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Various protonic zeolites (H-Y, H-ZSM-5, and H-MOR) were tested for the total
combustion of dichloromethane (DCM) as a model reaction for the catalytic destruc-
tion of chlorinated organic pollutants. The order of catalytic activity decreased in the
following order: H-MOR > H-ZSM-5 > H-Y. Strong Bronsted acidity played a deter-
mining role in controlling the active catalytic behavior as revealed by TPD of ammonia
and IR measurements of adsorbed pyridine. DCM oxidative decomposition gave rise to
CO and HCI as main products along with small amounts of CO, and Cl,. In addition,
methyl chloride was detected as a reaction intermediate between 250 and 500°C. The
presence of water in the feed stream led to an inhibition of the zeolite activity and
resulted in a noticeable change in the reaction product distribution. Water effectively
promoted the selectivity toward environmentally desirable reaction products, that is, HCI
and CO,, and completely suppressed the formation of methyl chloride.

Introduction

Chlorinated volatile organic compounds (VOCs) have been
produced commercially and used for many purposes by the
chemical industry, including the manufacture of herbicides,
plastics, and solvents. Uses outside the chemical industry in-
clude solvent degreasing in the automotive and aerospace in-
dustries, dry-solvent cleaning solvents in the garment indus-
tries, and solvent cleaning in the electronic industries (US
EPA, 1991; Sidebottom and Franklin, 1996). However, such
compounds constitute a major source of air pollution since
they are involved in stratospheric ozone depletion, smog for-
mation, and global warming of the planet. Owing to their high
toxicity and ensuing hazardous nature, their proper disposal
has become an industrywide concern, and their release into
the environment continues to attract considerable concerns,
which in turn has led to governmental attempts to control
such emissions in many countries (Boubel et al., 1994).

The most widely adopted technique for the treatment of
chlorinated VOC-laden effluents is thermal combustion or
incineration, which requires temperatures in excess of 1,000°C
because of the particular stability of chlorine-containing pol-
lutants (Moretti, 2001). While it is a simple and often cost-
effective method of control, the high temperatures required
result in a relatively fuel-intensive technique with little con-
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trol over the ultimate products. The latter is particularly
problematic and can lead to incomplete oxidation of the waste
stream and the formation of nitrogen oxides and toxic
byproducts, if conditions are not carefully controlled. In this
sense, Taylor and Dellinger (1998) indicated that pure chlori-
nated VOCs, when directly combusted with air, tend to yield
a large amount of complex chlorinated products of incom-
plete combustion.

Alternatively, heterogeneous catalytic oxidation offers
many potential advantages (Kitrell et al., 1994). The use of a
catalyst in the oxidative destruction of chlorinated VOCs sig-
nificantly lowers the process operating temperature, which is
typically in the range of 300—-600°C. This reduction in tem-
perature is advantageous, as economically little or no supple-
mentary fuel is required to sustain combustion. In addition,
the catalytic process offers a much greater degree of control
over the reaction products and can operate with dilute efflu-
ent streams (0.1-1% chlorinated VOC), which cannot be
treated easily by thermal combustion. Hence, catalytic oxida-
tion can be considered as a more appropriate method of end-
of-pipe pollution control. The main requirement is total con-
version of chlorine contained in the organic molecule into
HCI, and oxidation of the organic part into CO, and H,O.

A prospective catalyst must be active at relatively low tem-
peratures and show high selectivity to carbon oxides and hy-
drogen chloride. Two broad categories of catalysts usually
have been proposed for chlorinated VOCs destruction: noble
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metals and metal-oxides-based systems (Spivey, 1987).
Noble-metal catalysts, which are often supported, show in-
trinsic combustion activity; however, they are relatively ex-
pensive, susceptible to poisoning by chlorine even at low lev-
els, and in some cases exhibit poor stability. On the other
hand, copper, chromium, manganese, and nickel have been
used for chlororganics combustion. Generally, it is expected
that this type of catalyst can tolerate higher levels of poisons,
but the activity shown by these oxides is usually lower than
noble-metal-based catalysts. Furthermore, depending on the
composition, both noble-metal and metal-oxide catalysts also
can be active in the Deacon process and in chlorination reac-
tions, which lead to the formation of molecular chlorine and
undesired highly chlorinated compounds. Therefore, the de-
velopment of catalysts operating at mild conditions for the
removal of traces of chlorinated hydrocarbons would be of
considerable interest.

