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This study investigates the aging and partial deactivation process
for four chromium exchanged ZSM-5 catalysts during oxidative de-
struction of 1% vinyl chloride or trichloroethylene, each in humid
(1.35% water) air at 500°C. After 51 h on stream under these harsh
conditions, all catalysts are found to undergo partial loss of ex-
changed chromium, which correlates with the chlorine content of
the chlorinated VOC (CVOC) feed molecule. Conversely, changesin
catalytic activity are not entirely correlated with residual chromium
levels in the zeolite, suggesting that the chromium cation location is
also important. A deactivation pathway is proposed involving slow
generation of volatile CrO,Cl; to explain the process of cation mi-
gration and loss. These results are utilized to derive relationships
between catalyst structure (cation site locations, accessibilities, and
framework bond strengths) and catalytic properties (activity, selec-
tivity, and site stability). The analysis shows that Cr cations, which
are closely associated with a maximum number of zeolite frame-
work oxygen atoms, are most resistant to migration or loss from the
catalyst during CVOC oxidation. Chromium sites (Sy;, Syyy) within
the straight channels or near channel intersections are found to be
most active, but are also most prone to migration and/or loss. This
enhanced activity is believed to occur because of the high accessi-
bility of Sj; and Sy, sites to incoming CVOC molecules. Rapid loss
of chromium from these sites is believed to be due to their weak
association with the zeolite framework. Conversely, chromium sites
(S1, Siv) located in the sinusoidal channels are determined to be
less active, but more persistent during deactivation because of their
increased coordination with zeolite framework atoms and reduced
accessibility to incoming CVOC molecules.  © 1999 Academic Press

INTRODUCTION

Catalyst Activity, Selectivity, and Aging

Earlier investigations from this laboratory (1, 2) have
shown the capability of chromium exchanged Y- and ZSM-
5-zeolite catalysts (Cr-Y and Cr-ZSM-5) for the oxida-
tive destruction of many CVVOCs. These catalysts, especially
Cr-Y, appeared to undergo modest deactivation when ex-
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posed to CVOCs for an extended period of time (3-5).
Rachapudi (3) studied the deactivation of chromium-
containing (exchanged or impregnated) Y-zeolite catalysts
during the oxidative destruction of ~1200 ppm TCE in
humid air at elevated temperature (600°C). It was re-
ported that the irreversible deactivation was caused pri-
marily by the partial loss of catalytically active component,
i.e., chromium. However, the Y-zeolitic support also under-
went partial structural collapse apparently due to its inter-
action with corrosive reaction products such as HCl and Cl,.
At lower temperatures (especially 175-250°C), Chatterjee
et al. (4) reported the reversible deactivation of cobalt and
chromium containing Y-zeolite catalysts due to coking dur-
ing the oxidative destruction of ~1100 ppm TCE, dichloro-
methane, or carbon tetrachloride in humid air.

Karmakar and Greene (5) studied the deactivation of H-
Y and Cr-Y catalysts during oxidative destruction of 1500—
2000 ppm CFC11 (CCI3F) and CFC12 (CCIyF) in dry air
at 300°C. Although both the catalysts underwent deacti-
vation after 7 h on stream, a significantly higher degree of
deactivation was observed for the H-Y catalyst than for the
Cr-Y catalyst. The authors attributed the improved stability
of the Cr-Y catalyst to the greater stability of the zeolitic
matrix, due to the multivalency of exchanged chromium
cations.

The deactivation of metal or metal oxide supported cata-
lysts during the oxidative destruction of CVOCs has also
been widely studied. Spivey and Butt (6) have given an
excellent review, which covers the work until 1991. The au-
thors state that CVOCs are generally poisons for supported
noble metal catalysts and can interact with the noble metal
or the support in a reversible or irreversible fashion. It is
concluded that HCI or Cl, produced by the oxidation re-
action itself may be the catalyst poison. On metal oxides,
the authors state that chlorine may form volatile metal-
containing compounds leading to the loss of the catalytic
agent.

Recently, Agarwal and coworkers (7) investigated the
long-term stability of commercial Cr,O3/Al,O3 catalyst dur-
ing the oxidative destruction of C; and C, chlorinated hy-
drocarbons. A progressive loss in the catalytic activity was
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observed in the catalyst bed during 153 days on stream
which also correlated with a decrease in the BET surface
area.

