized water and drying. Hereafter, the silicon tetrachloride-
modified zeolite support is coded as SiCl4-Z. In our study, the
extent of dealumination after the silicon tetrachloride treatment
was found to be dependent on the procedure and conditions of
the chemical treatment used. However, the discussion of this
process is beyond the scope of the present paper. A more detail
discussion on the dealumination of H-ZSM-5 is, however,
available in our recent papers[22,24].

2.2. Resistance of ZSM-5 support against gaseous HCl

In order to study their suitability to act as the catalyst support
in the combustion of chlorinated VOC, the chemical resistance
of the modified and unmodified ZSM-5 support against hydro-
gen chloride was demonstrated using the method proposed by
Kulażyński et al.[25]. First, the support material was heated in
the reactor at 400◦C, while an air flow at 50 ml/min was passed
through the reactor for 4 h. This air stream was previously passed
through a saturator containing concentrated HCl.

2.3. Preparation of impregnated catalysts

The single and bimetallic impregnated catalysts were pre-
pared via the impregnation method of Zhang et al.[26], Paulis
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Fig. 1. Schematic diagram of the experimental setup.

the separation of carbon monoxide was achieved by means of a
molecular sieve 5 A column.

The performance of the catalyst was assessed on the basis of
the conversion and carbon dioxide yield determined at a total
feed flow rate of 250 ml/min with a corresponding GHSV of
32,000 h−1. The feed Cl-VOC concentration was kept constant
at 2500 ppm of DCM, TCM or TCE. All the experiments were
carried out at reaction temperatures between 100 and 500◦C
with feeds containing 18.3% of oxygen (excess oxygen). In
this study, all operating variables of the reactor were purposely
selected in order to avoid the complete conversion or 100% car-
bon dioxide yield below 500◦C. The main objective was indeed
to compare the performance of the catalyst on the basis of these
two parameters. Generally, higher conversion and carbon diox-
ide yield could be easily achieved if the GHSV were reduced, if
the feed Cl-VOC concentration were increased or if the reactor
was operated at higher temperature.

In order to prepare aged Cr1.0Cu0.5/SiCl4-Z catalyst samples,
feeds containing 35,000 ppm of DCM, TCM or TCE were passed
through the reactor at a reaction temperature of 400◦C and a
GHSV of 3800 h−1 for different reaction times of up to 12 h.
After the desired reaction time was reached, the aged catalyst
samples were taken out for activity determination and charac-
terization. The reaction rate over the catalyst was determined
by operating the reactor in a differential mode at a GHSV of
78,900 h−1 at 400◦C using respective Cl-VOC at 2500 ppm as
f
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t al. [27] and Kim [28]. In this procedure, 5 g of the mod
ed ZSM-5 support was slurried into 100 ml of nitrate so
ions of Cr or/and Cu that were previously acidified to pH
he concentrations of these solutions were chosen to giv
esired final metal loading of 1.5 wt.% of chromium or cop

or single metal catalysts and 1.0 and 0.5 wt.% of chrom
nd copper, respectively, for the bimetallic catalyst. The s

ion was then evaporated to dryness and the impregnate
lyst was then calcined at 550◦C for 6 h, pressed and siev

o particle sizes between 250 and 300�m. These catalys
ere coded as Cr1.5/SiCl4-Z, Cu1.5/SiCl4-Z and Cr1.0Cu0.5/
iCl4-Z.

.4. Experimental setup and conditions

The schematic diagram of the experimental setup is sh
n Fig. 1. It consisted of nitrogen (99.999%) and air (20.8%2
nd 79.2% N2) streams, the flow rates of which were contro
sing Aalborg (AFC 2600) mass flow controllers. VOC-laden
tream at a fixed concentration as feed to the reactor was g
ted by bubbling the nitrogen gas at suitable flow rate thro

he VOC saturators. The flow of air was used to make up the
ow rate to give the desired gas hourly space velocity (GH
n the catalyst bed. The catalytic activity test and the prepar
f aged catalyst samples were performed in an 11 mm i.d
50 mm long cylindrical borosilicate glass reactor heated
Lindberg/Blue tubular furnace.
The feed and product gases were analyzed using an o

himadzu GC-8A gas chromatograph equipped with a Shim
-R8A Chromatopac integrator. A Porapak Q column was

or separation of carbon dioxide and organic components, w
r-

l
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eed. The reaction rate was defined as,

eaction rate, −r′ = Fv,in − Fv,out

Wcat
mol/(s gcat) (1)

hereFv,in, Fv,out is the molar flow rate of Cl-VOC in the fee
nd product gases andWcat is the weight of catalyst used.

The activity (a) of the catalyst was taken as the ratio betw
eaction rate at timet to that of fresh Cr1.0Cu0.5/SiCl4-Z catalys
t = 0) and or:

ctivity, a = −r′
t

−r′
0

(2)
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where−r′
t and −r′

0 were reaction rates at timet and t = 0 h,
respectively.

