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Abstract

The catalytic activity and selectivity of a series of H-ZSM-5-supported manganese oxide catalysts with various manganese conte
1.0, 4.3, and 8.3 wt%, were evaluated for the oxidation of dichloromethane (DCM) and trichloroethylene (TCE). Previously, th
active performance of H-ZSM-5 zeolite with respect to other supports, such as alumina and silica, was demonstrated, pointing o
acidic properties of the support along with a high metallic dispersion of the resultant catalyst were key factors conditioning the
performance. Mn(4.3%)/H-ZSM-5 catalyst was found to be an optimum catalyst for the combustion of both single and double
chlorinated compounds achieving> 95% conversion levels at temperatures between 400 and 450◦C. The major oxidation products we
carbon monoxide, carbon dioxide, hydrogen chloride, and chlorine. It was observed that high manganese loadings led to increasin
of carbon dioxide and chlorine.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Chlorinated volatile organic compounds (VOCs), such
dichloromethane (DCM) and trichloroethylene (TCE), co
stitute a significant fraction of the hazardous air and w
pollutants due to their inertness and their widespread a
cation in industry [1]. Among the various disposal meth
applicable for these chlorocarbons, low-temperature c
lytic oxidation has recently gained interest [2]. The desi
reaction is the complete reaction of the chlorinated VOC
produce HCl and CO2. The catalyst used must be active
the destruction of a wide range of chlorinated compou
including toxic by-products that can result from incompl
combustion.

Traditionally, supported transition metal oxides ha
been proposed as potential substitutes for noble metal-b
catalysts [3]. Metal oxides are in general less active t
noble metals but they resist deactivation by poisoning
a larger extent [4]. Among these systems chromium-ba
catalysts have exhibited the highest activity for chlorina
VOC abatement [5,6]. Nevertheless, the use of this typ

* Corresponding author.
E-mail address: iqpgovej@lg.ehu.es (J.R. González-Velasco).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00142-8
d

catalysts tends to be restricted owing to the formation at
temperatures of extremely toxic residues such as chrom
oxychloride [7]. Interestingly, supported manganese ox
have been proposed as cheap, environmentally friendly
efficient catalysts for catalytic decomposition of nonch
rinated VOCs [8,9]. However, less consideration has b
given to investigating the suitability of such catalysts
chlorinated VOC destruction [10,11].

On the other hand, it is reported in the literature that b
noble metal and metal oxides have been extensively
for the combustion of chlorinated hydrocarbons using
mina and silica as supports. Nevertheless, there are
few investigations about this type of reactions over me
modified ZSM-5 zeolites [12,13]. As compared to alum
and silica, ZSM-5 zeolites have a high internal surface
(300–550 m2 g−1), and a modest concentration of Brøns
sites, which are primarily of high strength. In addition, sin
ZSM-5 zeolites have fixed dimensions, the metal part
size distribution can be controlled in an appropriate way

Hence, the present study focuses on the activity and p
uct selectivity of H-ZSM-5-supported manganese oxide
alysts in the vapor-phase oxidation of dichloromethane
trichloroethylene under excess of dry air between 200
550◦C.

http://www.elsevier.com/locate/jcat
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2. Materials and methods

2.1. Catalyst preparation

The zeolite NH4-ZSM-5 CBV5524G was supplied by th
Zeolyst Corporation. The H-ZSM-5 zeolite (Si/Al = 27.3)
was obtained by calcining the NH4-ZSM-5 zeolite in air
at 550◦C for 3 h. Manganese oxide-based zeolite catal
were prepared by impregnation with manganese (II) nit
tetrahydrate (Merck). In order to obtain the desired m
ganese loadings (1.0, 4.3, and 8.3 wt%, respectively),
concentration of precursor aqueous solutions were adju
accordingly. The zeolite to impregnation solution ratio e
ployed was 1:20.