In the first part of this study we present the results of a
detailed investigation of the aging and partial deactivation
of four chromium exchanged ZSM-5 catalysts during the
oxidative destruction of 1% CVOC (vinyl chloride (VC)
or trichloroethylene (TCE)) in a humid (1.35% water) air
stream at 500°C. Such high feed concentrations and tem-
peratures were used in order to expedite the deactivation
process, keeping in mind that the accelerated aging process
may not be kinetically identical to the one which obtains
at the milder conditions of temperature and concentration
which occur commercially. The objective was to show the
effects of several factors including the chromium content of
the catalyst, the Si/Al ratio of the ZSM-5 support, and the
chlorine content of the feed molecule on the deactivation of
these catalysts. Over a period of 51 h on stream, all catalysts
were found to undergo measurable irreversible deactiva-
tion along with the partial loss of catalytically active com-
ponent, i.e., chromium. Nevertheless, changes in catalyst
activity were not entirely correlated by chromium cation
content, suggesting that cation location in the pore struc-
ture could also be important. A proposed deactivation path-
way, involving the slow generation of volatile CrO,Cl,, is
detailed to explain the process of gradual chromium cation
migration within, and loss from, the zeolite matrix.

Catalyst Structure—Activity Relationships

The number and location of active sites in a catalyst are
known to determine the catalytic activity (8). The location
of active sites becomes especially critical in zeolite catalyst
systems since zeolites are made up of crystalline arrays of
cages and channels with dimensions close to molecular size,
ultimately rendering some or all active sites inaccessible to
reactant molecules. Hence, a structural analysis of a given
zeolite catalyst to locate actual sites is very useful in under-
standing its activity.

Using a different cation (Cu), an interesting study by
Parrillo et al. (9) involving N,O decomposition over Cu-Y
and Cu-ZSM-5 (with similar Si/Al ratios) found that it is
the structure of the zeolite (Y- or ZSM-5-) that primarily
influences the activity of the catalyst rather than the Si/Al
ratio and Cu content. They also showed that the cations ex-
changed into a Y-zeolite do not remain at tetrahedral sites;
instead they tend to migrate to less accessible locations. The
original cations residing at the tetrahedral sites are thus re-
placed by protons, resulting in traditional Brgnsted acidity.
The openness of the structure of Y-zeolite, compared to
that of ZSM-5, was cited as the reason for the migration of
cations. Kucherov et al. (10) observed that the topography
of the isolated Cu®* sites in Cu-ZSM-5 may change after
high temperature treatment (steaming at 620°C or calcina-
tion at 900°C), resulting in the loss of catalytic activity.

Matsumoto et al. (11), in their study of the Cu-ZSM-5
catalysts for lean-NOy combustion, suggested (based on the
evidence from EPR studies) that Cu?* locations change dur-
ing the reaction, resulting in the deactivation of the cata-
lysts. It was also proposed that the Cu?* ions migrate in
the ZSM-5 structure during hydrothermal treatment to po-
sitions where they cannot chemisorb NO effectively. Mi-
gration of Cu?* ions due to their interaction with reactant
molecules (NO) was also hypothesized by Tanabe et al. (12),
based on their ESR/EPR experiments with the same cata-
lyst system.

Several other studies (13-15) are available in the litera-
ture which propose the interaction of metal catalyst cations
with reactant molecules in an effort to formulate structure—
activity relationships. Surprisingly, there is very little lit-
erature available on structure—activity relationships which
utilizes data from an X-ray powder diffractometer, a rela-
tively inexpensive and common instrument found in most
catalysis laboratories. Instead, researchers (16-19) have uti-
lized data of this type only to elucidate cation locations in
catalytic systems without regard to establishing structure—
activity correlations.

In the second part of this study, we present cation loca-
tion, loss, and migration results for the Cr-ZSM-5 oxidation
catalysts previously tested. These results are obtained using
X-ray powder diffractometer data combined with the Ri-
etveld pattern matching refinement techniques. In combi-
nation with the activity, selectivity, and deactivation results
already reported herein, these latter efforts allow us to draw
conclusions as to the relationships between catalyst crystal
structure and catalytic destruction efficiency for CVOC ox-
idation. The ultimate goal of this study is to improve the
design methodology for catalysts capable of resisting deac-
tivation, based on the concept of locating and retaining ac-
tive catalyst sites in the most accessible and stable locations.