2.5. Catalyst characterization

The catalyst samples were analyzed for surface characteris-
tics using the Quantachrome Autosorb-1, while crystallinity was
determined using a Siemens D2000 X-ray diffractometer. The
acidity determination was made using the Chembet 3000 system,
in which, the ammonia adsorption process was performed at 150
and 250◦C for total and strong acidity, respectively. The weak
acidity was obtained by taking the difference between these two
acidity values[14]. Meanwhile, the coke content of aged cata-
lyst, taken as weight loss of an oven dried sample upon heating to
700◦C in oxygen, was determined using a Perkin-Elmer TGA7.
Infrared spectroscopy characterization of the catalyst sample
was carried out using a Perkin-Elmer 2000 FT-IR system, while
the profile of a temperature programmed reduction of the cata-
lyst was obtained with the Chembet 3000 system.

3. Results and discussion

3.1. Characteristics of support materials and catalysts

Table 1 summarizes important characteristics of the sup-
port and metal impregnated catalysts used in the present study.
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XPS). This will lead to erroneous results and eventually result in
misleading conclusions. It is expected that some of these extra
framework species will remain in the SiCl4-Z as they cannot be
totally removed during the acid leaching process due to limited
solubility of certain species in the acid solution.

It is generally accepted that the type and strength of acid sites
in a catalyst play important roles in catalyst coking during a VOC
combustion process, leading consequently to the deactivation of
the catalyst[13,14,22]. For this reason, the acidity study of the
catalyst is also conducted. The acidity of the support materials
used in the present study is characterized by weak and strong acid
sites, based on the temperature at which the ammonia adsorption
process is carried out. Weak acid sites are associated with the
framework Lewis acid sites and aluminum-rich extra framework
species due to its amphotericity[29], while amorphous Si-Al
oligomers formed during silicon tetrachloride treatment have
little contribution to the acidity[30]. This is supported by the
lower value of weak acidity of SiCl4-Z compared to H-Z as some
of the acid-soluble extra framework species in SiCl4-Z have
been removed during the acid leaching process in the preparation
step. Strong acid sites are mainly attributed to Brønsted acid
sites in the framework of the zeolite[14]. The impregnation of
chromium and copper on SiCl4-Z appears to further weaken the
overall acidity, mainly due to the masking of acid sites by metal
deposits as indicated by a lower BET surface area, and a reduced
micropore and mesopore areas in CrCu /SiCl -Z.
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hanges in the micropore area give a qualitative indication o
egree of modification experienced by the zeolite framewo

hey constitute about 80% of total surface area of the unmod
-Z support. When treated with silicon tetrachloride, the

ite experiences significant drops in BET and micropore a
hile mesopore area is adversely affected. These drops s

he presence of defects that contribute to mesoporosity o
aterial that resulted from partial atomic extraction from

eolite framework. Impregnation of chromium or/and coppe
iCl4-Z results in a further decrease of the BET surface are
f the micropore area, but with corresponding drop in meso
rea.

In this study, the actual Si/Al ratio after the silicon tetrach
ide treatment is not measured as the treatment process
xpected to produce extra framework species that can int
ith the Si/Al ratio measurement process (either using XR

able 1
haracteristics of support materials and catalysts used

haracteristics Materiala

H-Z SiCl4-Z

BET (m2/g) 386 346
icropore area (m2/g) 315 211
esopore area (m2/g) 71 134
trong acidityb (mmol NH3/g) 0.121 0.045
eak acidityc (mmol NH3/g) 0.099 0.063
etal content (wt.%) – –

a Z = H-ZSM-5 (Si/Al = 240).
b Sites retaining ammonia at temperatures exceeding 250◦C.
c Difference between total acidity and strong acidity.
,
y
e

d

so
e

1.0 0.5 4
New mesopores in SiCl4-Z are formed through two differe

ays. Upon treatment with silicon tetrachloride, amorphou
l oligomers and SiO2 species are created and remain after

eaching due to their low solubility in acid solution[30]. These
pecies form secondary pores that are different from the pri
nternal pores and normally of meso size range. Extracted

inum atoms from the framework also lead to the formatio
luminium-rich extra framework phases, normally in the f
f Al3+, Al(OH)2

+ or Al(OH)2+ [26]. These species are read
xtractable in an acid solution leaving new mesopores be
more detail discussion on the extent of the dealumination

he formation of extra framework species at different deal
ation conditions are available in our previous reports[22,24]
nd these matters are not discussed any further here.

