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Complete catalytic oxidation of low-molecular-weight chlorinated hydrocarbons, such as methyl-
ene chloride, trichloroethylene, and carbon tetrachloride, was studied in air over several cation-
exchanged Y zeolite catalysts. The reactions were carried out under atmospheric pressure with
temperatures varying from 150 to 400°C and in presence of =13000 ppm of water. Primarily,
three different cordierite-supported (washcoated) zeolite catalysts (Co-Y, Cr-Y, and Mn-Y) were
prepared and their activities and selectivities were investigated for the above reactions, with
Co-Y appearing to be superior. Although complete conversions of methylene chloride and carbon
tetrachloride could be obtained at temperatures of 350 and 200°C, respectively, no significant
conversion of trichloroethylene was noted at temperatures below 400°C. Incorporation of a transi-
tion metal oxide within the zeolite matrix by Cr,0; impregnation of the cation-exchanged zeolites
produced a substantial improvement in trichloroethylene conversion with over 90% destruction
obtained at only 325°C. An unsupported chromia-impregnated s-in. pelletized Co-Y catalyst
showed even better activity results for chlorocarbon oxidation than the supported catalysts. No
detectable partial oxidation products were noted in the product spectra, with HCI, CO, and CO,
being the only major products. Catalytic behavior was explained in the view of catalyst composition
and properties such as acidity and oxygen adsorption capacity. Probable mechanistic details based

on the activity and selectivity data were suggested.

INTRODUCTION

Chlorinated volatile organic compounds
(CVOCs), such as methylene chloride
(CH,Cl, or MeCl,), trichloroethylene
(C,HCl; or TCE), and carbon tetrachloride
(CCl,), constitute a major portion of the haz-
ardous solvent wastes produced by indus-
try. Among the various disposal/destruction
methods applicable for these chlorocar-
bons, catalytic destruction has been more
recently considered. The desired reactions,
which have been the subject of many de-
tailed investigations, over various metal and
metal oxide catalysts (/—4) are the complete
oxidation of the CVOCs to produce HCl and
CO, . Transition metal oxides such as Cr,0;,
Co0,0,4, and MnO, have been found gener-
ally to be the most active among the metal
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and metal oxide catalysts for this oxidation
process (5).

In a previous study (6), we reported the
high activity and excellent selectivity of
metal-exchanged zeolites as potential cata-
lysts for oxidation of CVOCs. In a compara-
tive study among the chromium-exchanged
(Cr-Y), cerium-exchanged (Ce-Y), and
regular Y (H-Y) zeolite catalysts for MeCl,
oxidation, the Cr-Y proved to be far supe-
rior to the other two by producing over 90%
conversion at temperatures of 350°C and
above. It appeared that the oxidation of
Me(l, involved both the acidic property as
well as the oxygen adsorption capacity of
the zeolite catalysts. It is believed that the
presence of a transition metal ion (Cr**)
with low ionization potential and higher
available oxidation state (Cr’* and Cr®*) re-
sulted in higher acidity and increased oxy-
gen adsorption capacity of the exchanged Y
zeolite, thereby producing higher activity.-
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In recent years, transition metal-
exchanged zeolites have been used as cata-
lysts for several oxidation processes. The
bulk of these studies (7-11) involved inves-
tigation of the redox properties of the cation-
exchanged zeolites for CO oxidation. The
ease of oxidation to higher valence states, as
well as the highest available valence states
among the various exchanged metal cations,
appeared to play the most significant role in
determining the activity for CO oxidation.
Several studies were also carried out to in-
vestigate the properties of transition metal-
exchanged zeolite catalysts in partial oxida-
tion (12, 13) and deep oxidation processes
(14-17). Results reported in these studies
indicated that the oxidation of hydrocarbons
in zeolite-catalyzed reactions depended on
both the acidity and the oxygen adsorption
capacity of the catalysts. Transition metal
cations improved the zeolite activity for hy-
drocarbon conversion by increasing both
zeolite acidity (by cation hydrolysis) and ox-
ygen chemisorption.

In further pursuance of our catalytic stud-
ies with chlorinated hydrocarbons, several
transition metal-exchanged Y zeolite cata-
lysts were investigated for their activity and
selectivity during oxidation of three differ-
ent chlorinated feeds: MeCl,, TCE, and
CCl,. Co, Cr, and Mn were selected as the
exchangeable cations due to the reported
high activity of Y zeolite catalysts ex-
changed with these ions in several oxidation
reactions, as well as their high oxygen ad-
sorption capacities. However, possible
structural and reaction mechanistic differ-
ences among the CVOCs led to differences
in the conversion levels. It was noted that
complete conversion of CCl, could be easily
achieved, with the cation-exchanged Y cata-
lysts, at temperatures as low as 250°C while
the same catalysts required a temperature
increase to 350°C for MeCl,. By contrast,
almost no significant conversion of TCE
could be obtained at temperatures below
400°C.

The poor reactivity of TCE with the tran-
sition metal-loaded Y zeolite suggested ei-
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ther a probable size exclusion or a mecha-
nism for which the cationic sites available
were relatively ineffective. This led us to
further modify the cation-exchanged zeolite
catalysts by metal oxide impregnation. Fol-
lowing such an impregnation with chromium
oxide (Cr,0;), the cation-exchanged zeo-
lites showed a remarkable improvement in
TCE conversion, which increased from as
low as 10% to almost 90% at 300°C. How-
ever, this impregnation causes a loss of sur-
face area accompanied by a drop in MeCl,
and CCl, conversions at the lower tempera-
tures, suggesting either partial structural
loss or blockage of zeolite sites responsible
for the complete conversion of these feeds.

In this paper, we present a study of the
activity and selectivity of several transition
metal-exchanged Y =zeolite catalysts for
complete vapor phase oxidation of the
above-mentioned chlorinated hydrocar-
bons. Particular emphasis is given to analyz-
ing the properties of the bifunctional ex-
changed/impregnated catalysts. Surface
areas and oxygen adsorption capacities of
the different catalysts are compared to ana-
lyze the catalytic behavior of the exchanged
and exchanged/impregnated bifunctional
catalysts. X-ray analyses to determine the
compositions of the various catalysts are
also reported.