Description of the ZSM-5 Structure

ZSM-5, with its aluminosilicate framework, belongs to
the family of pentasil zeolites, but contains considerably less
aluminum than a Y-zeolite specimen. ZSM-5 crystallizes in
the space group Pnma and can have either orthorhombic
or monoclinic symmetry (20), which is easily distinguished
by the splitting of the (1 3 3) (Miller index) peak. The ap-
proximate unit cell parameters are:

a=202A b=1992A c=1342A.

The unit cell volume ranges from 5345 A® to about 5400 A3
depending on framework aluminum quantity and, in turn,
the Si/Al ratio. The unit cell formula for ZSM-5 can be writ-
ten as MyAlLSigs_xO10y. It has a three-dimensional channel
system defined by 10-membered ring openings. The straight
channels are parallel to (0 1 0) and have dimensions of
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FIG. 1. Cation locations in Cr-ZSM-5; structure from (25).

5.4 x 5.6 A, whereas the intersecting sinusoidal channels
are parallel to (1 0 0) with pore openings of 5.1 x 5.5 A, as
shown in Fig. 1.

A unit cell of ZSM-5 consists of the following features
(21):

(i) four sinusoidal channels, 5.1 x 5.5 A
(ii) four straight channels, 5.4 x 5.6 A
(iii) four intersections, 8.7-9.0 A.

Nomenclature for the exchangeable (charge compensating)
cation sites is not as standardized as for faujasites. Consis-
tent with Fig. 1, the nomenclature used in this study for
ZSM-5 site locations is listed below:

(a) S;, midway along the surface of the sinusoidal chan-
nels;

(b) Sy, within the open straight channel cross section,
near the intersections;

(c) Si, subsurface, top and bottom edges of sinusoidal
channels, near intersections;

(d) Syv, 2/3 of the way along the surface of the sinusoidal
channels.

EXPERIMENTAL

Catalyst Preparation and Testing

Four different chromium exchanged ZSM-5 catalysts,
viz.,Cr-Z15L, Cr-Z15H, Cr-Z40L, and Cr-Z40H, were used
in this study. The numbers 15 and 40 indicate the atomic
Si/Al ratios of the ZSM-5-zeolites and suffixes L and H re-
fer to low (~0.25 wt%) and high (~0.56 wt%) chromium
loading, respectively. The ZSM-5 zeolites contained 20 wt%
alumina binder and were obtained from The PQ Corpora-

tion in the form of 1/16 in. extrudates. These extrudates
were subjected to a single chromium exchange using aque-
ous Cr(NOg3)3 - 9H,0 solutions at 80°C for 72 h. In order to
obtain the desired chromium loadings, the concentration
of precursor solution was adjusted accordingly. The initial
pH of the exchanging solution was also adjusted to 4.5 by
the addition of a few drops of aqueous NH,OH. After the
exchange, the catalyst extrudates were thoroughly washed
with distilled and deionized water, dried, and then calcined
at 500°C for 8-10 h.

The aging studies were carried out in a vertical Pyrex
tubular reactor (31 mmo.d., 27 mmi.d., and 110 cm length),
a schematic of which has been shown elsewhere (22). The
reactor had a preheater section for heating the feed gases
prior to entering a fixed bed catalyst section where the reac-
tions took place. For all aging experiments, a feed concen-
tration of 1% CVOC (VC or TCE) in humid air (~1.35%
water) was utilized. For VC (b.p. —13°C), a premixed gas
mixture (2% in nitrogen, Matheson) was diluted with hu-
mid air and fed into the reactor. For TCE, a bubbler main-
tained at 60°C containing liquid TCE (b.p. 87°C) was used
to feed the reactor by passing air through it to vaporize
TCE for its passage into the reactor. A separate bubbler
containing water was used to humidify the reactor influent.

The aging runs were carried out at 500°C and 1% CVVOC
concentration in humid air for 51 h at the space velocity
of 2400 h~! (measured at RTP). Thermocouples for tem-
perature measurement and control, located at the wall of
the reactor, maintained 500°C (£4°C) readings throughout
the aging runs. This was aided by automatic cycling of the
furnace, which was periodically in the off mode, thus acting
as a heat sink to correct for the exothermic nature of the
CVOC oxidation reactions. It is likely that a modest radial
temperature gradient (not measured) existed within the re-
actor during high conversion runs of the 1% CVOC feeds.
The values of CVOC concentration and temperature used
here were considerably more severe than typical remedia-
tion conditions (<100 ppm CVVOC and ~350°C) in order to
hasten catalyst deactivation.