It should be noted in this study that as the Si/Al ratio
he parent zeolite is quite high (240), the aluminum con

Cr1.5/SiCl4-Z Cu1.5/SiCl4-Z Cr1.0Cu0.5/SiCl4-Z

320 318 324
214 207 198
106 111 126
0.042 0.045 0.044
0.054 0.058 0.056
1.5 (Cr) 1.5 (Cu) 1.0 (Cr), 0.5 (C
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cannot be, therefore, high. However, overall changes in the char-
acteristics of the catalyst support after the silicon tetrachloride
treatment process are not merely due to the dealumination of
the zeolite. Other mechanisms, such as the masking of certain
sites and the formation of extra framework species could also
contribute in characterizing the resultant material after the treat-
ment. However, dealumination does occur and reported by most
researchers investigating the dealumination under almost similar
reaction conditions[14,22,31,32]. In the present study, discus-
sions are more focused to the overall changes of the zeolite after
the silicon tetrachloride treatment, as this will certainly affect
the performance of the material as support in the combustion of
Cl-VOC.

3.2. The resistance of ZSM-5 support against gaseous HCl

In the combustion of Cl-VOC, the occurrence of hydrogen
chloride as the desired chlorine-containing product in the outlet
stream gas can pose significant problems to some combustion
catalysts[13,25]. In the present study, the chemical resistance of
the SiCl4-Z support and H-Z as the reference (control) against
hydrogen chloride is tested using gaseous hydrogen chloride at
400◦C for 4 h. Changes in the surface characteristics, acidity
and crystallinity of these support materials could provide useful
information on their nature and degree of deactivation in the
c

and
S The
t and
m t
s ame
w ide.
T ver
9 con
t ork
a linity
r de
m and
5 low
8

T
C ro-
g

P

S
M
M
S

W

C

The high resistance of H-Z against hydrogen chloride at
400◦C is mainly ascribed to its high Si/Al ratio, involving more
Si O bonds than AlO bonds in its framework. This conclu-
sion is based on the fact that SiO bonds are stronger and more
resistant to hydrolytic and acid attacks than the AlO bonds[32].
The higher bond strength is attributed to the smaller atomic size
and higher electronegativity of Si atoms compared to Al, thus
resisting electron polarity in the chemical bond. The introduc-
tion of more silicon atoms into the framework of the zeolite
through dealumination with silicon tetrachloride causes the par-
tial replacement of framework aluminum atoms. The overall
strength of the bonds in the framework is then increased. The
effect manifests itself in a further improvement of the resistance
against hydrogen chloride as showed by SiCl4-Z.

Stronger acid sites are relatively less affected by hydrogen
chloride. This is translated by a lower ability of hydrogen chlo-
ride to break the bridging Si(OH)Al bonds in the framework of
the zeolite that form strong acid sites in both H-Z and SiCl4-
Z. In contrast, aluminum-containing extra framework species,
forming weak acid sites, easily interact with hydrogen chloride
leading to the loss of a significant portion of its acid property.
This could be due to the amphotericity of the extra framework
aluminum species that makes it more reactive for interaction
with an acid.

As SiCl4-Z is found to be sufficiently resistant to hydrogen
chloride attack at high temperatures, it is selected as the sup-
p C.
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ombustion of Cl-VOC.
Table 2summarizes changes in characteristics of H-Z

iCl4-Z after the reaction with gaseous hydrogen chloride.
reatment is found to cause a minimal reduction in BET
icropore surface areas, particularly with SiCl4-Z. The resul

uggests that only minor changes occurr in the zeolite fr
ork of both materials upon treatment with hydrogen chlor
his fact is supported by a high crystallinity retention of o
0% by both of these materials. Treatment of H-Z with sili

etrachloride slightly improves the integrity of the framew
gainst hydrogen chloride as indicated by a higher crystal
etention of SiCl4-Z. Table 2evidences that hydrogen chlori
ainly affects weak acid sites with reductions of between 52
8%, while the effect on strong acid sites are limited to be
%.

able 2
hanges in characteristics of H-Z and SiCl4-Z after reaction with gaseous hyd
en chloride at 400◦C for 4 h

roperties H-Z SiCl4-Z

Value % Differencea Value % Differencea

BET (m2/g) 368 −4.7 346 −1.7
icropore area (m2/g) 290 −7.9 211 −3.3
esopore area (m2/g) 78 +9.9 134 +1.5
trong acidity
(mmol NH3/g)

0.112 −7.4 0.045 −6.7

eak acidity
(mmol NH3/g)

0.042 −57.6 0.063 −52.4

rystallinityb (%) 91 – 96 –

a Relative to values of fresh support materials shown inTable 1.
b Relative to respective fresh materials.
-

ort in the bimetallic catalyst for the combustion of Cl-VO
he justification is based on the fact that catalysts deactiv
ssociated with the support during the combustion of Cl-VO
rimarily due to their intolerance to hydrogen chloride[7,11,25].
hus, the deactivation of the SiCl4-Z-supported bimetallic ca
lyst in the process should be mostly ascribed to chemica
hysical changes occurring in the metal species, rather

hose of the catalyst support. In addition, the framework de
ination, assisted by the formation of siliceous extra framew

pecies makes the SiCl4-Z support more hydrophobic to res
eactivation by humidity in the feed. The modified materials
ave lower tendency to coking as significant portion of its
ites, that are responsible for coking activity, have been e
nated through dealumination process or through the ma
y siliceous species. All these phenomena have been disc

horoughly in our previous papers and are not repeated
22,24].