Traditionally, H-zeolites have found diverse applications as
catalysts in the petrochemical and refining industries owing
to their remarkable acidic properties and their shape selectiv-
ity; however, much less consideration has given to investigat-
ing the suitability of protonic zeolites for abatement of chlo-
rinated VOCs (Prakash et al., 1995; Chintawar and Greene,
1997). Indeed, these few citations in the recent literature re-
vealed the potential characteristics of H-zeolites as effective
appropriate catalysts for application in environmental reme-
diation. Protonic zeolites have been shown to exhibit a rea-
sonable destruction activity, being as active as alumina-sup-
ported palladium and platinum catalysts in some cases
(Aranzabal et al., 2001), together with a high selectivity to
hydrogen chloride as a chlorinated oxidation product instead
of molecular chlorine. The use of this type of catalyst avoids
the eventual incorporation of hazardous transition metal
cations such as chromium. In contrast, H-Y zeolites are poor
catalysts for the complete conversion to carbon dioxide. Thus,
taking into consideration the promising results obtained with
chlorinated C, ethanes and ethylenes (Gonzalez-Velasco et
al., 2000a; Lopez-Fonseca et al., 2000a,b; Lopez-Fonseca et
al., 2001a), a series of protonic zeolites have been investi-
gated for the catalytic decomposition of dichloromethane
(DCM), which was selected as a model compound for the
general category of chlorinated methanes. Besides, its H/CI
ratio eventually enables the total conversion of Cl into HCI
without the presence of other reagents. On the other hand,
H-Y, H-ZSM-5 and H-MOR zeolites were chosen as cata-
lysts, since they are three zeolites widely employed on an in-
dustrial scale due to their distinct catalytic properties.

Therefore, the main objective of this work is to determine
the feasibility of using a range of H-zeolites with different
physicochemical properties for the complete combustion of
dichloromethane in dry air. The analysis of the influence of
water on catalytic activity and product selectivity was in-
cluded in this study as well.

Experimental
Materials

The zeolites H-Y (CBV400), NH,-ZSM-5 (CBV5524G),
and Na-MOR (CP500C-11) were supplied by the Zeolyst

Corporation. The H-Y zeolite was used as received. The H-
ZSM-5 zeolite was obtained by calcining the NH,-ZSM-5 ze-
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olite in air at 550°C for 3 h. The mordenite sample in the
NH,-form was prepared by two successive ion exchanges with
a 3-M NH,NO; solution at room temperature for 24 h. The
NH, form was then transformed to the H form by calcining
in air at 550°C for 3 h. The zeolites were pelletized using
methylcellulose as a temporary binder, which was removed by
calcination in air. Then pellets were crushed and sieved to
grains that were 0.3-0.5 mm in diameter.

Zeolite characterization

The determination of the compositions was carried out us-
ing a Philips PW 1480 wavelength dispersive X-ray fluores-
cence (XRF) spectrometer. All the chemical elements were
analyzed using a side-window Sc-Mo target X-ray tube and
under a vacuum path.

X-ray diffraction (XRD) studies were carried out on a
Philips PW 1710 X-ray diffractometer with CuK e radiation
(A=1.5406 A) and Ni filter. The X-ray tube was operated at
30 kV and 20 mA. Samples were scanned from 26 equal to 2°
up to 60°, and the X-ray diffraction-line positions were deter-
mined with a step size of 0.02° and a counting time of 2.5 s
per step.

The surface areas of the zeolite samples were determined
by N, adsorption—desorption at —196°C in a Micromeritics
ASAP 2010. Samples were previously evacuated overnight at
450°C under high vacuum.

Diffuse reflectance (DRIFT) spectra of pyridine adsorbed
on the zeolite samples were obtained with a Nicolet Protegé
460 ESP spectrometer, equipped with a controlled-tempera-
ture and environment diffuse reflectance chamber (Spectra-
Tech) with KBr windows and a liquid-nitrogen-cooled
HgCdTe detector. All spectra were collected in the range of
4,000-1,000 cm ™!, averaging 400 scans at an instrumental
resolution of 1 cm ™!, and analyzed using OMNIC software.
Prior to pyridine adsorption the sample was evacuated at
550°C and 1073 N:m~2 for 1 h, and then pyridine vapor
doses were injected by syringe through a septum until the
zeolite sample was saturated. Spectra were recorded at 200°C
after 1 h under vacuum in order to reduce the contribution of
the gas phase and physisorbed pyridine. Difference spectra
were obtained by subtracting the spectrum of the dehydrated
zeolite sample from the spectra obtained after pyridine ad-
sorption.