EXPERIMENTAL

Catalytic experiments were carried out
with cation-exchanged Linde LZ-Y82 zeo-
lite washcoated onto low-surface-area
(0.5-1.0 m?%g, 400 cells/in.?) honeycomb
cordierite supports obtained from Corning
Co. Cation exchange of the base Y zeolite
was carried out in two steps. First, LZ-Y82
powder was NH, exchanged with 2 M
NH,Cl solution. Then, the NH; -exchanged
zeolite was slurried in approximately twice
its weight of distilled deionized water and a
dilute solution of the exchanged transition
metal salt (Cr(NO;);, Co(NO;),, etc.) was
added to this slurry. The resulting mixture
was continuously stirred over a period of
12-15 h and then filtered and washed. The
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filtered zeolite powder was dried at 200°C
for 2 hfollowed by calcination at 500°C over
a period of 10-12 h.

In some experiments, i%-in.-diameter
LZ-Y62 extrudates were used instead of
washcoated catalysts. Cation exchange of
these zeolite pellets was carried out in the
same way except without the filtration step.
Cation loading of the zeolites was deter-
mined by analyzing the catalysts using a
Philips PV9550 energy dispersive X-ray
fluorescence (XRF) spectrometer.

The exchanged zeolite powder was wash-
coated onto the honeycomb cordierite sup-
port from a slurry of approximately 20 wt%
zeolite in perhydrolyzed ethyl orthosilicate
binder (Silbond H-5). The washcoating was
carried out by dipping the cordierite cores
in the well-mixed slurry about four times,
with in-between clearing of the channels.
Finally, the washcoated cores were dried at
200°C followed by calcination at 500°C for
12~15 h. Generally, the cores showed a
weight gain of about 15-20% following the
washcoating. The zeolite content of the
washcoat was approximately 50-60% after
calcination.

After completion of the washcoating,
some of the zeolite washcoated cores were
further impregnated with Cr,0; to enhance
their catalytic properties. Cr,O; impregna-
tion was carried out with a solution of a
chromium salt containing about 10 wt% of
Cr,0,. The washcoated cores were kept im-
mersed in the Cr,0; solution for 2-4 h and
then dried at 200°C for 2 h followed by
calcination at 500°C for 10-12 h. This re-
sulted in approximately 1-1.5% Cr,0, load-
ing on the washcoated catalyst. The cation-
exchanged #%-in. LZ-Y62 pellets were also
impregnated with Cr,0; in a similar way.
Further details regarding catalyst prepara-
tion techniques were mentioned in a previ-
ous paper (6).

Catalyst activity and selectivity experi-
ments were conducted by passing mixtures
of 1000-1500 ppm by volume of CVOC
(MeCl, or TCE or CCl,) and dry air through
the 7.62-cm-long washcoated honeycomb
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catalyst core situated inside a vertical Pyrex
preheater/reactor tube (28 mm o.d., 25 mm
i.d., and 1 m length). For the #-in. catalyst
pellets, a narrower (19 mm i.d., and 1 m
length) Pyrex reactor with a bed height of
5.2 cm was used. The temperature of the
reactor was varied between 250 and 400°C.
Water was added as a cofeed in concentra-
tions ranging from 13000 to 16000 ppm by
volume. The reactant space velocity was
maintained at 1367 h™! (calculated at 25°C)
for the cordierite-supported catalysts and
2300 h~! for the fs-in. pellets. Feed and
product samples were collected from the re-
actor by Hamilton CR 700-200 constant rate
gas syringes and were analyzed by injection
into an H.P. 5890 GC with an H.P. 5970B
mass selective detector (GC/MS). Details
about reactor operation and pertinent ana-
lytical techniques are mentioned elsewhere
6).

The oxygen adsorption (pickup) capaci-
ties of the zeolite catalysts were determined
by using a DuPont Model 2100 thermal ana-
lyst system with a 2950 thermogravimetric
analyzer (TGA). Since the oxygen pickup
capacities of the catalysts varied with tem-
perature, 300°C was chosen as the optimum
temperature at which the O, pickups of all
the catalysts were determined. During ther-
mal analysis, the catalyst sample was pre-
heated to 500°C in N, for an hour for degass-
ing and then exposed to dry oxygen at 300°C
for another hour. This process was repeated
thrice and the weight change during oxygen
adsorption was noted. However, this weight
change measurement was affected by instru-
ment buoyancy effects associated with tem-
perature change from 500 to 300°C, as well
as gas change from N, to O,. Therefore, an
identical volume of crushed glass beads was
used as the inert sample, and the experiment
was repeated in the TGA to quantify the
weight change from buoyancy effects. This
weight change was incorporated in the ac-
tual oxygen adsorption experiments to ob-
tain the final net O, pickup data.

Surface areas of all the supported and un-
supported catalysts were determined by us-
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ing a Quantachrome Quantasorb Jr. BET
surface area analyzer.

Acidity of the zeolite samples was deter-
mined by NH; desorption in the TGA. First
the powdered catalyst sample was degassed
by heating at 250°C for 2 h. The degassed
sample was then subjected to NH; adsorp-
tion at 25°C for about 8 h. The adsorbed
NH; was then desorbed and quantified in
the TGA. For NH; desorption, the sample
was first equilibriated at 100°C for 90 min to
remove any physisorbed NH;, then the rest
of the NH; was desorbed by using a
10°C/min temperature ramp to heat the sam-
ple from 100 to 550°C. The NH, desorbed
above 100°C was considered as chemi-
sorbed NH; and used for acidity determi-
nation.