.3. Effects of copper in Cr1.0Cu0.5/SiCl4-Z

Active metal species in the catalyst have been known to
ifferent abilities to promote the combustion activity of VOC
catalytic reactor. It is generally accepted that these meta
y improving the redox activity of the catalysts[8,21,33]. Each
etal will catalyze the combustion reaction through diffe

eaction mechanisms, rendering differences in the distributi
he combustion products and the overall behavior of the pro
3,5,7]. Single metal catalysts might subject to several d
acks, such as low carbon dioxide yield at high conver

24] or sometimes, the high reactivity of VOC over a cer
etal could be catalyst-specific[17,24,34]. Thus, efforts toward



44 A.Z. Abdullah et al. / Journal of Hazardous Materials B129 (2006) 39–49

Fig. 2. Role of copper in a bimetallic Cr1.0Cu0.5/SiCl4-Z catalyst in the com-
bustion of 2500 ppm of TCE at GHSV 32,000 h−1 and 400◦C.

finding multimetallic catalyst that show more flexibility in the
combustion process are deemed worthwhile.

An attempt is made to compare the performance in the TCE
combustion of the single metal chromium and copper catalysts
with the bimetallic chromium and copper catalyst, with the same
total metal content.Fig. 2shows that Cr1.5/SiCl4-Z is more active
than Cu1.5/SiCl4-Z with about 12% difference in the conver-
sion at 400◦C. However, the higher activity of Cr1.5/SiCl4-Z is
also accompanied by the occurrence of higher amounts of prod-
ucts of incomplete combustion in the outlet stream as indicated
by the lower carbon dioxide yield. At this operating condi-
tion, Cu1.5/SiCl4-Z shows approximately, a 9% better carbon
dioxide yield than Cr1.5/SiCl4-Z. A replacement of 0.5 wt.% of
chromium by 0.5 wt.% of copper in Cr1.0Cu0.5/SiCl4-Z results
in a minimal reduction of 3% in the conversion but with a cor-
responding increase of about 16% in the yield towards carbon
dioxide with Cr1.0/SiCl4-Z. This yield is also significantly higher
than that of Cu1.5/SiCl4-Z.

Copper is an element located on the left of chromium in
the first row of transition metals of the periodical table. In a
VOC combustion environment, both metals could be oxidized
to higher valencies by attachment to extra-lattice oxygen atoms
[10]. Due to the larger atomic radius, electrons in the outer-
most shell (3d) of chromium were relatively easier to remove to
present at higher oxidation states. With an increase in oxidation
state, the electron accepting ability of chromium was expected
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Fig. 3. (a) Conversion and (b) carbon dioxide yield in the combustion
of 2500 ppm of chlorinated VOCs over Cr1.0Cu0.5/SiCl4-Z at a GHSV of
32,000 h−1.

3.4. The activity study of Cr1.0Cu0.5/SiCl4-Z

Fig. 3(a and b) shows the conversion and corresponding car-
bon dioxide yield, respectively, in the combustion of DCM, TCM
and TCE. The data reported in figure are average values out of
three readings. In the present study, the % errors are usually
within±3% and it is more meaningful to observe trends obtained
for the conversion and the carbon dioxide yield rather than the
accuracy of the specific points.

An increasing chlorine content in a VOC molecule is found
to positively affect the reactivity of the molecule as suggested
by higher conversions of TCM compared to DCM as shown in
Fig. 3(a). The difference in the reactivity of these two chlori-
nated organics is more evident at lower temperatures but the gap
gradually narrows down as the temperature increases until total
conversion is reached above 450◦C. Meanwhile, TCE with three
chlorine atoms and one double bond in its molecule is clearly
less reactive compared to DCM and TCM and cannot be totally
destroyed below 500◦C.

It has been noted that the use of metallic catalysts could lead
to the formation of highly chlorinated by-products[7,11,12].
However, the active metal species is indispensable for a VOC
combustion catalyst as it significantly improves VOC conversion
o increase, thereby making it highly susceptible to reduc
y Cl-VOC. The higher activity of chromium in the comb

ion of Cl-VOC was hence, in agreement with the mechan
onsidered by the Mars–van Krevelen model.

A minimum drop in the conversion with lower chromiu
ontent in Cr1.0Cu0.5/SiCl4-Z compared to Cr1.5/SiCl4-Z is an
xpected consequence of copper being relatively less acti
l-VOC combustion. However, a marked increase in the
on dioxide yield is considered as too high to only conside
ctivity of the bimetallic catalyst as the sole summation of
ctivity of their individual metal components. This observa

eads to the conclusion that some kind of synergism might
aken place between the metal components in Cr1.0Cu0.5/SiCl4-
, thus promoting the high oxidation yields.
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Fig. 4. Electron shift in the CCl bonds.

to consequently achieve high removal efficiency at lower tem-
peratures. In the present study, the completion of the combustion
process, and indirectly, the occurrence of high molecular weight
by-products (including chlorinated ones) is measured based on
the carbon dioxide yield of the process. It is evident inFig. 3(b)
that despite an increasing conversion, the higher chlorine con-
tent in TCM also promotes the formation of higher by-products
as suggested by the lower carbon dioxide yield with this com-
pound compared to that of DCM (Fig. 3(b)). With a TCE feed,
the low conversion is also accompanied by low carbon dioxide
yield.