Temperature-programmed desorption (TPD) of ammonia
was performed on a Micromeritics AutoChem 2910 instru-
ment. Prior to adsorption experiments, the samples (30-40
mg) were first pretreated in a quartz U-tube in a nitrogen
stream at 550°C. Then, they were cooled down at 100°C in a
N, flow (20 cm® min~!) before the ammonia adsorption
started. The adsorption step was performed by admitting
small pulses of ammonia in Ar at 100°C up to saturation.
Subsequently, the samples were exposed to a flow of argon
(50 cm?-min~!) for 2 h at 100°C in order to remove re-
versibly and physically bound ammonia from the surface. Fi-
nally, the desorption was carried out from 100°C to 550°C at
a heating rate of 10°C min~! in an Ar stream (50 cm?- min~1).
This temperature was maintained for 15 min until the adsor-
bate was completely desorbed. A thermal conductivity detec-
tor detected the ammonia desorbed. The intensity was first
calibrated with ammonia gas in a sample loop.
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Catalytic activity measurement

Catalytic oxidation reactions were carried out in a conven-
tional fixed-bed reactor under atmospheric pressure
(Gonzalez-Velasco et al., 1998). The reactor consisted of a
1.2-cm-ID stainless-steel tube approximately 25 cm long. The
catalyst bed (0.85 g, 2 cm®) was supported on a plug of glass
wool located 9 cm from the bottom of the reactor. Two-mm-
OD crushed quartz glass was placed above the catalyst bed to
serve as a preheat zone for the incoming feed stream. The
temperature was measured with a type-K thermocouple,
whose control scheme allowed for maintaining a stable bed
temperature to within +1°C of the desired value. The reac-
tor was housed in a 26-cm-diameter by 42-cm-long electri-
cally heated furnace, which provided uniform heating of the
catalyst bed.

The flow rate through the reactor was set at 500 cm?:
min~!, and the gas hourly space velocity (GHSV) was main-
tained at 15,000 h~! (Keller and Dyer, 1998). The residence
time based on the packing volume of the catalyst was 0.24 s.
Dry, oil-free air delivered from a PSA air drier was metered
to the system using a mass flow controller of the appropriate
range. The liquid chlorinated hydrocarbon (1,000 ppm) and
water (15,000 ppm) were injected into the dry air using sy-
ringe pumps. The point of liquid injection was electrically
heated in order to ensure complete evaporation of both reac-
tants. Before entering the reactor, the feed stream was ho-
mogeneously blended in a 2 dm? static mixer, which served to
dampen out possible oscillations of the syringe pumps as well.
Subsequently, the temperature was raised from 200°C to
550°C in steps of 50°C, and conversion measurements and
product profiles were taken at steady state, typically after 20
min on stream. Teflon tubing was employed due to its insen-
sitivity to corrosion by hydrogen chloride.

Following the reactor, a portion of the effluent stream was
delivered and analyzed on-line using a Hewlett-Packard 5890
Series II gas chromatograph (GC) equipped with an electron
capture detector (ECD) and a thermal conductivity detector
(TCD). CO and CO, were separated using both a 0.6-m-long
X 0.32-cm-OD 13X molecular sieve column and a 2.4-m-long
X 0.32-cm-OD Hayesep N column interconnected to a gas
sampling loop by a single 10-port valve and were analyzed
using a TCD. The concentration of the chlorinated feeds and
any other chlorinated hydrocarbons formed in the reaction
were determined by the ECD after being separated in an
HP-VOC column. The GC was previously calibrated for reac-
tion product response. Reactor effluent was also quantita-
tively analyzed for phosgene using Dréger tubes. Analyses
were performed for selected runs by attaching the Dréger
tube directly to the reactor outlet using a short piece of Teflon
tubing. In this way, the entire feed stream was passed through
the Driger tube. The tube was removed after a known vol-
ume of gas has passed through the tube.

Table 1. Physicochemical Properties of the Zeolite Catalysts

Total Acidity Weak Sites Strong Sites™*
Zeolite (mmolNH; g™!) (mmolNH; g=!) (mmolNH; g™ 1)
H-Y 0.65 0.56 0.09
H-ZSM-5 0.49 0.22 0.27
H-MOR 1.18 0.79 0.39

*Sites retaining ammonia at temperatures higher than 250°C
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Analysis of both Cl, and HCl was performed by bubbling
the effluent stream through a 0.0125-N NaOH solution. The
Cl, concentration was determined by titration with ferrous
ammonium sulfate (FAS) using N,N-diethyl-p-phenylene-
diamine (DPD) as an indicator. The concentration of chlo-
ride ions in the bubbled solution was determined by using an
ion selective electrode.