RESULTS

The catalytic experiments were carried
out with 10 different catalysts. Three of
these catalysts were metal-exchanged zeo-
lites washcoated on cordierite cores. The
metals selected for exchange were cobalt
(Co), chromium (Cr), and manganese (Mn).
In this paper, these catalysts are referred to
as Co-Y, Cr-Y, and Mn-Y respectively.
Three more catalysts were prepared by
chromia impregnation of the previously
washcoated metal-exchanged zeolites.
These are listed here as Co-Y/CA,
Cr-Y/CA, and Mn-Y/CA, respectively. A
separate catalyst was prepared by wash-
coating the cordierite with Silbond alone (no
zeolite) and then impregnating it with
chromia. This is referred to as the
Silbond/CA catalyst. Two separate wash-
coated Co-Y and Co-Y/CA catalysts were
prepared with an alumina-based binder
(Chlorhydrol) instead of silica-based Sil-
bond. These catalysts were used to compare
the effects of binders on catalyst properties.
Finally, another Co-Y/CA catalyst was pre-
pared from fs-in.-diam Na-Y extrudates.
This catalyst, listed here as Co-Y/CA pel-
lets, was prepared by Co exchange of the
Na-Y extrudates followed by chromia im-
pregnation.
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After completion of catalyst preparation,
the compositions of the washcoated cores
as well as the pellets were determined using
XRF techniques. In addition to the actual
catalyst cores, the base metal-exchanged
powdered zeolites (viz. Co-Y, Cr-Y, and
Mn-Y) were also analyzed to obtain infor-
mation about levels of metal exchange. To
determine the effect of chromia impregna-
tion on washcoated cores, the Silbond
binder and the Chlorhydrol binder were cal-
cined to powder form and then impregnated
with chromia and calcined. These catalyst
forms, referred to as Silbond/CA powder
and Chlorhydrol/CA powder, respectively,
were also analyzed in the XRF. Table 1 lists
the results of the X-ray analyses.

The cordierite support used for washcoat-
ing metal-exchanged zeolite was mostly
made up of alumina (=35%), magnesia
(=13%), and silica (=50%). In addition to
these, trace amounts (<1%) of oxides of
iron, calcium, and titanium were also
present.

Cobalt exchange with the LZ-Y82 powder
produced 0.74 wt% cobalt loading on the
unsupported Co-Y zeolite. After washcoat-
ing with Silbond, the resulting Co loading
on the washcoated core was only 0.15%.
The cobalt content was this low as a result of
the large quantity of inert support material
(=80%) that then made up the total catalyst.
The Co loading corresponded to approxi-
mately 60% zeolite in the final calcined
washcoat. However, the alumina-based
Chlorhydrol-washcoated Co-Y produced
higher Co loading (0.22%) partly as a result
of increased zeolite content of the final
washcoat. Chromia impregnation of the two
different washcoated catalysts also showed
a difference in Cr,0; loading. While
the Chlorhydrol-washcoated Co-Y/CA
showed 2.20% Cr,0O; content, the Silbond-
washcoated Co-Y/CA contained only
1.46% Cr,0,.

XRF analysis of the chromia-impregnated
Co-Y/CA cores also showed a drop in Co
concentrations following the impregnation
step. With both the Silbond and Chlorhydrol
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TABL

E 1

The Chemical Composition of Various Catalysts
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Catalyst Composition (wt%)
A1203 MgO FCIO3 SiOZ C03O4 Cl'203 MDOZ
Co-Y (powder) 23.56 0.00 0.00 75.67 0.74 0.00 0.00
Co-Y (core) 26.73 8.68 0.30 63.72 0.15 0.00 0.00
Co-Y (core) 44.17 7.30 0.27 47.74 0.22 0.00 0.00
Chlorhydrol
Co-Y/CA (core) 24.64 8.57 0.35 64.67 0.09 1.46 0.00
Co-Y/CA (core) 38.22 8.20 0.33 51.02 0.15 2.20 0.00
Chlorhydrol
Co-Y/CA 34.24 0.00 0.03 58.10 1.05 5.98 0.00
(peliet)
Cr-Y (powder) 25.66 0.14 0.05 72.89 0.00 1.20 0.00
Cr-Y/CA (core) 25.98 8.96 0.34 63.18 0.00 1.30 0.00
Mn-Y (powder) 27.91 0.42 0.07 64.07 0.00 0.00 7.50
Mn-Y (core) 29.54 9.69 0.34 59.44 0.00 0.00 0.64
Mn-Y/CA (core) 28.56 9.87 0.40 59.42 0.00 1.56 0.30
Silbond/CA 27.72 10.14 0.34 60.26 0.00 1.04 0.00
(core)
Silbond/CA 2.09 0.00 0.00 92.30 0.00 5.58 0.00
(powder)
Chlorhydrol/CA 85.59 1.44 0.00 2.95 0.00 9.69 0.00
(powder)

washcoats, a 50-80% drop in Co concentra-
tion was noted. This reduction was much
more than that expected as a result of 1-2%
Cr,0; loading, suggesting a probable struc-
tural loss due to Cr,O; impregnation.

The -in.-diam Co-Y/CA pellets, con-
versely, showed higher cobalt (=1%) and
chromia (=6%) loading than both the wash-
coated catalysts. The Silbond and Chlorhy-
drol washcoated catalysts also showed dif-
ferences in silica and alumina content. The
silica-based Silbond catalyst showed higher
overall silica content (=64%), while alumi-
na-based Chlorhydrol catalyst showed in-
creased overall alumina content (=38%).

Cr and Mn exchange of the LZ-Y82 zeo-
lite produced 1.2 and 7.5% loading of the
respective metals in the powdered zeolite.
As with the Co-Y cores, the approximate
50-60% powdered zeolite content of the cal-
cined washcoat produced less than 1% over-
all Cr,0; or MnO, content of the washcoated
cores. Since the bulk of the washcoated cat-

alyst was made up of the inert cordierite
core, the diluent effect of the core produced
the lower overall Cr,0; or MnO, content.
Cr,0, impregnation further reduced the ex-
changed metal concentration in the wash-
coated catalysts and this was much more
severe than that expected by the addition of
1-2% of impregnated Cr,0;. This effect was
more prominent in the case of Mn-Y/CA
than Cr-Y/CA, since in the later case, both
impregnated and exchanged metal salts
were Cr,0;.