Catalytic activity and selectivity were measured peri-
odically at 500°C and 1% CVOC and also at 300°C and
1000 ppm CVOC while maintaining the water concentra-
tion at ~1.35%. Data at the lower temperature (300°C)
were used to track catalyst activity because conversions
uniformly approached 100% at 500°C. Conversely, data at
500°C were used to compare selectivities since differences
were most apparent at these conditions.

At the completion of each aging experiment, a com-
bustion test was performed on the catalyst to detect the
presence of any residual carbon and/or chlorine-containing
species that could have been adsorbed on the catalyst sur-
face during aging. In this test, the feed (CVVOC and water)
was shut off from the reactor and the catalyst was calcined in
flowing air at 550°C for 3 h. During this period, the reactor
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effluent was carefully monitored for any residual Cl,, HCI,
CO, or CO..

Analysis of the reactor inlet and effluent gas mixtures
during the aging studies was performed using a Hewlett
Packard 5890 gas chromatograph (GC) with 5970 mass se-
lective detector (MSD). Calibration gas mixtures were pe-
riodically injected into the GC/MS to quantify the amounts
of CVOCs, CO,, and other products. Details of the analyt-
ical techniques are discussed elsewhere (22).

The fresh and aged catalysts were characterized for their
BET surface area (Quantachrome Jr. BET surface area
analyzer), chromium content (Phillips PV 9550 X-ray fluo-
rescence spectrometer, XRF), relative crystallinity (Phillips
APD 3720 X-ray diffractometer with CuK« radiation,
XRD), and ammonia acidity by temperature programmed
desorption to 550°C (DuPont 2950 thermogravimetric ana-
lyzer, TPD). The XRF was also used to independently check
for the presence of any carbon and/or chlorine-containing
species on the surface of aged catalysts.

Catalyst Characterization and Crystal Structure Analysis

Standard mid-range IR analysis (Bio-Rad, Model FT-7)
of framework vibrations in the ZSM-5 structure was car-
ried out to document any changes during catalyst aging.
XRD patterns of the catalysts were also obtained and the
degree of crystallinity was calculated based on the five char-
acteristic peak intensities in the region of 22-25° 260. These
powder diffraction patterns were used in conjunction with
the Rietveld refinement to determine cation locations and
occupancy levels. Only the fresh and aged high chromium
samples (Cr-Z15H and Cr-Z40H) were considered for the
Rietveld analysis since the metal cation content was below
calibration limits in the low chromium aged samples. An ex-
ception was the Cr-Z40L sample, which was analyzed fresh
in order to compare its cation locations with aged catalyst
samples of similar chromium content.

The diffraction pattern data collection was repeated to
confirm the precision of the instrument as well as to deter-
mine any drifts in the sensitivity. The diffraction patterns of
as-received H-ZSM-5, were used as the basis for compari-
son with the other cation-substituted zeolite catalysts. The
input file for the Rietveld refinement was prepared by fol-
lowing the standard procedures mentioned in the manual
for GSAS (23). The low angle (0-18°) portion of the data
was excluded during the refinement procedure to minimize
the distortion of relative intensity due to surface roughness
and beam spillover (24). Usually, a radial distribution func-
tion was chosen to represent the background since thisis the
preferred method for modeling any amorphous component
in the zeolite sample. The initial profile parameter values
were taken using refinements carried out with data from a
similar diffractometer. The lattice parameters and starting
framework coordinates for the ZSM-5 structure were taken
from van Koningsveld (25).

ZSM-5 was refined in the orthorhombic Pnma space
group. There was no splitting of the (1 3 3) peak in the dif-
fraction pattern, which also confirmed that the space group
was indeed Pnma. All tetrahedral atoms (T-atoms) were
treated as Si and were assigned a single isotropic thermal
parameter (Uis), and all framework oxygen atoms were
constrained to have the same Ujg,. Typical starting lattice
parameter values for ZSM-5 were a=20.12 A, b=19.93 A
and c=13.42 A. The framework coordinates of a separate
as-received H-ZSM-5 sample were refined and no signifi-
cant change from these atomic coordinates was observed,;
hence the framework atoms were fixed for all further work,
and not routinely refined.