After drying for 5 h at 120◦C in a convective oven, all th
catalysts were activated by calcination at 550◦C in a furnace
with air for 3 h. As a result, fairly homogenously color
batches from pale tan to dark brown were obtained. Th
the powdered catalysts were pelletized using a hydra
press (Specac), and afterward these pellets were crushe
sieved to grains that were 0.3–0.5 mm in diameter.

2.2. Catalyst characterization

The manganese content in the catalysts was meas
by inductively coupled plasma (ICP) spectroscopy in
ARL Fisons 3410+ICP equipment. Thermogravimetric (T
analysis was carried out using an automatically record
Perkin Elmer TGS-2 thermobalance, using a linear h
ing rate of 10◦C min−1 in a dynamic atmosphere of a
(50 ml min−1).

The surface area and pore volume of the catalysts w
determined by N2 adsorption–desorption at−196◦C in a
Micromeritics ASAP 2010 equipment. Samples were p
viously evacuated overnight at 450◦C under high vacuum
The adsorption data were treated with the full BET eq
tion. Oxygen chemisorption measurements were perfor
at 300◦C using the same volumetric apparatus. The i
versible uptake of O2 was measured using a dual isother
the samples were evacuated at 300◦C, and a second isother
was obtained. The difference between the two isotherms
counts for the amount of oxygen irreversibly held on
catalyst surface.

X-ray diffraction (XRD) studies were carried out on
Philips PW 1710 X-ray diffractometer with Cu-Kα radiation
(λ = 1.5406 Å) and Ni filter. The X-ray tube was operat
at 30 kV and 20 mA. Samples were scanned from 2θ equal
to 2◦ up to 60◦ and the X-ray diffraction line positions wer
determined with a step size of 0.02◦ and a counting time o
2.5 s per step.

Temperature-programmed desorption (TPD) of ammo
was performed on a Micromeritics AutoChem 2910 inst
ment. Prior to adsorption experiments, the samples w
first pretreated in a quartz U-tube in a nitrogen stream
550◦C for 30 min, and then they were cooled down
100◦C. After admitting small pulses of ammonia in H
d

d

at 100◦C up to saturation, the desorption was carried
from 100 to 550◦C at a heating rate of 10◦C min−1 in an He
stream (50 cm3 min−1). This temperature was maintaine
for 15 min until the adsorbate was completely desorbed.
experimental procedure is described elsewhere [14].

Temperature-programmed reduction experiments w
also carried out using a Micromeritics AutoChem 29
instrument. Prior to reduction, the samples were first o
dized in a stream of 5% O2/He (50 cm3 min−1) at 550◦C
for 30 min. Afterward, they were cooled down to 50◦C in
flowing nitrogen. The reduction was conducted from 50
1050◦C at a linear ramp of 10◦C min−1 in a 5% H2/Ar
stream. The apparatus was equipped with a drier to rem
water from the reduction process and a TCD detector to m
sure the H2 consumption.

2.3. Catalytic activity measurement

Oxidation reactions were carried out in a conventio
fixed-bed reactor under atmospheric pressure. The
rate through the reactor was set at 500 cm3 min−1 and
the gas hourly space velocity (GHSV) was maintained
15,000 h−1. The feed stream to the reactor was prepared
delivering the liquid chlorinated hydrocarbon (1000 ppm)
a syringe pump into dry air, which was metered by a m
flow controller. Details about the experimental procedure
reaction product analysis are described elsewhere [15].

3. Results and discussion

3.1. Catalyst characterization

TG analysis of manganese (II) nitrate tetrahydrate
performed in order to determine the effect of calcinat
temperature on the final state of the manganese oxide. I
dition, XRD measurements of the precursor salt calcine
different temperatures (400, 550, and 700◦C) for 3 h in air
were recorded. The identification of the oxide phases
carried out by a comparison to the JCPDS (Joint Comm
on Powder Diffraction Standards) files.