The chromia-impregnated Silbond wash-
coated (no zeolite) cordierite-supported cat-
alyst showed approximately 1% overall
chromia loading which was similar (1.4%)
to that obtained with the earlier Silbond-
washcoated Co-Y/CA core. The unsup-
ported Silbond/CA and Chlorhydrol/CA
powders, prepared by CA impregnation of
calcined Silbond and Chlorhydrol binders,
respectively, showed a significant differ-
ence in Cr,0; content between the two bind-
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TABLE 2

Comparison of the Properties of the
Various Catalysts

Catalyst Cation Surface O, Pickup FCA
loading area (mg/g)
(as wt% TMO)  (M*/g)
H-Y (pellet) — 574 — —
Co-Y (powder) 0.74 540 1.27 0.86
Co-Y (pellet} 3.00 576 2.78 1.05
Co-YI/CA (peliet) 1.0 325 1.37 —
Co-Y (core) 0.15 116 — —
Silbond
Co-Y/CA (core) 0.09 21 — —
Silbond
Co-Y (core) 0.22 109 — —
Chlorhydrol
Co-Y/CA (core) 0.15 15 — —
Chlorhydro!
Cr-Y (powder} 1.2 564 1.52 0.60
Cr-Y/CA (core} — 31 — —
Mn-Y {(powder) 7.5 619 2.04 0.15
Mn-Y {(core) 0.64 86 — —
Mn-Y/CA (core} 0.30 40 — —
Silbond/CA (powder) — 2 0.15 —
Chlorhydrol/CA — 160 3.45 —

(powder)

ers. As seen earlier with the Co-Y/CA
cores, alumina-based Chlorhydrol/CA gave
higher Cr,0; loading (9.6%) than the
Silbond/CA (5.5%).

The BET surface arecas of the various
washcoated cores and the metal-exchanged
zeolite powders are shown in Table 2. As
can be seen, all the metal-exchanged zeolite
powders had much higher surface area
(500-600 m?/g) than the washcoated cores
(85~115 m?/g). The inherent low surface
area (0.5-1 m*/g) of the inert support mate-
rial (cordierite) that comprised almost 80%
of the total washcoated catalyst was primar-
ily responsible for this decrease in surface
area. Conversely, it was the high surface
area of the zeolite present in the washcoat
that determined the total surface area of the
washcoated catalysts. Following Cr,0; im-
pregnation, the surface areas of the wash-
coated cores were further reduced to about
15-40 m?/g. Similar to the washcoated cata-
lyst cores, the exchanged and impregnated
i5-in. pellets also showed a drop in surface
area following the chromia impregnation.
The original surface area of about 570 m?/g
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with the Co-Y was reduced to 325 m?/g with
approximately 6% of chromia loading.

As mentioned above, the surface areas of
the washcoated catalysts were mostly de-
pendent on the zeolite content and hence
the differences between the two different
types of washcoats could not be distin-
guished from these data. However, the pure
Silbond/CA and Chlorhydrol/CA powders
were completely free from any zeolite and
were able to show a clear difference in the
surface area between these two binders.
Chlorhydrol appeared to be of much higher
surface (160 m?/g) area than Silbond (2
m/g).

Table 2 shows the oxygen pickup capaci-
ties of the metal-exchanged zeolite powders
and the metal-exchanged #-in.-diam zeolite
pellets. The unit mg/g signifies milligrams of
oxygen adsorbed per gram of catalyst used.
Among the various metal-exchanged zeo-
lites, O, pickup increased from Co-Y to
Cr-Y to Mn-Y. The ‘‘fractional cation
availability,”” defined as the ratio of metal
cations active for chemisorbing oxygen to
the total number of metal cations present,
was calculated by combining the oxygen
pickup data and the metal loading of the
zeolites. Among the metal-exchanged zeo-
lites, Co-Y showed the highest FCA of 0.86;
i.e., 86% of the cobalt ions present within
the zeolite matrix were available for oxygen
adsorption in a one-to-one ratio. The FCA
ratios for the other two metal-exchanged ze-
olites were relatively lower, with 0.60 for
Cr-Y and 0.15 for Mn-Y. However, it is
possible that, since both Cr-Y and Mn-Y
had larger concentrations of respective
metal ions than Co-Y (Mn-Y, 10 times
more metal atoms than Co-Y; Cr-Y, 2
times as many as Co-Y), so that even if the
total number of sites for O, adsorption were
similar, different FCA numbers would be
obtained with Cr-Y and Mn-Y.

The effect of Cr,0O5 treatment on oxygen
adsorption capacity of the zeolite catalysts
is evidenced by comparing the #-in.-diam
Co-Y and Co-Y/CA pellets. The O, pickup
capacity of the Co-Y pellet dropped sharply
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from 2.78 to 1.37 mg/g following the Cr,0,
impregnation. This could have been a conse-
quence of the combination of drop in surface
area and loss of Co from the zeolite, caused
by Cr,0; impregnation. Conversely, com-
paring the oxygen adsorption of the Cr,0;-
impregnated calcined Silbond and Chlorhy-
drol powders reveals that the higher surface
alumina binder produced much better oxy-
gen adsorption than the silica-based one.
Normalizing the O, pickup based on Cr,0;
content, it can be seen that the Chlorhydrol/
CA picked up 0.355 g of oxygen per gram of
Cr,0; while the same for the Silbond/CA
was only 0.027 g per gram of Cr,0,. This
difference in results suggests a much better
dispersion of Cr,0; sites on the alumina-
based binder than the silica one.

The catalytic activity data for the various
zeolitic catalysts are presented in Figs. 1
through 4. The activities of the different cat-
alysts are compared on the basis of actual
feed conversion obtained with several chlo-
rinated VOCs. Each graph shows the con-
version of a particular VOC with various
catalysts as a function of temperature. Un-
less mentioned as pellets, all the catalysts
used were washcoated cordierites. Space
velocities shown on the graphs were calcu-
lated at ambient temperature and based on
the catalyst bed volume.

As shown in Fig. 1, among all the wash-
coated catalyst cores, MeCl, conversion
was highest with the Co-Y catalyst. More
than 90% conversions of MeCl, could be
obtained with the Co-Y at temperatures at
and above 350°C. Generally, all the metal-
exchanged and washcoated catalysts with-
out chromia impregnation produced higher
MeCl, conversions than the impregnated
ones. For example, Co-Y/CA produced
10-20% lower MeCl, conversion than the
Co-Y under identical conditions. Similar re-
sults were obtained with Cr-Y/CA and
Mn-Y/CA catalysts. The Co-Y/CA pellets
and the washcoated Silbond/CA catalysts
were at the extremes of the conversion spec-
trum; while zeolite-rich Co-Y/CA pellets
produced the highest conversion among all
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the catalysts, the zeolite-free Silbond/CA
was the worst. The Co-Y/CA pellets pro-
duced over 90% conversion of MeCl, at tem-
peratures as low as 300°C. This represents
about 40°C drop in reaction temperature for
similar conversion level as compared to the
washcoated Co-Y core. By contrast, the
Silbond/CA catalyst needed a minimum
temperature of 400°C to produce 90% con-
version of MeCl,.