Initially, only the global parameters such as scale fac-
tors, lattice parameters, background and profile coefficients
were refined. The shifts to be applied to the refinable pa-
rameters in each cycle were heavily damped initially and, as
the changes in the parameter values decreased, the damp-
ing was decreased. Once the framework structure was sta-
bilized, difference Fourier density maps were calculated
to identify any extraframework species. The difference
Fourier maps showed uncompensated electron density at
positions which were definitely not framework atoms and
whose coordinates closely matched with extraframework
positions established in the literature. Hence, they were be-
lieved to be reasonable, not spurious peaks. Only the peaks
with a cation-oxygen bond distance greater than 2.05 A
(called “reasonable peaks’) were kept because that is the
minimum length of a Cr—O bond. These peaks were added
in, one at a time; their atomic coordinates and occupancies,
along with the global parameters, were then refined further.
This process was continued until no further “reasonable
peaks” were left in the difference Fourier map. Although
the Cr-O contact distances determined in the samples were
longer than a normal Cr-O bond, they were too short to be
O-0 bond distances between water molecules and frame-
work oxygens. Since there were no other cations present,
and since the coordinates found were very similar to those
given in the literature (13-15), the evidence supports the
conclusion that the nonframework species found was Cr.

At the end of each iteration of refinement, difference
plots were drawn which displayed the observed, calculated,
and the difference patterns to identify any systematic errors
in the structure model. The difference plots also helped to
detect the presence of any extra phases in the zeolite sam-
ple. The refinement process was stopped when the least
square residuals were essentially constant between itera-
tions. It was found from the refinement process that there
was, on average, about 3-4% improvement in the final resid-
ual values from the time the cations were introduced into
the structure to the final refinement cycle. The residuals
(Rwp and Rp) at the completion of the refinement ranged,
respectively, between (14.29 and 10.87% for Ryp) and (12.55
and 9.69% for Rp). The bond distances and angles were
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computed with the built-in routine in GSAS (23), yielding
an average T-O bond distance of about 1.59 A.

The accuracy and precision of the refinement procedure
were confirmed by analyzing the X-ray diffraction data of an
Na-Y sample which had been previously published in the
literature (24). Very close agreement was found between
the refined structure and the published data. This analysis
was considered as a measure of the quality of the diffrac-
tometer data and the Rietveld method for structure analy-
sis. The three-dimensional structures of the zeolite samples,
resulting from refinement results, were visualized with the
structure drawing software “XTALDRAW?” (26).

RESULTS

Properties of the Fresh Catalysts

Properties of the fresh catalysts are shown in Table 1.
Chromium content of the fresh low and high chromium
catalysts of this study ranged from 0.23 to 0.57 wt% chro-
mium, respectively. The percentage ion exchange, calcu-
lated on the basis of one Cr3* cation for three NH** cations,
varied from 16 to 90%, while BET surface area ranged from
345 to 390 m?/g. All the fresh catalysts were assigned 100%
relative crystallinity (based on XRD) and were used as a
reference for the aged catalysts. The total acidity of the cata-
lysts, as measured by the amount of ammonia which was re-
versibly desorbed, showed that the total acidity was related
only to the Si/Al ratio of the ZSM-5 supports and nearly
independent of the chromium content of the catalysts.
Table 1 also indicates that all the fresh catalysts were capa-
ble of nearly complete (>97%) destruction of VC (300°C
and 1000 ppm) in humid air. However, under identical

reaction conditions, only the fresh high chromium cata-
lysts exhibited >90% destruction efficiency for the TCE
feed.

TCE Aging Results

The changes occurring in the activity of the four Cr-ZSM-
5 catalysts during prolonged exposure (~51 h) to 1% TCE
in humid air at 500°C are depicted in Fig. 2, which shows
that, although the catalysts were very active initially, they
undergo significant deactivation at these severe conditions.
Catalytic activity was strongly dependent on the chromium
content of the catalysts, with TCE conversion of Cr—Z40H
and Cr-Z15H catalysts always above that of the Cr—Z40L
and Cr-Z15L catalysts, respectively, and essentially inde-
pendent of Si/Al ratio.