TG results indicated that heating the precursor salt in
from 50 to 250◦C resulted in a significant weight loss (abo
65%) which was associated with the Mn(NO3)2 · 4H2O–
MnO2 transformation. Indeed, the XRD results revealed
formation of MnO2 as a major phase when calcining the p
cursor salt at 400◦C (Fig. 1). Increasing the temperatu
completely converted MnO2 into Mn2O3 at around 550–
600◦C. Accordingly, XRD analysis showed that Mn2O3 be-
came the sole detectable phase after calcination betwee
and 700◦C [16]. No other manganese phases were evide
this temperature range.

On the other hand, it should be noted that the X-
diffraction patterns did not show the presence of any
tectable crystal-like phase of manganese oxides, nam
Mn2O3, on Mn(1.0%)/H-ZSM-5 and Mn(4.3%)/H-ZSM-5
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Fig. 1. XRD spectra: (a) MnO2 (Mn(NO3)2 · 4H2O calcined at 400◦C/

3 h/air), (b) Mn2O3 (Mn(NO3)2 · 4H2O calcined at 550◦C/3 h/air),
(c) Mn2O3 (Mn(NO3)2 · 4H2O calcined at 700◦C/3 h/air), (d)
Mn(8.3%)/H-ZSM-5, (e) Mn(4.3%)/H-ZSM-5, (f) Mn(1.0%)/H-ZSM-5,
(g) Mn(4.3%)/Al2O3, (h) Mn(4.2%)/SiO2.

catalysts. The lack of X-ray diffraction lines of charact
istic Mn2O3 indicated that the H-ZSM-5-supported ma
ganese species were highly dispersed [17]. Nevertheles
most intense peaks of Mn2O3 crystals were noticeable fo
Mn(8.3%)/H-ZSM-5, revealing that large crystallites we
eventually formed. The XRD patterns of the Mn/H-ZSM-5
catalysts were essentially identical to those of the H-ZS
support, except for a certain loss (10–15%) in the inten
of principal diffraction lines, which was more remarkab
with increasing Mn content. This pointed out that the ZSM
structure was largely maintained after the addition of m
ganese to the support.
e

Table 1 lists the textural properties of the catalysts al
with the manganese loading. For the sake of clarity
weight contents of the metal and metal oxide were includ
It was noted that the incorporation of increasing amou
of manganese to H-ZSM-5 zeolite slightly diminished
surface area, as well as its pore volume. The surface
of H-ZSM-5 zeolite was 50 m2 g−1 greater than that o
Mn(8.3%)/H-ZSM-5 catalyst, suggesting that some p
blockage might have occurred due to high metal load
This slight loss of surface area was evidence that the m
porous character of H-ZSM-5 zeolite was hardly modifi
after impregnation, as also revealed by XRD data.

Temperature-programmed desorption of ammonia
used to determine the number and the strength of the
sites present in the metal-modified catalysts (Table 1).
area under the TPD profile dropped significantly for
the metal loaded zeolite catalysts compared with the
ent H-ZSM-5 zeolite, thereby showing an overall loss of
total number of acid sites with increasing manganese a
tion. Analyzing the NH3-TPD profiles (Fig. 2), it could be
observed that the first maximum at 150◦C, corresponding
to weak acid sites, was roughly the same for all the zeo
catalysts. The second maximum at 350–375◦C, associated
with medium-strength acidity, decreased noticeably. Mo
over, a third maximum was observed at 500◦C in the case o
manganese oxide-based zeolite catalysts, whereas this
tional peak was not detectable with H-ZSM-5 [18]. The l
concentration of this third very strong acid site compa
with the remaining acid sites suggested that these sp
were created by the metal cations. The population of
type of acid sites increased with increasing manganese
tent [19]. As a conclusion, total acidity of Mn-impregnat
H-ZSM-5 catalysts was found to be a combined effec
two factors: first, Brønsted acidity due to negatively char
AlO4 tetrahedra and second, cationic acidity due to inco
rated manganese.