Activities of the various catalysts for TCE
conversion are compared in Fig. 2. The
drastic difference between the reactivity of
MeCl, and TCE is indicated by the ex-
tremely low conversion of TCE with the
Co-Y, Cr-Y, and Mn-Y catalysts.
Whereas non-chromia-impregnated cata-
lysts produced higher MeCl, conversions
than their chromia-impregnated counter-
parts, the case was completely reversed
with TCE. Without chromia impregnation
all three metal-exchanged catalysts showed
less than 50% conversion at temperatures
below 350°C. However, among the cation-
exchanged washcoated catalysts, Cr-Y ap-
peared to show better activity for TCE de-
struction at 300°C and above. Following im-
pregnation, the same catalysts produced
80% and above conversions at temperatures
as low as 300°C. The order of activity among
the three chromia-impregnated zeolite cata-
lysts was Co-Y/CA > Cr-Y/CA >
Mn-Y/CA. The difference in activity was
primarily noticeable at temperatures below
300°C, where the Co-Y/CA was much supe-
rior to the other two.

In the case of TCE, the Silbond/CA-
washcoated catalyst cores showed higher
activity than the non-chromia-impregnated
zeolite cores. However, its activity was still
considerably lower than the similar
chromia-impregnated zeolite cores.

Co-~-Y/CA pellets, as expected, produced
higher activity for TCE conversion com-
pared to the supported washcoated ones.
This catalyst was able to produce 90% and
higher conversions from 250°C upward. For
TCE conversions over 90%, this meant al-
most 60°C reduction of the minimum reac-
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tion temperature as compared to the wash-
coated Co-Y/CA catalyst.

The activity of the various zeolite cata-
lysts for decomposition of CCl, is shown in
Fig. 3. The nonimpregnated zeolite catalysts
(Co-Y, Cr-Y, etc.) gave much higher con-
version of CCl, than their chromia-impreg-

nated versions (Co-Y/CA etc.). The Co-Y
catalyst was the best, producing almost
complete conversion of CCl, at tempera-
tures of 175°C and above. The chromia-
impregnated Silbond/CA catalyst showed
the worst activity with CCl,. The Co-Y/CA
pellets, conversely, showed activity as high
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Silbond/CA; (+) Cr-Y/CA; (%k) Cr-Y; (O)y Mn-Y; (+) Mn-Y/CA; (B) Co-Y/CA pellets. Space velocity:
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as the Co-Y catalyst and produced com-
plete conversion of CCl, at temperatures as
low as 200°C. It should be noted here that
even though CCl, conversions between
Cr-Y and Cr-Y/CA should not be com-
pared due to the difference in water concen-
trations, additional unpublished data with
Cr-Y and other such catalysts do show that
the activity of the exchanged catalyst is sig-
nificantly higher for CCl, conversion than
similar exchanged/impregnated ones (Cr-Y/
CA).

Since this study incorporated several
washcoated metal-exchanged zeolite cata-
lysts, the properties of the washcoat and its
effect on the overall catalytic activity was
also of paramount importance. As men-
tioned earlier, two different binders, one sil-
ica-based (Silbond) and the other alumina-
based (Chlorhydrol), were used to washcoat
the zeolite powder on the cordierite sup-
ports. The loading level of the active zeolite
phase on the washcoated support (which de-
pended on the volatility of the binder precur-
sor) significantly affected the activity of the
catalyst. Moreover, during chromia impreg-
nation of the washcoated catalysts, the sur-
face area of the washcoat directly affected

the loading of Cr,0;. Therefore, it was nec-
essary to compare the activity of wash-
coated catalysts prepared from these bind-
ers for CVOC destruction.

Figure 4 compares the TCE oxidation ac-
tivity of the washcoated Co-Y and Co-Y/
CA catalysts, made from these two different
binders. Even though both surface area and
oxygen pickup capacity of the chromia-
impregnated calcined Chlorhydrol powder
were much higher than the Silbond/CA pow-
der, Co~Y and Co-Y/CA catalysts prepared
with these two binders showed very similar
results. Between the two Co-Y catalysts,
the Chlorhydrol-washcoated one showed
modest but slightly higher activity for TCE
oxidation than the Silbond-washcoated one.
Conversely, comparing the Co-Y/CA cata-
lyst cores showed the Silbond-washcoated
one producing slightly higher conversion
than the Chlorhydrol one. However, the un-
supported Co-Y/CA pellets, as expected,
were still by far the best catalyst for TCE
conversion.

As far as product selectivity was con-
cerned, CO, CO,, and HCI were the major
products obtained during the oxidation of
the chlorinated VOCs with the zeolite cata-
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lysts. The CO,/CO ratio in the product spec-
trum was quite similar between MeCl, and
TCE. The CO,/CO ratio was approximately
0.02-0.05 for non-chromia-impregnated cat-
alysts, such as Co-Y, while it increased to
0.2-0.3 following chromia impregnation
(Co-Y/CA, Cr-Y/CA, etc.). It appeared
that this increase in CO, production was a
direct effect of chromia impregnation, since
even the Silbond/CA catalyst produced a
CO,/CO ratio similar to the Co-Y/CA and
Cr-Y/CA catalysts. In contrast, CO, was
the only carbon-containing product formed
during CCl, oxidation, with all the catalysts;
no detectable amounts of CO were ob-
served.

During oxidation of the chlorinated
VOCs, the bulk of the chlorine was con-
verted to HCI, utilizing excess hydrogen
from the added water. Small amounts of ele-
mental Cl, (1-10%) were detected with
chromia-impregnated catalysts in the tem-
perature range 300 to 350°C, suggesting the
occurrence of the Deacon reaction. With
CCl, experiments below 200°C, about
5~10% COCl, was detected. No other unde-
sirable higher chlorinated partial oxidation
products could be detected in the product
spectra of the various catalysts.