The changes in selectivity for deep oxidation products
(i.e., CO; and Cly) during TCE aging at 500°C are also
shown in Table 1. Although all the fresh catalysts showed
70-100% selectivity toward the formation of CO,, selec-
tivity eventually dropped to between 8 and 45% after ag-
ing, depending on the Si/Al ratio and chromium content
of the zeolite. Similarly, all catalysts showed a progres-
sive reduction in Cl, selectivity with time, although high
chromium catalysts always had higher CO; and ClI; selec-
tivities than the low chromium ones. In addition to the unre-
acted CVOC, CO, CO,, Cl,, and HCI in the reactor effluent
stream, a small amount (40-70 ppm) of phosgene (COCI,)
was also detected with the Cr-Z15H catalyst at 500°C and
1% TCE concentration. Phosgene was not detected with
any other catalyst at any conditions. Reactor carbon bal-
ances were carried out only for the initial (<1 h) and final
(~51 h) sampling points during the aging tests, with values

TABLE 1

Properties of Fresh and Aged Catalysts

Cr-Z15L Cr-Z15H Cr-Z40L Cr-Z40H
Property Fresh Dvc Drce Fresh Dvc Drce Fresh Dvc Dtce Fresh Dvc Drce

Total acidity (mg NH3 19.47 19.52 19.48 20.81 19.73 19.73 12.77 13.20 11.90 12.69 11.86 11.99

desorbed/g catalyst)
BET S.A. (m%g) 345 329 336 346 342 344 392 405 388 388 407 410
Cr content (wt%) 0.23 0.21 0.12 0.56 0.45 0.21 0.29 0.24 0.16 0.57 0.45 0.33
Relative crystallinity (%) 100 95 97 100 99 100 100 96 103 100 95 103
TCE Conv? (%) 64 NA 27 89 NA 54 78 NA 36 93 NA 68
VC Conv? (%) 99 95 NA 97 96 NA 98 94 NA 98 95 NA
Cl, Sel® (%)

TCE 62 NA 22 75 NA 34 50 NA 18 66 NA 28

VC 4 0 NA 8 4 NA 10 4 NA 10 7 NA
CO, Sel® (%)

TCE 66 NA 9 100 NA 43 75 NA 15 100 NA 45

VC 90 63 NA 97 88 NA 90 82 NA 98 94 NA

Note. Dtcg, catalyst aged 51 h at 500°C, 1% TCE; Dy, catalyst aged 51 h at 500°C, 1% VC.

2 At 300°C, 1000 ppm CVOC.
b At 500°C, 1% CVOC.
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and 500°C.

ranging from 93 to 104%. Chlorine balances were not at-
tempted.

VC Aging Results

The effects of prolonged VC exposure on activity of the
four catalysts at 500°C and 1% VC concentration in humid
air are shown in Fig. 3. As opposed to the significant deac-
tivation observed with TCE, changes during the VVC aging
were small and extremely slow, and even the aged catalysts
showed high (>93%) conversion. For this reason, no spe-

cific trends as a function of the chromium content or the
Si/Al ratio of the catalysts could be observed.

Although the activity of the four catalysts did not show
much loss during the oxidative destruction of VVC, Table 1
shows that the reductions in CO; and Cl; selectivities (mea-
sured at 500°C and 1% VC concentration) were more pro-
nounced. Thus, all the fresh catalysts yielded 90-97% CO,
selectivity, which eventually dropped to 63-93% after ag-
ing. With VC feed, the initial Cl, selectivity was very low
(<10%) and gradually reduced to 0-7% after aging.
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Comparison of Properties of the Fresh and Aged Catalysts

Surface area. Various properties of the fresh and deac-
tivated catalysts are compared in Table 1. As shown there,
the BET surface areas of the catalysts did not change sig-
nificantly upon aging, although zeolite surface area mea-
surements by the BET method are not very precise. The
retention of BET surface area also confirms the probable
retention of crystal structure after aging.

Crystallinity. The XRD patterns of each catalyst (fresh,
VC aged, and TCE aged) were found to be almost identical,
indicating no measurable loss of crystallinity upon aging.
Although only approximations (27), the relative crystallini-
ties, calculated by comparing the intensities of the identi-
fying reflections (four reflections in the 20 of 22-25°) of
the catalyst and the corresponding reference, are found in
Table 1. No new X-ray reflections were found for the
aged catalysts, indicating the absence of any crystalline
chromium containing species >40 A (28).