TPR patterns of the metal-loaded zeolite catalysts
function of Mn loading are presented in Fig. 3. A two-s
reduction profile was observed for all the zeolites, excep
the pure protonic sample. The two reduction peaks were
sistent with successive reduction of Mn2O3 into Mn3O4, fol-
lowed by a final reduction to MnO [17]. TPR measureme
were characteristic of bulk Mn2O3 species. It was observe
Table 1
Physicochemical properties of the supports and the manganese oxide-based catalysts

Catalysta Mn content Mn2O3 content Surface area Pore volume Total acidity Acid sites (%)

(wt%) (wt%) (m2 g−1) (cm3 g−1) (mmol NH3 g−1) Weak Medium Strong

Mn(1.0%)/H-ZSM-5 1.0 0.01 423 0.232 0.43 57.7 32.4 9.8
Mn(4.3%)/H-ZSM-5 4.3 0.06 413 0.225 0.56 44.5 36.4 19.1
Mn(8.3%)/H-ZSM-5 8.3 0.12 410 0.232 0.50 43.0 37.6 19.5
Mn(4.3%)/Al2O3 4.3 0.06 103 0.564 0.34 88.4 11.6 –
Mn(4.2%)/SiO2 4.2 0.06 300 1.095 – – – –
H-ZSM-5 – – 460 0.230 0.58 43.8 56.2 –
Al2O3 – – 105 0.571 0.35 85.8 14.2 –
SiO2 – – 323 1.203 – – – –

a All the samples were calcined at 550◦C in air for 3 h.
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Fig. 2. Temperature-programmed desorption of ammonia profiles of va
catalysts and supports.

that both reduction peaks slightly shifted to higher temp
atures with increasing content. Hence, the reduction p
appeared at 310 and 410◦C on Mn(4.3%)/H-ZSM-5, and
320 and 430◦C on Mn(8.3%)/H-ZSM-5. The Mn(1.0%)/
H-ZSM-5 zeolite also exhibited minor features at 300 a
400◦C. Although XRD analysis did not reveal crystallin
material, small Mn2O3 clusters are thought to be present i
highly dispersed form on the outer surface of Mn/H-ZSM-5
catalysts with a low metal content. As suggested by the
creased reduction temperatures and the presence of di
tion peaks corresponding to metallic clusters, the higher
loading, the more aggregated Mn2O3 crystals were formed
resulting in a poorer dispersion.

3.2. Activity tests

Before studying the catalytic behavior of H-ZSM-
supported manganese oxide catalysts, first a compar
study was carried out in order to assess the better
alytic properties of H-ZSM-5 zeolite as support in comp
ison with those of other typical commercial supports s
as alumina and silica. For this purpose, Mn(4.3%)/Al2O3
and Mn(4.2%)/SiO2 catalysts were prepared by impregn
tion of γ -alumina SCM-129X (Rhône Poulenc) and sili
CS-1030-E (PQ Corporation) supports, respectively, w
an aqueous solution of manganese nitrate and subse
drying at 120◦C for 5 h and calcination in air at 550◦C
for 3 h. The physiochemical properties of these catal
are listed in Table 1. As can be observed, Mn(4.3%)/H-
ZSM-5, Mn(4.3%)/Al2O3, and Mn(4.2%)/SiO2 catalysts
had roughly the same cation content. The total acidity
alumina and silica supports was noticeably lower than
-

t

Fig. 3. Temperature-programmed reduction patterns of various supp
manganese oxide catalysts.

of H-ZSM-5 zeolite (Table 1). Moreover, the impregn
tion of manganese did not affect the acid strength dist
ution. Results from XRD and TPR of Mn(4.3%)/Al2O3 and
Mn(4.2%)/SiO2 catalysts revealed the presence of relativ
large crystals of Mn2O3 species (Fig. 1), which require
higher temperatures for complete reduction (Fig. 3). Con
quently, the metallic dispersion of these catalysts appe
to be poorer compared with Mn(4.3%)/H-ZSM-5 catalyst.