The results from the acidity determination
experiments are plotted in Figs. 5 and 6.
While the abscissa denotes temperature, the
normalized NH, desorbed per degree tem-
perature increment is indicated in the ordi-
nate. Ammonia is reported to be an ex-
cellent probe molecule for acidity determi-
nation of zeolites due to its small size and
strong basicity. As plotted in Figs. 5 and 6,
the position of the temperature maximum of
the ammonia desorption versus temperature
graph is a qualitative indication of the mag-
nitude of the NH; desorption activation en-
ergy and consequently the relative acid
strength of the particular sites (26). As can
be seen in these graphs, all the curves dis-
played a major desorption peak between 150
and 200°C. This peak was indicative of the
weak Brgnsted sites present in the zeolite
catalysts, which were easily accessible to
the adsorbing NH,; . Among the three cation-
exchanged zeolites (Fig. 5), the relative acid
strength increased in the order of Mn-Y
(167°C) < Co-Y (170°C) < Cr-Y (174°C).
Similarly, in the case of the pelletized cata-
lysts (Fig. 6), the acidity increased from
H-Y (167°C) to Co-Y (170°C) to Co-Y/CA
(187°C). This suggested that the acidity of
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the zeolites increased by cation exchange
from the base H-Y value (except with
Mn-Y) with Co-Y/CA producing the maxi-
mum acid strength among all of them.
Apart from the temperature maximum of
the NH; desorption curve, the area under
the desorption peak is also indicative of the
relative number of acid sites present. Com-
paring the desorption curves of the different

catalysts, it is found that the apparent num-
ber of weak Brgnsted sites was almost simi-
lar among the three cation-exchanged zeo-
lite powders (Fig. 5). However, Fig. 6
indicates that there was a significant drop in
the number of acid sites in going from H-Y
to Co-Y. But, chromia impregnation did not
appear to influence the site availability for
NH, adsorption on the Co-Y/CA, as com-
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pared to the Co-Y. This suggested that al-
though the strength of the acid sites was
increased by cation exchange, this also pro-
duced a loss of the total number of acidic
sites.

A second much smaller desorption peak
was obtained with the powdered cation-
exchanged zeolites in the range 300 to
400°C, indicating the presence of small
amounts of strong Brgnsted acid sites.
Among these stronger acidic sites, a distinct
and significant peak was noted only with
Co-Y. The other two zeolites (Cr-Y and
Mn-Y) showed much smaller inflection in
this region. Although, peak tailing could
have affected the results in this region, the
data seemed to indicate the presence of a
significant amount of stronger Brgnsted
sites with the Co-Y which were less notice-
able with Cr-Y and Mn-Y. Although the
relative strength of these strong acid sites
could not be clearly distinguished due to
tailing of the desorption peaks, it appeared
that, similar to the weaker sites, the strength
of these strong Brgnsted acid sites was also
maximum with the Cr-Y.

DISCUSSION

As indicated in the results, the properties
of these zeolite/TMO bifunctional catalysts
were determined by both the cations present
within the zeolite as well as the TMO im-
pregnated on the washcoat. The three differ-
ent transition metal ions, Co?*, Cr**, and
Mn?*, when exchanged into the Y zeolite
matrix, played a major role in influencing
the catalytic properties for complete oxida-
tion of the chlorinated hydrocarbons.

Itis probable that addition of these transi-
tion metal ions improved the catalytic prop-
erties in two ways. First, since the cationic
sites are responsible for oxygen adsorption
(6), the presence of transition metal cations
with higher available oxidation states and
lower ionization potential improved the O,
pickup capacity of the exchanged zeolite.
Second, cation hydrolysis of the bi- or triva-
lent transition metal ions, in the presence of
water vapor, increased the Brgnsted acidity
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of the zeolite (/8). However, the differences
in electronic structure, ionization potential,
cation oxygen bond strength, etc., among
the three exchanged cations could be ex-
pected to produce variations in catalyst ac-
tivity.

The oxygen pickup capacity of the three
cation-exchanged zeolites was found to de-
crease from Mn-Y > Cr-Y > Co-Y. How-
ever, the total amount of cations present in
the respective zeolites also decreased in the
same order. Since the transition metal cat-
ions are assumed to be primarily responsible
for the increased oxygen adsorption capac-
ity of the zeolites at elevated temperatures,
the lower cation content could have pro-
duced lower O, pickup with the Co-Y.

However, the activity of a cation-
exchanged zeolite for the complete oxida-
tion process is believed to be determined
not only by its oxygen adsorption capacity
but also by the ionization potential of the
cation and the cation oxygen bond strength.
Total oxygen adsorption is controlled by the
ease of oxidizability of the cation to higher
valence states and, therefore, in the present
study Cr (+3 to +5 to +6) and Mn (+2
to +4) could have produced higher oxygen
pickup capacity than Co (+2 to +3). How-
ever, the ability of an oxide for total oxida-
tion increases with lower ionization poten-
tial (/9) and with lower heat of formation of
cation oxygen bond (/5). Suzuki et al. (15)
reported earlier that Co-Y showed lower
heat of formation for cation oxygen bonds
during ethanol oxidation than either Cr-Y
or Mn-Y. Furthermore, the cation oxygen
bond strength is smalier (2/) with Co (92
kcal/mol) than with Cr (102.6 kcal/mol) or
Mn (96.3 kcal/mol). This could have led to
the formation of a less stable and weakly
bound oxygen species with cobalt, which
in turn produced the higher activity of the
cobalt-exchanged Y zeolite, so noticeable
with MeCl, and CCl, oxidation, despite its
lower total oxygen pickup.