Results and Discussion
Zeolite characterization

Table 1 lists the main physicochemical properties, that is,
surface area, Si/Al ratio, pore volume, and micropore vol-
ume, of the H-zeolites examined in this work. According to
the IUPAC recommendations, the BET surface area (Sggr)
would be better called “monolayer equivalent surface area”
in the case of microporous materials. Whatever the differ-
ence between the BET theory (a theory established for non-
microporous solids) and the Dubinin theory (a theory devel-
oped to characterize solids containing micropores), it is re-
ported that results (micropore volume and surface area) ob-
tained from both theories, although not identical, are linearly
correlated. This result justifies to some extent the wide use of
Sger and V., in order to make comparison among differ-
ent zeolite materials (Raatz and Ajot, 1987). The calculated
values of the textural properties were in agreement with those
found in the literature for this type of materials (Breck, 1974;
Remy and Poncelet, 1995).

Temperature-programmed desorption of a base molecule
is a convenient method for determination of the acidic prop-
erties of solid catalysts (Marcelin, 1993). It is generally recog-
nized that ammonia is an excellent molecule of TPD because
it can be stabilized on acid sites and can penetrate into pores
due to its strong basicity and small size. Not only the overall
acidity but also the distribution of acid strength can be sur-
mised from the NH;-TPD profile. On the other hand, the
adsorption of base probes, mainly pyridine, followed by in-
frared spectroscopy shows the nature of the acid sites dis-
criminating Brgnsted and Lewis sites (Busca, 1998).

Figure 1 shows the diffuse-reflectance infrared spectra of
pyridine adsorbed on the zeolites at 200°C in the region
1,700-1,400 cm~' at 107> N-m~2 The absorption band
around 1,545 cm ™! is assumed to be characteristic for pyri-
dinium ions, while absorption bands between 1,445 and 1,460
cm ! are attributed to coordinatively adsorbed pyridine. The
band at 1,492 cm ™! can be assigned to pyridine associated
with Brgnsted and Lewis sites (Lercher et al., 1996). In the
literature, the bands at 1,545 and 1,450 cm ™! are used for the
determination of Brgnsted and Lewis sites, respectively
(Barzetti et al., 1996). The samples exhibited both Brgnsted
and Lewis acidity. H-Y presented a large number of both
types of acid sites, while H-ZSM-5 and H-MOR predomi-
nantly contained Brgnsted sites, as the absorption band at
1,450 cm ™! attributed to pyridine bonded to Lewis sites was
very low.

The results from the acidity determination experiments are
plotted in Figure 2. The NH; desorbed above 100°C was con-
sidered as chemisorbed NH; and subsequently used for acid-
ity determination. The amount of adsorbed NH; was 0.97,
0.65, and 0.49 mmol-g’1 for H-MOR, H-Y, and H-ZSM-5,
respectively. As expected, H-ZSM-5 showed the lowest total
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Figure 1. IR spectra of adsorbed pyridine on H-zeolites.

acidity due to its low aluminum content (Chen et al., 1992).
The position of the temperature maximum in the plot of the
ammonia desorption vs. temperature was an indication of the
magnitude of the NH, desorption activation energy, and con-
sequently the relative acid strength of the sites. As can be
seen in Figure 2, all the curves displayed a major desorption
peak around 150°C, which is indicative of the weak (Brgnsted
and/or Lewis) sites present in the zeolite catalysts. Apart from
the maximum temperature of the NH; desorption curve, the
area under the desorption peak was also indicative of the
relative number of acid sites present. Comparing the desorp-
tion curves of the different catalysts (Table 2), it was found
that the apparent number of weak sites was noticeably larger
(around 85% of the total acid sites) in H-Y compared with
those of H-ZSM-5 (about 45%) and H-MOR (around 55%).
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Figure 2. Temperature-programmed desorption of am-
monia from H-zeolites.
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Table 2. Total Acidity and Acid Strength Distribution of the

Zeolite Catalysts
Surface Area Vore Vinicropore
Si/Al (m2-g™1H (cm®-g™)  (emi-g™hH
H-Y 24 900 0.382 0.312
H-ZSM-5 273 460 0.230 0.147
H-MOR 52 570 0.223 0.203

A second much smaller desorption peak was obtained for
H-ZSM-5 (350°C) and H-MOR (450°C) in the range of
350-450°C, indicating the presence of strong Brgnsted acid
sites. On the contrary, H-Y showed a much smaller inflection
in this region. According to the TPD profiles H-ZSM-5 zeo-
lite contained acidic hydroxyl groups similar to those existing
in H-MOR. The acid strength of H-MOR was slightly higher
than that of H-ZSM-5, the two zeolites differing mainly by
the number of acid sites, which was larger in H-MOR
(Hidalgo et al., 1984).