The chlorine atom is well-known for its high electronegativ-
ity and can induce an electron shift in the chemical bond[10]. In
DCM and TCM molecules, chlorine affects the electron distribu-
tion of the covalent bond with carbon (Fig. 4). As a consequence,
a partial positive charge center, stronger in TCM, forms on the
carbon atom and can act as electrophilic site in the combustion
reactions. Due to the polarity of the CCl bonds, a carbon cen-
ter bearing three chlorine atoms in TCM becomes more reactive
than that bearing two chlorine atoms in DCM[7]. The effect
manifested itself by a higher reactivity and higher conversion of
TCM compared to that of DCM.

The stabilization of TCE molecules is attributed to the occur-
rence of a resonance effect in the molecule from interactions
between lone pair electron in chlorine atoms and the� electron
in the C C double bond. First, the more electronegative chlo-
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Table 3
Conversion and corresponding carbon dioxide yield in the combustion of DCM,
TCM and TCE (atCvoc = 2500 ppm,T = 400◦C, GHSV = 32,000 h−1)

Feed Conversion (%) Carbon dioxide yield (%)

Dry Humida Dry Humida

DCM 98.3 85.2 66.4 70.8
TCM 99.3 86.6 61.7 74.5
TCE 94.2 88.5 47.5 68.4

a In the presence of 9000 ppm of water vapor as co-feed.

sites[6,14,35]. Similar observation with zeolite-based catalyst
has also been reported by many researchers[2,10], while the
effect was not so obvious with fleece reactors as reported by
Everaert et al.[4,5]. Adsorption of water molecules, especially
at the pore mouth of the zeolite, may also create a diffusion
limitation for organic reactants, resulting in a lower catalytic
activity [14]. The TCE conversion is the least affected by water
vapor in the feed, probably due to more favorable adsorption of
this substance on the metal sites. This is due to relatively stronger
interactions between� electrons in a CC double bond with an
unoccupied p orbital in the metal species of the combustion
catalyst[6,11].

Despite lower conversions in a feed containing moisture,
the reactivity of Cl-VOCs and their combustion intermediates
over Cr1.0Cu0.5/SiCl4-Z catalyst are enhanced by the pres-
ence of water vapor as suggested by the higher carbon dioxide
yield, regardless of the model substance being oxidized. This
is reflected by a lower selectivity of higher carbon-containing
products, particularly undesirable chlorinated ones in the reac-
tor outlet stream. This positive effect is more noticeable in the
TCE combustion with an increment of about 21% compared to
that of DCM and DCM that stand at 7–9%.

Higher carbon dioxide yields with a humid feed proves that
despite inhibiting the conversion of the organic feed, water
molecules are also directly involve in the combustion reac-
tions. Sinquin et al.[7] reported that carbon tetrachloride in a
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t lly in
a nism
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ine atoms pull electrons from the� system of the CC double
ond. Conversely, lone pairs of electrons from the chlorine
xtended to the new�-bonding in the CCl bond by donatin
ome electrons back to the� system[10]. This interaction is
ossible as the electronic configuration of an atom of chlo

s 1s22s22p63s23p5 and the�-bond formation with the carbo
tom leave one diagonal lone pair (3s2) and two p-orbital lon
airs (3p2xy and 3p2yz) (in the valence shell). One of these lo
airs is free to overlap with the�-bond (of the C C entity) to
ive an extended�-electron system[4].

.5. Roles of water vapor in the combustion of Cl-VOC

Table 3shows that in the presence of 9000 ppm of water v
n the feed, the conversions of DCM and TCM drop by ab
8% compared to about 6% for TCE. This drop is expe
s water vapor is known to inhibit a combustion reaction
ompeting with an organic molecule for adsorption on ac
umid feed could be destroyed in the absence of oxygen a
emperature. This experimental observation is theoretica
greement with this hypothesis. The most probable mecha

nvolves the hydrolytic attack by a water molecule on the p
Cl bonding in the Cl-VOC[6]. This reaction would crea

ineral acid and chlorinated species that could participa
ny subsequent chlorine-transfer reactions.