In addition to oxygen pickup and cation
oxygen bond strength, acidity of the zeolite
also plays a major role in controlling the
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activity for chlorocarbon oxidation (6, 20).
The acidity results obtained during this
study showed a slight increase in the
strength of the weak Brgnsted sites in the
order Mn-Y < Co-Y < Cr-Y, but the rela-
tive amounts of these sites were almost simi-
lar among the three catalysts. Although the
differences in acidity strength were quite
small (3-4°C), the validity of this trend was
indicated by similar results obtained with
several repetitions of the experiments. It has
been reported (22, 23) that acidity due to
cation hydrolysis of the cation-exchanged
zeolites increases with decreasing ionic ra-
dius and increasing electronegativity of the
cation. In this case, the ionic radius de-
creased in the order Mn** > Co?* > Cr**
while the electronegativity increased as
Cr’* < Mn’* < Co**. At this point, it ap-
pears that the strength of the weak Brgnsted
sites was primarily influenced by the size
of the exchanging cation with little or no
observable effect of the cation electrongega-
tivity. Conversely, a different trend was
noted with the stronger Bregnsted sites,
which contributed toward the NH, desorp-
tion peaks at temperatures above 300°C.
The data suggested the presence of larger
amounts of the stronger Brgnsted sites with
the Co-Y than both the Cr-Y and the
Mn-Y. These critical stronger acidic sites
could have played a major role in determin-
ing the catalyst activity for CVOC oxida-
tion, thereby producing higher activity with
the Co-Y.

Apart from the composition of the cata-
lysts, the efficiency of the catalytic oxida-
tion process was directly related to the size,
structure, and composition of the chlori-
nated VOC used. The presence of four chlo-
rine atoms bonded to a single carbon atom
in CCl, gives it a perfectly symmetric struc-
ture. MeCl, is also a symmetric molecule
with two hydrogen atoms and two chlorine
atoms bonded to a single carbon. Unlike
these two, TCE is an unsaturated double-
bonded compound (carbon-carbon double
bond) with three chlorine and one hydrogen
bonded to two carbon atoms. Therefore, it

191

TABLE 3

CVOC Adsorption Results on Catalysts over
Halif an Hour

Feed VOC Adsorbed at different temps.
(mmol/g catalyst)
250°C 300°C 350°C
Co-Y powder
TCE 0.004 0.003
MeCl, 0.020 0.018 0.015
CCl, 0.025 0.008
Co-Y/CA pellets

TCE 0.025 0.018
MeCl, 0.037 0.037
CCl, 0.019

seems probable that the activity of the cat-
ion-exchanged zeolites depended directly
on the structure of the VOC feed with the
rate-limiting process being linked to the
breaking of the strongest bond within the
compound.

To clarify this effect, adsorption of the
three chlorinated VOCs on the powdered
Co-Y zeolite in a nitrogen atmosphere was
carried out using the TGA. Table 3 com-
pares the relative adsorption of the feeds
on the Co-Y catalyst after half an hour of
exposure to the CVOC/N, mixture at differ-
ent temperatures. It can be seen that, for the
Co-Y powder, TCE adsorption was only
about 20% of the values obtained for the
other two feeds. Conversion trends of the
three chlorinated feeds with the Co-Y zeo-
lite exactly followed their adsorption pat-
terns. CCl, (with maximum adsorption on
Co-Y) was easily converted at tempera-
tures as low as 200°C. MeCl, , which showed
less adsorption than CCl,, required a tem-
perature rise to 350°C for complete conver-
sion, while TCE showed the least adsorp-
tion and also minimum conversion with the
cation-exchanged zeolites.

In addition to its higher adsorption within
the cation-exchanged zeolite, the relative
ease of complete conversion of CCl, at
lower temperatures (in contrast to either
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MeCl, or TCE) could also be related to the
differences in bond strengths among these
molecules. In the chlorinated hydrocar-
bons, the carbon—chlorine bond is the weak-
est compared to the carbon-hydrogen or the
carbon—carbon double bonds (27, 24). Bond
strength for C—Cl at 25°C in the CCl, mole-
cule is only about 73 kcal/mol whereas for
the C-H in MeCl, and the C=C bond in
TCE it is about 100 and 172 kcal/mol, re-
spectively. If one considers breaking of the
strongest bond within the VOC as a proba-
ble rate-controlling process (provided rapid
and sufficient adsorption is possible), it is
evident that higher conversion of CCl,
would be favored as compared to the other
two feeds at a given temperature. Similarly
comparing between MeCl, and TCE, the
higher adsorption of MeCl, in the nonim-
pregnated cation-exchanged zeolites
(Co—Y, Cr—Y, etc.) along with the lower
bond strength of the C—H bond, produced
higher conversion of MeCl, than TCE, with
Co—Y, Cr—Y, and Mn—Y.

The considerably lower adsorption of
TCE within the Co-Y catalyst led to the
initial assumption of probable size exclusion
of TCE from the zeolite supercages. How-
ever, comparing the reported kinetic diame-
ters for these molecules (27, 28) it was found
that the size of the molecules increased in
the order TCE (3.2 A) < MeCl, (4.75
A) < CCl, (5.6-5.9 A). With TCE appar-
ently having the smallest kinetic diameter,
this difference in adsorption did not appear
to be caused by a probable size exclusion
but perhaps by a difference in adsorption
mechanism or due to lack of proper adsorp-
tion sites.

The probable size-exclusion theory for
TCE was further disproved by the VOC ad-
sorption experiments on the Co-Y/CA pel-
lets. It was noted that although the zeolite
surface area went down as a result of
chromia impregnation (576 to 325 m?/g), ad-
sorption of TCE showed significant (about
50 to 70% of MeCl, adsorption) improve-
ment. This further suggested that instead of
size exclusion, TCE adsorption was limited
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by the type of adsorption sites present in the
zeolite matrix.

In addition to the adsorption changes, cat-
alytic conversion of TCE was also substan-
tially improved (Fig. 2) following chromia
impregnation of the washcoated cation-
exchanged zeolite catalysts (Co-Y/CA,
Cr-Y/CA, etc.). This change was highly de-
sirable and apparently brought about by the
presence of the nonframework Cr,0; along
with the metal-exchanged cation. Since ear-
lier results (5, 25) have shown good potential
for Cr,0; as a deep oxidation catalyst for
chlorinated VOCs, this p-type oxide was
chosen to form a bifunctional zeolite/TMO
catalyst. The chromia impregnation of
Co-Y and Cr-Y zeolites appeared to pro-
duce a catalyst which had both the acidic
properties of the zeolite required for high
conversions of CCl, and MeCl,, as well as a
nonframework deep oxidation catalytic site
probably required for the initial adsorption
and subsequent oxidation of TCE.