The comparison of the XRD baselines of the three cata-
lysts also indicated the absence of a halo (an increase in
the background) after aging. These halos are known to be
caused by amorphous material trapped inside the zeolite
crystallites (27), and their absence here in the aged cata-
lysts suggests that amorphous species such as silica and
silica—alumina were not formed during the deactivation
process. Although chromia is crystalline, the size restric-
tions of zeolite pores will inhibit the internal growth of
XRD-detectable (>40 A) crystalline chromia.

The retention of the ZSM-5 crystal structure is fur-
ther confirmed by framework FT-IR spectra. According to
Flanigen (29), in ZSM-5-zeolite the shift to a higher fre-
quency of the O-T-O band (T =Si, Al) at ~1100 cm~t in-
dicates framework dealumination, and a decrease of the
intensity ratio (Isso/1450) for the bands at 550 and 450 cmt
indicates crystallinity loss. Neither of the above-mentioned
phenomena was found to occur upon aging, further indi-
cating the absence of framework dealumination and the
subsequent loss of crystallinity.

Chromium content. As opposed to insignificant
changes in the BET surface area and the relative crys-
tallinity, the chromium content (shown in Table 1) dropped
10 to 63% upon aging depending on the choice of the
reactant (VC or TCE), with losses being considerably
higher for the TCE feed.

Acidity. From Table 1, none of the catalysts used in
this study incurred any significant change in ammonia acid-
ity upon aging even though there was a 10 to 63% loss
in chromium. This is consistent with FT-IR results, which
showed that aging did not change the relative crystallinity
or framework aluminum content of any of the catalysts.

Activity. From Table 1, with all the catalysts tested, the

VC feed (one Cl atom per molecule) was significantly easier
to destroy than the TCE feed (three Clatoms per molecule).

Also, the VC aged catalysts showed <5% loss of their con-
version efficiency measured at 300°C and 1000 ppm feed
concentration in humid air. Nor did the VC aged cata-
lysts show any trend in catalytic activity as a function of
Si/Al ratio, and there is only a slight correlation with ini-
tial chromium content. On the contrary, with TCE feed, all
catalysts lost substantial deep oxidation activity after aging.

Crystal Structure Analysis

Unit cell parameters, Cr atomic coordinates, and occupan-
cies. Table 2 gives the unit cell parameters, Cr atomic co-
ordinates, and Cr cation site occupancy levels for the fresh
and aged Cr-Z15H and 40H catalysts. Data for fresh Cr-
ZAOL are also shown. Neither the lattice parameters nor
the unit cell volume of the catalysts changed significantly
due to aging with either VC or TCE although, on average,
the unit cell volume of the Cr-Z40-series catalysts was at
least 5 A2 less than that of the Cr—Z15-series.

Rietveld results, which show favored chromium sites and
occupancy levels (Cr atoms/unit cell), indicate that S, Sy,
and Sy sites (refer to Fig. 1) are preferred in the fresh
catalysts, whereas S| and S,y are preferred in both the VC
and the TCE aged ones. Losses in overall chromium oc-
cupancy levels determined from Rietveld refinement data
were about 20% for VC aging and about 60% with TCE.
Although these percentage losses are generally in line with
XRF results, absolute chromium levels measured by the
two methods differ, with XRF analyses averaging about
20% higher than corresponding Rietveld ones. This offset
may have occurred because of the effects of the generally
low catalyst chromium level (~0.2-0.6%) on the accuracy
of the Rietveld technique.

Chromium cation migration and loss.  Figures 4-6 show
the top (straight channels) and side (sinusoidal channels)
views of the pentasil structures for the fresh and aged Cr-
ZA40H catalysts and identify the Cr cation positions with re-
spect to the framework coordinates. The framework oxygen
atoms, which are closely coordinated to typical Cr cations,
have been identified in Fig. 4 only for reference. For the
fresh catalysts, Table 2 shows that S, was the most common
site to be occupied, with Cr cations in fresh Cr-Z15H cata-
lyst located at S; and Sy, sites, and those in fresh Cr-Z40H
located at the S, and S, positions.

After VCaging, Table 2 shows that the cations were found
at Sy and Sy sites in both Cr-Z15H and Cr-Z40H catalysts.
The common feature in both these samples was the prefer-
ential migration (along with modest chromium loss during
the process) of the more abundant cation population (S
in Cr—Z15H and S;; in Cr—Z40H) to the S,y site. In addition,
some attendant reduction in S; occupancy levels was also
noted, suggesting that Cr cations are able to migrate from
these sites also, although at a lower rate.