Transport effects

Before testing the activity and selectivity of the zeolite cat-
alysts, the transport effects were evaluated to ensure that ex-
perimental results were not significantly influenced by inter-
phase transportation (Satterfield, 1970). External mass- and
heat-transfer resistances were evaluated using a criteria out-
lined by Mears (1971). The j factor was calculated using
equations presented by Fromment and Bischoff (1990), and,
as an approximation, j,, was assumed to be equal, j,. The
remaining physical properties were obtained from Reid et al.
(1987). The criteria of Mears were satisfied for elimination of
both external mass- and heat-transfer resistances. Likewise,
calculation of the theoretical external transfer rate of reac-
tants to the catalytic particles (at a typical temperature of
400°C) based on estimated mass-transfer coefficients gave a
value three orders of magnitude larger than the measured
reaction rates, indicating process conditions are far from ex-
ternal diffusion limitations. The effects of external mass-
transfer resistances were experimentally evaluated by repeat-
ing a set of process conditions while employing a different
linear velocity. Results of these experiments indicated that
conversion was not affected for linear velocity higher than 7
cm-s~ !, to within the experimental error. Estimates of inter-
phase temperature gradients showed fluid—solid differences
of less than 2°C, thereby limiting heat-transfer limitation con-
cerns.

Although the temperature profile within the catalyst bed
could not be monitored, deviation from isothermal operation
could be assessed by comparing the catalyst-bed temperature
to that of the ceramic block surrounding the catalyst prior to
and following reactant exposure. In all cases, the increase in
the catalyst-bed temperature was less than 1-2°C, indicating
that axial temperature gradients were not influencing the ex-
perimental results.

The possibility of internal pore diffusion was examined by
measuring conversions at fixed conditions for catalyst parti-
cles of different size, and the results showed that pore diffu-
sion resistance was absent for particles less than 1 mm in
diameter. Intraparticle mass-transfer resistances were theo-
retically evaluated by computing effectiveness factors, which
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Figure 3. Dichloromethane destruction light-offs under
dry (solid lines) and humid conditions (dashed
lines).

were calculated to be greater than 0.98, indicating that intra-
particle mass-transfer resistances were not significant. Like-
wise, internal thermal gradients were found not to be con-
tributing to the observed conversion over the range of condi-
tions evaluated in this study.

Catalytic activity results

The oxidation destruction activity of a catalyst is best illus-
trated by analyzing the conversion as a function of tempera-
ture, which is known as a light-off curve. Figure 3 shows the
light-off curves for dry DCM decomposition for the various
zeolites examined in this work (solid lines). Likewise, the
curve corresponding to the destruction of a chlorinated com-
pound without any catalyst is included for the sake of com-
parison. The extent to which homogeneous oxidation of DCM
occurred was determined by an experiment placing crushed
quartz glass into the reactor tube. As can be observed, all
three zeolites converted the chlorinated hydrocarbon at tem-
peratures markedly lower than the homogeneous combus-
tion. This result revealed the ability of protonic zeolites to
decompose chlorine-containing compounds.

According to the destruction activity, the zeolites could be
listed as H-MOR > H-ZSM-5> H-Y. Tajima et al. (1996) ex-
amined several solid acid catalysts for the decomposition of
chlorofluorocarbons (CFCs) and found H-zeolites as active
catalysts. In fact, H-type zeolites exhibited the highest activ-
ity among the catalysts tested, and the catalytic behavior fol-
lowed the same trend showed in this work. These results were
also in good agreement with those reported by Nagata et al.
(1994) when testing several H-type zeolites for the destruc-
tion of CFCs. On the other hand, Greene et al. (1996) also
found H-ZSM-5 more reactive than H-Y zeolite in the oxida-
tion of carbon tetrachloride.
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The Ts, (temperature at which 50% conversion is achieved)
values for DCM combustion were 280, 360 and 375°C over
H-MOR, H-ZSM-5, and H-Y, respectively. In contrast, ho-
mogeneous reaction was only noticed at temperatures higher
than 400°C, and a minimum temperature of 475°C was re-
quired for achieving 50% conversion. Ballykaya et al. (1996)
also reported homogeneous decomposition of DCM above
400°C. Hence, the use of protonic zeolites as catalysts repre-
sented a drop in Ty, values ranging from 100°C to 200°C,
depending on the type of zeolite catalyst employed. The com-
plete oxidation was attained above 400°C over H-MOR zeo-
lite, while H-ZSM-5 and H-Y required 450°C.