During the initial experiments with the
chromia-impregnated zeolite catalysts, it
appeared as if the nonframework Cr,0; was
supported solely on the Silbond washcoat.
When later experiments with a plain Sil-
bond/CA catalyst showed significantly less
TCE conversion than Co-Y/CA or Cr-Y/
CA, it seemed probable that the impregnat-
ing cation (or the TMO) was also present
inside the zeolite cavities, thus producing
higher conversions. This was further evi-
denced by a drop in surface area and O,
pickup after chromia impregnation of the
cation-exchanged catalysts. This result is
consistent with a process whereby the im-
pregnated TMO not only may reside inside
the zeolitic supercages but also may block
some of these supercages and/or the con-
necting channels. However, another possi-
bility for the surface area loss following the
Cr,0, impregnation might have been partial
structural collapse of the zeolite during the
impregnation process. Some dealumination
trends were indeed noted in comparing the
silica/alumina weight percentage ratios of
the Co-Y and Co-Y/CA cores. In going
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from Silbond washcoated Co-Y to Co-Y/
CA cores, the ratio changed from 2.3 to 2.6
and again with Chlorhydrol washcoated
ones it changed from 1.0 to 1.3. However,
even though this apparent blockage or struc-
tural loss caused some reduction in MeCl,
and CCl, conversions over nonimpregnated
counterparts at lower temperatures, the cor-
responding improvement in TCE conver-
sion was much more significant.

Compared to the washcoated Co-Y/CA
catalyst (=10-15% zeolite content), the un-
supported s-in.-diam Co-Y/CA catalyst
pellets were only made out of H-Y zeolite
(with small amounts of alumina binder).
This additional amount of zeolite in the
Co-Y/CA pellets more than compensated
for the adverse effects of chromia impregna-
tion and thus produced improved MeCl,,
TCE, and CCl, conversions as compared to
the washcoated Co-Y/CA. It is also to be
noted that this additional zeolite amount
was significant enough to produce higher
activity with the Co~Y/CA pellets in spite of
the higher space velocity (=2300 h™!) used
with the catalyst pellets.

The drop in Co content of the Co-Y cata-
lysts that was noted after Cr,0O, impregna-
tion was probably due to some loss of Co
during immersion in the chromic acid solu-
tion over a period of 8—10 h. This again could
be an additional indication of structural loss
due to Cr,0, impregnation.

On initially comparing the BET results
(Table 2) between the calcined chromia-
impregnated Chlorhydrol powder (Chlorhy-
drol/CA) and the calcined chromia-impreg-
nated Silbond powder (Silbond/CA), the for-
mer appeared to be superior based on its
much higher surface area (=160 m?/g). With
this increased surface area, the Chlorhydrol/
CA powder was able to incorporate almost
twice the amount of Cr,0O, loading during
impregnation. Further, the additional Cr,0,
sites resulted in significantly higher O,
(more than 20 times) pickup with the
Chlorhydrol/CA powder compared to the
Silbond/CA.

However, despite these differences be-
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tween the two chromia-impregnated pow-
ders, washcoated Co-Y or Co~Y/CA cores
prepared from the two binders did not show
any significant difference in surface area
(Table 2). Similar trends were also found by
comparing the activities for TCE conversion
between the Co-Y and Co-Y/CA catalysts
prepared from the two different binders. No
remarkable difference in activity was noted
between catalysts prepared from the differ-
ent binders (Fig. 4). This similarity in activ-
ity between the two washcoated catalysts
suggests that the bulk of the catalytic sur-
face area was contributed by the zeolite and
not by the binder. Consequently, much of
the impregnated Cr,O; was probably pres-
ent inside the zeolite cages rather than on
the outside binder. Therefore, the difference
in binder surface area did not affect the cata-
lyst properties in any significant way.

Comparing the product selectivities be-
tween the nonimpregnated and the chromia-
impregnated zeolite catalysts for TCE and
MeCl, conversion, a significant difference in
the CO,/CO ratio was noted, with chromia
impregnation apparently causing a doubling
of the CO,/CO ratio with the washcoated
zeolite catalysts. This suggested that the im-
pregnated Cr,O; sites which could be situ-
ated either inside the zeolite structure or in
the binder were responsible for the further
reaction of CO to CO,. This was consistent
with our previous suggestion (6) that for fur-
ther conversion to CO,, CO may need to be
desorbed and then readsorbed on another
active site. In the present case, this second
active site was probably obtained from the
additional impregnated Cr,O,; which thus
enhanced CO, production.

A peculiar difference between CCl, and
the other two CVOCs was the complete ab-
sence of any CO formation during CCl, oxi-
dation. Irrespective of nonimpregnated Y
zeolites or Cr,O;-impregnated ones, no de-
tectable CO was ever observed during CCl,
oxidation. This indicated a definite differ-
ence in the reaction mechanism or the inter-
mediates formed during CCl, oxidation as
compared to TCE or MeCl,. This was fur-
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ther supported by the presence of COCI,
and significant Cl, in the CCl, product spec-
trum at temperatures below 300°C. Most of
the Cl, production with MeCl, and TCE
feeds, for the chromia-impregnated cata-
lysts, occurred at temperatures between 300
and 350°C, apparently as a result of the Dea-
con reaction (25).

As mentioned in the case of CCl,, molecu-
lar Cl, in the amount of 2-6% of the total
chlorine balance was noted at temperatures
below 300°C, i.e., where the Deacon reac-
tion is not thermodynamically favored. Sim-
ilarly, small amounts of COCIl, were noted
as a by-product only with CCl, and were not
detected with either MeCl, or TCE feeds.
Therefore, it could be speculated that the
oxidation of CCl, involves an intermediate
step producing COCl, and Cl,, and this
COCl, (on further reaction with adsorbed
oxygen or water vapor) produces CO,. Con-
versely, the hydrogen atoms present in
MeCl, and TCE could lead to the formation
of intermediates such as COHCI (29). Such
an unstable intermediate would immediately
dissociate to produce CO and HCI. In this
way, CO could be produced from the hydro-
gen containing CVOCs as a direct oxidation
product. On further oxidation, this CO can
form CO,. Since this type of reaction does
not lead to direct Cl, production and the
only Cl, could be formed from Deacon reac-
tion with HCI, the amount of Cl, formed
with either MeCl, or TCE is usually negligi-
ble at temperatures below 300°C.
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