Typically the catalytic activity was characterized by mo
itoring the combustion efficiency as a function of tempe
ture for a particular VOC at given test conditions. A char
teristic S-shaped curve, which is called light-off or igniti
curve, was obtained.T 50 (temperature at which 50% con
version is attained) was used as a criterion for compa
the catalytic activity for various catalysts. The light-o
curves of the decomposition of DCM and TCE over th
three Mn2O3-based catalysts are shown in Figs. 4 and
respectively. It was observed that all the catalyzed re
tions required lower reaction temperatures than the hom
neous reaction irrespective of catalyst composition or t
of feed. The Mn(4.3%)/H-ZSM-5 catalyst produced 50%
conversion of DCM at 340◦C while Mn(4.3%)/Al2O3 and
Mn(4.2%)/SiO2 required a temperature increase to 400
440◦C, respectively, for a similar conversion level. On t
other hand, the Mn(4.3%)/H-ZSM-5 catalyst achieved 50%
TCE conversion at temperatures as low as 300◦C where
the other two manganese-based catalysts needed a
mum temperature of 425◦C (Mn(4.3%)/Al2O3) and 445◦C
(Mn(4.2%)/SiO2) to produce 50% conversion. Thus, a
cording to theT 50 values for the oxidation of both chlo
rinated hydrocarbons, there was a decreasing activity o



152 J.I. Gutiérrez-Ortiz et al. / Journal of Catalysis 218 (2003) 148–154

re-

s
he
ity
ox-
sup-
olite
ing
her

on-
ta-
ytic
ing
n
ere
nce
a-

de-
ese
d to
uir-
ris-
us-

nism

re-

ces

)

da-
he
por-
h
the
o-
bly
both
ndi-
tem-

in

e
m

-

at-

ver-
)

Fig. 4. DCM oxidation light-off curves over Mn(4.3%)/H-ZSM-5,
Mn(4.3%)/Al2O3, Mn(4.2%)/SiO2, and empty reactor (homogeneous
action).

various catalysts in the following order: Mn(4.3%)/H-ZSM-
5 > Mn(4.3%)/Al2O3 > Mn(4.2%)/SiO2 > homogeneou
reaction. This activity trend perfectly correlated with t
order of the catalysts as a function of their total acid
pointing out that the activity of supported manganese
ide catalysts strongly depended on the nature of the
port. Furthermore, polyvalent cations present in the ze
framework also improved the zeolite acidity by creat
highly strong acidic sites. On the other hand, the hig
metallic dispersion of Mn(4.3%)/H-ZSM-5, as shown by
TPR, also resulted in a better catalytic behavior. In c
trast, the low activity of alumina and silica based ca
lysts was associated with the low acidity of these catal
supports, which was hardly enhanced with Mn load
as revealed by NH3-TPD, and with a poorer dispersio
of Mn2O3 clusters. Oxygen uptake measurements w
also consistent with the observed activity results si
Mn(4.3)%/H-ZSM-5 exhibited the largest adsorption c
pacity with a value of 0.27 mmol O2 g−1 in comparison
with 0.12 and 0.10 mmol O2 g−1 for Mn(4.3%)/Al2O3 and
Mn(4.2%)/SiO2, respectively.

Taking into account the conversion data from the
composition runs without any catalyst and with mangan
oxide supported on alumina and silica, TCE appeare
be a more stable compound with respect to DCM, req
ing higher temperatures to complete combustion. Surp
ingly, TCE conversion was noticeably accelerated when
ing Mn(4.3%)/H-ZSM-5 as catalyst since aT 50 value as low
as 300◦C was noted whileT 50 for DCM combustion was
340◦C. Perhaps possible structural and reaction mecha
Fig. 5. TCE oxidation light-off curves over Mn(4.3%)/H-ZSM-5,
Mn(4.3%)/Al2O3, Mn(4.2%)/SiO2, and empty reactor (homogeneous
action).

differences between the chlorinated VOCs led to differen
in reactivity of Mn(4.3%)/H-ZSM-5 catalyst.