It must be pointed out that the temperature needed for
the decomposition of DCM was significantly higher than those
required for the destruction of chlorinated ethanes
(Gonziélez-Velasco et al., 2000a), which proved that DCM was
a noticeably refractory chlorinated VOC in comparison with
compounds with larger carbon—carbon linkages. Several au-
thors have mentioned the preferable destruction of chlori-
nated ethanes with respect to chloromethanes (Windawi and
Wyatt, 1993; Jang et al., 1998). On the other hand, it has
been highlighted that the relative ease of destruction of
chloromethanes increased as the number of chlorine atoms
increased (Petrosius et al., 1993; Lester, 1999).

According to the results obtained from the acidity charac-
terization and the catalytic tests, strong Brgnsted acidity ap-
pears to play a key role in determining the catalytic behavior
of H-type zeolites (Prakash et al., 1995; Gonzalez-Velasco et
al., 2000a). Zeolite catalytic activity correlated with the num-
ber of strong sites present in the samples (Table 2). It is widely
accepted that the combustion of chlorinated hydrocarbons is
initiated by proton transfer from the Brgnsted sites to the
adsorbate molecule as a first step in the reaction scheme
(Chatterjee et al., 1992; Konya et al., 1996). Therefore, a site
having stronger acidity should show higher/stronger chlori-
nated VOC adsorption and consequently show a higher de-
struction activity. Oxygen was assumed to react from the gas
phase with adsorbed dichloromethane since no appropriate
sites for oxygen adsorption are present in metal-free protonic
zeolites.

It is worth noting that the surface area of the zeolites did
not appear to control the activities of the catalysts, as signifi-
cant differences in the surface-area values, as listed in Table
1, were observed with no corresponding trend in activity.

The main oxidation products in the decomposition of DCM
were carbon monoxide and hydrogen chloride, while carbon
dioxide and molecular chlorine were minor products (Figure
4). Interestingly, no phosgene (COCl,) was detected in the
product stream of any zeolite catalyst. The absence of this
extremely toxic byproduct was confirmed by the use of Driger
tubes. In addition, the reaction of DCM was accompanied by
the substantial formation of methyl chloride (Figure 5).
Hence, as soon as DCM started to react at 200°C over H-
MOR and at 250°C over H-ZSM-5 and H-Y, the generation
of methyl chloride was detected. The concentration of this
byproduct increased, with temperature being maximum at
350°C over H-MOR and at 400°C over H-ZSM-5 and H-Y.
The peak concentration of this byproduct was around 380,
195 and 160 ppm over H-MOR, H-ZSM-5, and H-Y zeolites,
respectively. At higher temperatures the concentration de-
creased, and thus this byproduct was completely decomposed
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Figure 4. Product distributions from dichloromethane
decomposition over H-MOR zeolite under dry
conditions.

at 500°C. No additional chlorinated organic product was de-
tected in the product stream of any catalyst. Methyl chloride
was also noticed during the combustion of DCM over vy-
alumina (van den Brink et al., 1998; Haber et al., 1999). Simi-
larly, Storaro et al. (1997) found substantial amounts of this
product over pillared clay materials.
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Figure 5. Methyl chloride concentrations in the ab-
sence (solid lines) and presence of water
(dashed lines).
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The formation of chlorinated organic byproducts has been
amply studied, since their environmental impact is sometimes
higher than that of the starting material. In this sense,
Schneider et al. (1999) and Sinquin et al. (2000), when using
perovskite-based catalysts for the conversion of DCM, no-
ticed large amounts of highly chlorinated byproducts such as
CHCl; and CCl,. Also, these compounds were produced
during the combustion of DCM with chromia-based catalysts
(Padilla et al., 1999).

DCM contains sufficient hydrogen associated with the par-
ent molecule to yield hydrogen chloride exclusively. Unex-
pectedly, a significant quantity of molecular chlorine was ob-
served above 450°C. The Cl, is believed to arise from the
oxidation of hydrogen chloride at high temperatures, the
Deacon reaction (2HCI+1/20, = Cl, +H,0). The forma-
tion of HCl is preferable to Cl, because hydrogen chloride is
less toxic and is more easily removed from the effluent stream,
thereby reducing problems in downstream processing equip-
ment. Conversely, metal-loaded catalysts are claimed to be
highly active for the Deacon reaction, resulting in the genera-
tion of undesired chlorine (Janas et al., 2000). The maximum
chlorine concentration at 550°C was 300, 210 and 145 ppm
over H-ZSM-5, H-MOR, and H-Y, respectively. However, al-
most 400 ppm was noticed when oxidizing with the catalyst
substituted by inert quartz glass. This suggested that the no-
table presence of OH groups in the zeolite structures was
likely to inhibit to a certain extent the conversion of HCI to
Cl, (Lépez-Fonseca et al., 2001b).