Water molecules can initiate the hydrolysis mechanism
ydroxylating the metal species in the combustion catalyst[13].
hese hydroxylated species, with a more localized charge

n the initial state, are then involved in the reaction with Cl-V
o form carbocations through the S2

N substitution reaction[9].
ince the S2N substitution reaction is generally enhanced in
resence of a polar solvent like water[6], the formation of th
arbocations is enhanced in the presence of excess wate
ighly reactive carbocation species will subsequently und

urther oxidation reactions over the active metal species
ccelerated rate due to their high reactivity yielding more ca
ioxide as the complete oxidation product.
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Hydrolytic attack by a water molecule on TCE produces a
vinyl carbocation, while the corresponding reaction of DCM
and TCM produces alkyl carbocations. Despite being more dif-
ficult to form since the cation is on a more electronegative sp
hybridized carbon, the vinyl carbocation is relatively unstable
and reactive[9]. Therefore, it can undergo subsequent oxidation
over the catalyst at an accelerated rate to ultimately produce more
carbon dioxide. In contrast, alkyl carbocations from DCM and
TCM are relatively stable as they are sp2 at the cationic center.
Thus, the combustion reaction demonstrates a further improve-
ment in the carbon dioxide yield with humid TCE compared to
that of DCM and TCM.

The positive role of the water molecule on the carbon diox-
ide production can also be explained by its hydrogen-supplying
role to the reacting system. Water has been reported to sup-
press the formation of chlorinated by-products in the combustion
of hydrogen-deficient VOCs[14,36]. Thus, it is suggested that
chloride surface species (Cls−) reactes with water to form
hydrochloric acid and lattice oxygen species (Os

2−) or surface
hydroxide groups (OHs

−). The reaction equilibria are pre-
sented as:

2–Cls
− + H2O � –Os

2− + 2HCl (3)

–Cls
− + H2O � –OHs

− + HCl (4)

In the presence of water vapor, the equilibria are shifted to the
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Fig. 5. Deactivation of Cr1.0Cu0.5/SiCl4-Z catalyst with time on stream in
the combustion of 35,000 ppm of chlorinated VOCs at GHSV 32,000 h−1 and
400◦C.

small molecules and highly reactive intermediates to give high
selectivity to gaseous products[1,37]. With increasing molec-
ular size in TCE, the coking activity increases but is still low
compared to that of non-chlorinated VOCs as reported by Déǵe
et al.[38] and Antunes et al.[39].

Initial interactions between metallic species and chlorine
atoms to form metal chloride cause rapid deactivation of the cat-
alyst as indicated by a steeper drop in the activity. As the reaction
time progresses, a more stable activity is obtained suggesting a
limited capacity of the metallic species to receive chlorine. By
theory, highly stable Cr3+ can only receive three chlorine atoms
to form chloride, while it is two atoms with Cu2+. However,
with the ability of chromium and copper to present multiple
oxidation states, coupled with the ability of molecular chlo-
rine to act as strong oxidizing agent, these interactions become
more complicated. This is, probably, the governing factor char-
acterizing the deactivation profile of the catalyst with operating
time.

TCM with a higher chlorine content in its molecule causes
more deactivation compared to DCM, as it is more reactive
and consequently causes more chlorination of the active metal
species in Cr1.0Cu0.5/SiCl4-Z. In fact, the H/C ratio of the Cl-
VOC is the key factor that determined the life of a combustion
catalyst[25]. In a similar way, the initial slower activity decay
with TCE compared to that caused by TCM can be attributed to
the lower reactivity of the former substance. However, at longer
o ect of
c
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ight hand side. The decrease in the by-product formation i
resence of water is explained by the fact that the chloride t

ers in adsorbed Cl-VOCs and/or intermediates are suppr
6].

.6. The deactivation study

It is more accurate to measure the deactivation based o
eaction rate as it is measured in a differential mode rather
he conversion that is measured in an integral reactor m
s such, in the present study, the activity loss is demonst
ased on the activity (a), calculated based on the rate of reac
t t h to that of t = 0. Profiles of Cr1.0Cu0.5/SiCl4-Z deactiva

ion with time after ageing with different feed Cl-VOCs
hown inFig. 5. The profiles are characterized by an initial sh
rop followed by a gradual decrease in the activity until a r

ively stable activity is reached at a longer operation time.
r1.0Cu0.5/SiCl4-Z catalyst appears to be resistant to deac

ion with less than 15% activity drop detected for all three ty
f chlorinated organics. The activity is least affected when D

s used as the feed with more than 90% activity retention
2 h on stream. Compared to TCM, TCE shows an initial slo
eactivation but as the time progresses, a larger activity dr
xperienced by the catalyst.

Upon completion of the ageing test, the coke depositio
he catalyst is found to be very minimal with less than 1 w
or DCM and TCM feeds, and 1.8 wt.% for TCE. Thus, it can
oncluded that the catalyst deactivation is mainly attribute
nteractions between the catalyst and chlorine bearing in
hat the SiCl4-Z support is highly resistant to hydrogen chlori
ow coking activity with DCM and TCM is ascribed to the
r

s

perating times, TCE causes more deactivation as the eff
oke accumulation gains significance.