In order to establish an optimal metal loading, Mn(1.0%/

H-ZSM-5 and Mn(8.3%)/H-ZSM-5 along with Mn(4.3%)/
H-ZSM-5 zeolite catalysts were evaluated for the oxi
tion of DCM and TCE. As indicated in Figs. 6 and 7, t
manganese incorporation to the zeolite induced an im
tant reduction inT 50 values for chlorocarbon oxidation wit
respect to pure H-ZSM-5, which varied depending on
metal content. It is worth noting that the H-ZSM-5 ze
lite catalyst did have some activity, this being considera
higher than the homogeneous conversion results for
chlorinated compounds. In fact, under the existing co
tions no detectable homogeneous reaction occurred at
peratures below 350–400◦C for DCM and 450–500◦C for
TCE.

As for DCM, catalytic activity was found to decrease
the following order: Mn(4.3%)/H-ZSM-5> Mn(1.0%)/H-
ZSM-5 ≈ Mn(8.3%)/H-ZSM-5> H-ZSM-5. The decreas
in T 50 with respect to the H-ZSM-5 zeolite ranged fro
60◦C over Mn(4.3%)/H-ZSM-5 to 40◦C over Mn(1.0%)/
H-ZSM-5 and Mn(8.3%)/H-ZSM-5. The differences in ac
tivity were discernible only at temperatures below 400◦C.

According to TCE destruction efficiency, the zeolite c
alysts could be listed as Mn(4.3%)/H-ZSM-5≈ Mn(8.3%)/
H-ZSM-5 � Mn(1.0%)/H-ZSM-5 > H-ZSM-5. Interest-
ingly, Mn(4.3%)/H-ZSM-5 and Mn(8.3%)/H-ZSM-5 zeo-
lite catalysts showed a remarkable improvement in con
sion, which increased from as low as 15% over Mn(1%/

H-ZSM-5 and H-ZSM-5 to almost 95% over Mn(5%)/H-
ZSM-5 and Mn(10%)/H-ZSM-5 at 400◦C. This conversion
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Fig. 6. DCM oxidation light-off curves over Mn/H-ZSM-5 catalysts for
various loadings.

difference signified the importance of the presence of r
tively high loadings of Mn2O3 as catalyst agent for TCE de
struction. It was also seen that the catalytic activity sligh
decreased for a further increase of Mn loading from 4.3
8.3 wt%.

Taken together, the chlorinated VOC conversion res
demonstrate that 4.3 wt% was an optimal amount of m
ganese on H-ZSM-5 for the oxidative decomposition of b
dichloromethane and trichloroethylene. The catalytic ac
ity did not increase linearly with manganese loading wh
Mn content was higher than 4.3 wt%, owing to the fact t
the amount necessary for monolayer coverage was pr
bly exceeded and therefore the surface of highly dispe
Mn2O3 was no longer increased [10]. As revealed by T
results, the dispersion of Mn(4.3%)/H-ZSM-5 appeared to
be higher than that of Mn(8.3%)/H-ZSM-5. The oxygen
chemisorption capacity of this catalyst was higher than
of Mn(8.3%)/H-ZSM-5 catalyst (0.23 mmol O2 g−1). It is
worth noting that surface area of the zeolite catalysts did
seem to control the activities of the catalysts, as differen
in the surface area values, as listed in Table 1, were obse
with no corresponding trend in activity.

3.3. Product distribution

Apart from analyzing the catalytic activity for chlorinate
VOC destruction, the product distribution of H-ZSM-
supported manganese oxide catalysts was also monit
The main oxidation products formed were CO, CO2, HCl,
and Cl2 [14,20]. Additionally, when oxidizing DCM smal
amounts of methyl chloride were detected at mild temp
atures (300–400◦C) [21]. The peak concentration of th
-

d

.