As mentioned earlier, it is believed that initially DCM ad-
sorbs on the Brgnsted site giving rise to the carbonium ion.
Hence, in order to obtain insights on the surface phenomena
in the reaction process, DCM adsorption on H-ZSM-5 zeo-
lite sample was analyzed by means of in situ DRIFT spec-
troscopy. The infrared spectra of the zeolite hydroxyls are
shown in Figure 6 during DCM adsorption at different tem-
peratures. In the spectrum of the H-ZSM-5 sample pre-
treated at 500°C in vacuum, two absorption bands were ob-
served at 3,740 cm ~ ! attributed to nonacidic terminal silanols
and at 3,609 cm ™! assigned to Brgnsted acid sites, that is, a
hydroxyl group bridging between silicon and aluminium within
the zeolite pores. An additional small absorption band, which
was associated with AIOH groups involving partially ex-
traframework alumina species (Buzzoni et al., 1996), was de-
tected at 3,670 cm ~!. By admitting DCM onto the sample the
band at 3,609 cm ™! completely disappeared, while the band
at 3,740 cm~! remained intact. This interaction was studied
by following the restoration of the band at 3,609 cm ™! upon
desorbing DCM in vacuum at increasing temperatures. The
results showed that the IR band was recovered only after
heating at about 300°C. This behavior clearly indicated that
Brgnsted acid sites acted as effective chemisorption sites for
DCM.

Ramachandran et al. (1996) investigated the DCM destruc-
tion mechanism on Co-Y catalyst by infrared spectroscopy
and proposed abstraction of zeolite hydroxyls leading to the
formation of HCI. The carbonium ion next formed the carbe-
nium ion by the abstraction of a molecule of hydrogen chlo-
ride (Ramachandran et al., 1996). Similarly, Konya et al.
(1996) studied the interaction of CH;Cl with zeolites and ob-
served a process with a hydroxyl group to produce gaseous
HCIl. The unstable carbenium ion possibly interacted with
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Figure 6. Diffuse-reflectance IR spectra of DCM ad-
sorbed on H-ZSM-5 zeolite at different tem-
peratures.

gas-phase oxygen, producing CO, CO,, and HCI, and result-
ing in the restoration of the Brgnsted site. Although metal-
loaded zeolites can offer cationic sites for dissociative ad-
sorption of oxygen, no sites for oxygen adsorption are avail-
able in pure protonic zeolites. Furthermore, catalytic runs

performed in nitrogen atmosphere revealed a very low DCM
conversion. Methyl chloride measured during reaction was
assumed to be formed by the replacement of a chlorine atom
by a hydrogen atom (hydrodechlorination) in the feed
molecule. This byproduct was decomposed at high tempera-
tures.

As said previously, substantial amounts of carbon monox-
ide were generated in the decomposition of DCM over the
zeolite catalysts (Figure 7). The common feature of the for-
mation of CO as an oxidation product was expected, since
H-zeolites lack active sites for CO oxidation. It was noted
that increasing reaction temperature always increased the
catalytic selectivity toward carbon dioxide formation as CO
homogeneous oxidation was promoted. Jiang et al. (1996)
found that CO was favored in the oxidation of methylene
chloride over acidic sulfated oxide catalysts. Analogously,
Feaver and Rossin (1999) observed that CO predominated
over CO, during CHF; conversion over ZrO,-SO, catalysts.

Effect of water addition on catalytic activity and product
selectivity

Catalytic runs were also conducted in the presence of wa-
ter vapor, since water is present in significant quantities in
the flue gases of different combustion processes and has been
found to affect both catalytic performance and distribution of
the decomposition products. The concentration of water va-
por in a gas effluent stream can easily exceed the concentra-
tion of chlorinated VOCs. In the case of streams from air
stripping in contaminated groundwater, the water concentra-
tion can be higher than 10,000 ppm. In this work, a reaction
feed containing 1,000 ppm DCM plus 15,000 ppm H,O was
employed. Figure 3 shows the light-off curves of DCM com-
bustion under humid conditions (dashed lines). The presence
of water in the feed stream was found not to alter the order
of catalytic activity of the zeolites observed under dry condi-
tions. It could be seen that water indeed acted as an inhibitor
of chlorinated VOC decomposition, and the inhibiting effect
of water appeared to be comparable on all the zeolites.
Hence, T5, values increased from 280°C to 310°C over H-