.7. Effects of ageing on surface hydroxyl groups

In zeolites, surface hydroxyl groups fall under two ma
roups viz. bridging hydroxyl belonging to Brønsted acid s
nd silanols associated with a wide infrared absorption
entered at 3595 and 3735 cm−1, respectively. Since the infrar
bsorption spectra for these two types of hydroxyl group
ot show well separated peaks (Fig. 6), qualitative compariso
etween samples is based on the shape of the peaks be
300 and 3800 cm−1.
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Fig. 6. Infrared absorbance of Cr1.0Cu0.5/SiCl4-Z after ageing with 35,000 ppm
of TCE at 400◦C for four different operating times.

Fig. 6 shows that the hydroxyls absorption region is char-
acterized by an almost symmetrical peak between 3300 and
3800 cm−1. When the Cr1.0Cu0.5/SiCl4-Z catalyst is deactivated
with time, a minimum reduction in the intensity of the peak is
detected but the basic shape of the peak remains unchanged.
Changes in the shape of the absorption profile upon ageing with
TCE suggest that a non-selective elimination of both bridging
hydroxyl and silanol with time.

If there were chemical interactions between Si or Al atom
with chlorine, it should be in favor of Al and lead to the dis-
appearance of bridging hydroxyl groups. This is based on the
fact that the Al atom with an outer electron configuration of
3s23p1 can more readily donate its electron to form aluminum
chloride. The corresponding loss of strong acid sites should
be the other consequence. However, this loss is not observed
through the acidity study on SiCl4-Z upon ageing with hydro-
gen chloride. This result thus leads to the general conclusion
that hydroxyl groups on the surface of Cr1.0Cu0.5/SiCl4-Z are
not chemically altered during the combustion of Cl-VOCs. The
disappearance of hydroxyls upon ageing with TCE might be
due to physical means, such as coking rather than chemical
interactions.

3.8. XRD analysis of aged Cr1.0Cu0.5/SiCl4-Z

In order to investigate the type and extent of changes occurred
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Fig. 7. XRD of fresh and aged Cr1.0Cu0.5/SiCl4-Z with TCE at 400◦C for 12 h
with new emerged peaks marked with vertical lines.

The emergence of additional sharp and well-defined diffrac-
tion peaks in aged Cr1.0Cu0.5/SiCl4-Z suggests the presence of
materials of high crystallinity. Since those peaks are not present
in the diffractogram of the SiCl4-Z support treated with hydro-
gen chloride, these materials should be ascribed to those created
from interactions between chlorine atoms, and chromium and
copper in the catalyst. These crystalline materials were predom-
inantly in the form of metal chlorides[1,8]. Despite not detected
in the aged catalyst (diamond marker inFig. 7), the formation of
oxychlorides, especially at low concentration, cannot be totally
ruled out[7].

Despite the high concentration of TCE and the long reaction
time used in the ageing process, the complete chlorination of
chromium and copper in Cr1.0Cu0.5/SiCl4-Z is not achieved.
This conclusion is based on the presence of diffraction peaks
corresponding to oxides of these metals in aged catalyst. It is
highly probable that only the external portion of metal oxide
clusters on Cr1.0Cu0.5/SiCl4-Z are susceptible to chlorination,
while the internal portion remains unchanged. Similar results
have been reported by Sinquin et al.[7] with LaCoO3 perovskite
catalyst for the combustion of carbon tetrachloride. The limited
12% activity loss after aged for 12 h ageing is also contributed
by coke accumulation. It can be concluded that the outer metal
chloride layer of the metal cluster present in a Cr1.0Cu0.5/SiCl4-
Z catalyst is also capable of catalyzing the combustion reaction.

If the chlorination of non-porous metal oxides nanocrystals
( iCl
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n Cr1.0Cu0.5/SiCl4-Z upon ageing with TCE, an XRD analy
s performed for the catalyst, before and after the ageing
ess. Ageing at 400◦C for 12 h results in the emergence of n
iffraction peaks marked with vertical lines inFig. 7. How-
ver, the characteristic diffraction peaks belonging to ox
f chromium and copper in the catalyst (marked with bl
nd filled circle, respectively, inFig. 7) are still present, bu
ith lower intensity. The catalyst, however, maintains the b
iffraction pattern with a crystallinity calculated to be 97%
tive to fresh Cr1.0Cu0.5/SiCl4-Z. This result suggests a hi

ntegrity of the framework of the zeolite, which is in agreem
ith its resistance to hydrogen chloride at high temperatur
-consisting of Cr and Cu oxides) that are distributed on the S4-
support is assumed to follow the Shrinking-Core Model wh
ormally approximates real fluid–particle reactions in a w
ariety of situations[40], the presence of remaining metal oxi
an be explained. Upon chlorination, the outer metal chlo
ayer acts as a protective layer for further chlorination of
xides in the core of the clusters. A progressive growth in
ize of the metal cluster is the expected consequence, a
eaction involves the substitution of oxygen with large chlo
toms. Since the charge of the chlorine ion (−1) is lower than

he oxygen ion (−2), the loss of one oxygen ion is replaced
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Fig. 8. TPR profiles of Cr1.0Cu0.5/SiCl4-Z after ageing with 35,000 ppm of
trichloroethylene at 400◦C for four different times on stream.

two chlorine atoms. With the formation of a non-flaking chloride
layer at the boundary of the mixed oxide clusters, the integrity
of the final clusters is kept intact.