Fig. 7. TCE oxidation light-off curves over Mn/H-ZSM-5 catalysts for var-
ious loadings.

by-product was 95 and 165 ppm over Mn(1.0%)/H-ZSM-5
and H-ZSM-5 catalysts, respectively. At higher temp
atures the concentration decreased, and thus this
pound was completely decomposed at 500◦C. In contrast,
methyl chloride was no longer detected in the tempe
ture range studied over zeolite catalysts with higher
content. As regards TCE oxidation, small amounts of te
chloroethylene were detected as a by-product in the p
uct stream [22]. The peak concentrations were 60, 2
280, and 390 ppm over H-ZSM-5, Mn(1.0%)/H-ZSM-5,
Mn(4.3%)/H-ZSM-5, and Mn(8.3%)/H-ZSM-5, respec-
tively. Since tetrachloroethylene was presumably gener
by chlorination, its formation was favored when reactive C2

was present in large quantities [23], as will be noted la
This occurred for TCE oxidation catalyzed by Mn(4.3%/
H-ZSM-5 and Mn(8.3%)/H-ZSM-5 catalysts.

DCM contains sufficient hydrogen associated with
parent molecule to yield hydrogen chloride exclusively. U
expectedly, significant amounts of molecular chlorine w
observed above 400◦C. The Cl2 was believed to arise from
the oxidation of hydrogen chloride at high temperatures,
Deacon reaction (2HCl+ 1

2O2 � Cl2 + H2O). Cl2 produc-
tion via the Deacon reaction was promoted with increas
manganese content, thus revealing its high activity for
reaction. Hence, the maximum concentration at 550◦C was
320, 360, 580, and 605 ppm over H-ZSM-5, Mn(1.0%/
H-ZSM-5, Mn(4.3%)/H-ZSM-5, and Mn(8.3%)/H-ZSM-5,
respectively. Unlike DCM, in the case of TCE there is no s
ficient hydrogen associated with the parent molecule to y
HCl exclusively. As a result, a noticeable chlorine format
was noted, this being more remarkable over Mn(4.3%)/H-
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ZSM-5 and Mn(8.3%)/H-ZSM-5 catalysts resulting in chlo
rine concentrations higher than 800 ppm.

As far as CO and CO2 formation in chlorinated VOC con
version was concerned, a common feature of the forma
of CO2 over CO was observed at high conversion lev
The low selectivity toward CO2 (< 50% at 550◦C) for pure
H-ZSM-5 zeolite suggested that the zeolites did not prom
the deep oxidation to CO2 [22]. However, increasing th
manganese oxide loading on the H-ZSM-5 support rem
ably increased the CO2 selectivity due to the high activit
of Mn for CO oxidation reaction (CO+ 1

2O2 → CO2) [24].
Hence, selectivity values to CO2 higher than 95% were ob
tained over Mn(4.3%)/H-ZSM-5 and Mn(8.3%)/H-ZSM-5
catalysts. Carbon balances were typically greater than
for all runs reported in this study.

In conclusion, among H-ZSM-5 zeolite, alumina, and
ica supports, Mn2O3 supported on H-ZSM-5 was found
exhibit the highest activity for chlorinated VOC combustio
The better catalytic behavior of Mn/H-ZSM-5 catalyst was
attributed to a higher acidity of H-ZSM-5 support, whi
was enhanced by Mn incorporation, to a higher dispersio
the metallic species, and to a higher oxygen chemisorp
capacity. An optimal manganese loading of 4.3 wt% was
served to efficiently oxidize both single and double car
chlorinated feeds at temperatures between 400 and 45◦C.
The main oxidation products were carbon monoxide,
bon dioxide, hydrogen chloride, and chlorine. CO2 and Cl2
selectivities were promoted with increasing manganese
tent. This was interpreted in terms of the high activity of M
in both CO oxidation and Deacon reaction.
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