1000

—a—co
—&—CO,

—&—co

H-MOR & Co,

600 T

400 T

Concentration, ppm

2001

—i—co H-Y
—&—CO,

H-ZSM-5

0 + t t t t
200 250 300 350 400 450 500 550 250

Temperature, °C

300 350 400 450 500 550 250

Temperature, °C

300 350 400 450 500 550

Temperature, °C

Figure 7. Carbon monoxide and carbon dioxide concentrations in the absence (solid lines) and presence (dashed

lines) of water.
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MOR, from 360°C to 370°C over H-ZSM-5, and from 375°C
to 390°C over H-Y. The drop in catalytic activity in the pres-
ence of excess of water has been reported in the literature
(Freidel et al., 1993; Rossin and Farris, 1993). This inhibition
by water probably reflected the competition of the reactant
molecules with water molecules for adsorption on the active
sites. Water molecules may also create a diffusion blockage
for DCM molecules, resulting in low catalytic activity. The
influence of water on the catalytic performance was more
pronounced for H-MOR and H-Y zeolites. The decrease in
conversion observed for these two zeolites is attributed to the
strong hydrophilic character of aluminum-rich zeolites. This
is in contrast with the behavior of zeolites with a high Si/Al
ratio, such as H-ZSM-5, which are markedly hydrophobic, and
therefore offer reduced sensibility to water inhibition (Chen,
1976).

The presence of water also noticeably changed the reac-
tion-product distribution. On the one hand, the generation of
methyl chloride was found to be significantly suppressed
(Figure 5). Besides, the temperature at which this compound
was generated was retarded about 100°C with respect to the
runs carried out in the absence of water. The peak concen-
tration diminished from 380 ppm under dry conditions to 110
ppm under humid conditions over H-MOR, from 195 to 50
ppm over H-ZSM-5, and from 160 to 85 ppm over H-Y. The
inhibiting effect of water on the formation of reaction inter-
mediates was consistent with previous reports on DCM oxi-
dation (van den Brink et al., 1998; Sinquin et al., 2000). On
the other hand, upon adding 15,000 ppm of water to the feed
stream, virtually no molecular chlorine was detected, with HCI
being the predominant chlorine-containing product in the ef-
fluent stream. It is thought that water could inhibit the Dea-
con reaction, and provides the hydrogen needed for the for-
mation of the desired product HCl (Chen et al., 1996;
Gonzalez-Velasco et. al., 2000b; Pinard et al., 2001). Addi-
tionally, Figure 7 shows that the addition of water to the re-
action mixture caused a significant shift in the product selec-
tivity toward CO, (Jiang et al., 1996).

Carbon balances were typically greater than 90% for all
runs reported in this study. Nevertheless, it was noticed that
the chlorine balance was in the range of 75-90% under dry
conditions, whereas it was in the range of 65-80% for the
catalytic experiments performed in the presence of water. It
is known that Al-O bonds in the zeolite framework can be
easily attacked by the HCI formed during reactions leading to
the formation of AICIl; that could be retained in the zeolite
pellet (Konya et al., 1996). This halogen deactivation causes
the partial collapse of the framework and the blockage of the
porous structure, and it is noticeably enhanced by the pres-
ence of water. XRD measurements of the zeolite catalysts
after reaction revealed that the H-ZSM-5 sample showed the
highest resistance to halogen deactivation, since no notice-
able decrease in crystallinity was observed. On the contrary,
the crystallinity of the spent H-Y and H-MOR zeolites de-
creased to 80—-85% due to their higher aluminum content in
comparison with that of H-ZSM-5 zeolite.

Conclusions

Three protonic zeolites (H-Y, H-ZSM-5, and H-MOR)
were successfully examined for the oxidative destruction of

AIChE Journal

DCM in both dry and humid gas streams. The catalytic per-
formance followed the trend: H-MOR > H-ZSM-5> H-Y.
According to the zeolite characterization, strong Brgnsted
acidity was found to play a key role in determining the active
behavior of the zeolites, since Brgnsted acid sites are be-
lieved to act as effective sites for DCM adsorption. DCM
combustion led to the formation of carbon monoxide and hy-
drogen chloride as major reaction products. The combustion
process was also accompanied by the generation of small
amounts of methyl chloride, carbon dioxide, and molecular
chlorine.

Zeolite activity was observed to be inhibited by the pres-
ence of an excess of water vapor. As far as the nature of the
reaction products was concerned, water addition enhanced
the formation of carbon dioxide and inhibited the Deacon
reaction, resulting in the almost exclusive formation of hydro-
gen chloride. Likewise, the yield of methyl chloride was sig-
nificantly reduced.
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