3.9. TPR profiles of aged Cr1.0Cu0.5/SiCl4-Z

The TPR profile of fresh Cr1.0Cu0.5/SiCl4-Z is characterized
by two major peaks occurring at different temperature regions
(Fig. 8). The peak at around 380◦C is assigned to the combined
reduction of Cr6+ and Cu2+, while the second peak occurring
at about 480◦C is attributed to the reduction of Cr3+ and Cu+.
Upon ageing with TCE, the first peak appears to be eliminated
with time, while the overall reducibility of the metal species on
the catalyst is found to be on a decreasing trend.

The TPR result suggests that with the chlorination of the
metal species in the catalyst, the overall reducibility of the metals
weakens. This can be due to a higher electronegativity of chlo
rine atom compared to the oxygen atom that originally formed
oxides with the metal species in fresh Cr1.0Cu0.5/SiCl4-Z. As a
result, the ionic bond in metal chloride should be stronger than
that in metal oxide to pose more resistance to reduction during
TPR analysis. However, the chlorination and oxidation of the
metal species in the combustion reactions are reversible pro
cesses that are dictated by reaction temperature and prevale
chloride concentration[8]. This reversibility explains why the
catalyst does not show complete deactivation but only achieve
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The shape of the peak in the TPR profile upon ageing with
TCE suggests that the first peak is selectively eliminated. More
favorable redox reactions between Cr6+ and Cu2+ with chlorine
producing oxychlorides or molecular chlorine (Cl2) leading to
the reduction of these metal species is deemed as the main factor
behind this result. Of these two metal species, Cr6+ is relatively
less stable and more susceptible to reduction. The formation of
oxychlorides in the combustion of Cl-VOCs has been reported
by several authors[1,8,41]. The formation of molecular chlorine
is always associated with the chromium-containing catalyst as
reported by Padilla et al.[1] and Karmakar and Greene[41].
Therefore, the main peak in the TPR profile of aged catalyst
must be mainly attributed to the combined reduction of Cr3+

and Cu+.
Changes in the activity due to changes in the reducibility of

the metal species in the catalyst can be explained with Mars–van
Krevelen model that is regarded as the most reliable model to
represent VOC combustion process[12,17]. Since the chlori-
nation of the metal species in Cr1.0Cu0.5/SiCl4-Z reduces some
of its metal species, while metals in chloride form are generally
more resistance to reduction, an overall reduction in redox activ-
ity of the catalyst is expected as suggested by results inFig. 8.
In other words, upon the chlorination of its metal species, the
catalyst losses a certain degree of its ability to undergo oxidation
through the reaction with the chemisorbed oxygen and subse-
quently has weakened ability to undergo reduction during the
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When present in association with chromium or coppe
r1.0Cu0.5/SiCl4-Z, chlorine atoms could affect the electr
cceptance properties of these metals by strongly forming
onds with them[2]. In the TPR analysis, hydrogen has a lo
bility to reduce these metal chlorides as the first step invo

he extraction of a chlorine atom to form metal hydrid
he hydrogen consumption in the TPR profile of the a
atalyst should thus be attributed to the reduction of rema
xides of chromium or copper in the catalyst, explain

he decreasing trend in the reducibility of the metals
ime.
-
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eaction with the Cl-VOC molecule. According to the Mars–
revelen model, a decrease in the overall activity of the cat

s the likely consequence.

. Conclusions

H-ZSM-5 (Si/Al = 240) showed high chemical resista
gainst hydrogen chloride and this desired property was fu

mproved by modifying the zeolite with silicon tetrachlori
CM was more reactive compared to DCM but it produ
ore incomplete combustion products due to its high chlo

ontent. The stabilization of TCE was attributed to the r
ance effect in the molecule. Despite inhibiting the conver
f Cl-VOC, water vapor increased the carbon dioxide yield
eing directly involved in the combustion reaction through
ole as hydrolysis agent. The effect was more noticeable i
CE combustion, as it involved the formation of the relativ
nstable vinyl carbocation compared to DCM and TCM
ave rise to alkyl carbocation. In addition, the role of wate
ydrogen-supplying agent decreased the by-product form
y suppressing chlorine-transfer reactions. Cr1.0Cu0.5/SiCl4-Z
emonstrated high stability in its activity with time and m
eactivation was detected with increasing Cl/H ratio feed
tances. Coking was very low, especially with DCM and T
ue to their small molecules while producing highly reac

ntermediates to give high selectivity towards gaseous p
cts. The chlorination of metal species in Cr1.0Cu0.5/SiCl4-Z
as responsible for loss of activity due to the weakenin

heir overall reducibility. This result was in agreement w
he Mars–van Krevelen model explaining VOC combus
eactions.
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