Table 2 also shows that TCE aging resulted in the substan-
tial loss (40-60%) of chromium cations from the structure
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TABLE 2

Unit Cell Parameters, Cr Atomic Coordinates, and Cr Occupancies in Cr-Z15 and Cr-Z40 Catalysts

Cr atomic coordinates

Occupancy/
Site X y z unit cell
Cr-Z15H fresh
Unit cell parameters: a=20.117, b =19.939, ¢ = 13.408 A, unit cell vol =5378 A
S —0.1999 -0.25 —0.0939 0.36
S 0.1918 —0.055 —0.0783 1.20
Cr-Z15H TCE aged
Unit cell parameters: a=20.125, b=19.944, ¢ =13.407 A, unit cell vol =5381 A3
S —0.1984 —-0.25 —0.0965 0.72
Cr-Z15H VC aged
Unit cell parameters: a=20.120, b=19.932, ¢ =13.398 A, unit cell vol =5373 A3
S —0.183 —-0.25 —0.086 0.08
Siv 0.008 0.25 —0.012 1.08
Cr-Z40H fresh
Unit cell parameters: a=20.113, b =19.915, ¢ =13.400 A, unit cell vol =5368 A
S —0.202 -0.25 —0.088 0.92
S 0.492 —0.047 —0.038 1.53
Cr-Z40H TCE aged
Unit cell parameters: a=20.130, b=19.923, ¢ =13.402 A, unit cell vol =5375 A3
S —0.203 —-0.25 —0.075 0.82
Cr-Z40H VC aged
Unit cell parameters: a=20.120, b=19.919, ¢ =13.397 A, unit cell vol =5369 A3
S —0.199 —-0.25 —0.069 0.77
Siv 0.005 0.25 —0.011 1.23
Cr-Z40L fresh
Unit cell parameters: a= 20.102, b=19.907, ¢ =13.389 A, unit cell vol =5358 A3
Si 0.39472 0.25 —0.07089 0.78

for both the Cr-Z15H and Cr-Z40H catalysts, while the re-
tained chromium ions were located only at the S, sites in
the aged catalysts. For the Cr—Z15H catalyst, S, occupancy
significantly increased with TCE aging. These results indi-
cate a high level of cation mobility, and subsequent cation
loss, during TCE exposure.

The chromium-oxygen bond distances of the fresh and
aged catalysts are tabulated in Table 3, which shows that
the S, site was most closely associated (i.e. Cr—O bond dis-
tances <3.0 A) with framework oxygens, O(23 and 24), the
S site with O(3, 9, 10, 13, and 14), and the Sy site with
0O(10, 23, and 26). Most of these oxygen atoms were near
the intersections of the straight and sinusoidal channels.
Conversely, Sy, sites are associated with many framework
oxygen atoms, but none of the Cr—O distances are less than
3.9 A, suggesting weaker bonding.

The cation positions in a fresh Cr—Z40L sample were
also determined to compare their locations with those of
the TCE aged Cr—Z40H sample since the overall Cr cation
contents in these two samples were about the same. It can
be seen that in the fresh as-prepared Cr-Z40L sample, the
Cr cations were found only in the straight channels (Sy)),
while cations remaining in the TCE aged Cr-Z40H sample
were located only at S;.

Crystal Structure—Activity/Selectivity Comparisons

Fresh Cr—Z15H versus fresh Cr-Z40H catalysts.  Since it
was previously shown (30) that the activity of unexchanged
zeolites for destruction of unsaturated two-carbon CVOC
feeds is small, the substantial C\VOC conversions detected
in the present experiments can generally be correlated with
the presence of exchanged chromium in these catalysts. Ac-
tivities of the fresh Cr—Z15H (S, Sy;; occupancies, 0.56% to-
tal Cr) and Cr-Z40H (S,, Sy occupancies, 0.57% total Cr)
catalysts studied here are similar for each respective CVOC
feed, suggesting no site location or Si/Al ratio induced ef-
fects on conversion level here. Comparison of both Cl, and
COq; selectivities for each respective catalyst again shows
no significant differences.

Fresh versus aged Cr-Z15H and Cr-Z40H catalysts.
Comparison of the activity of fresh Cr—2Z15H (S,, Sy;, 0.56%
total Cr) versus VC aged Cr-Z15H (S,, Syv, 0.45% total Cr)
and TCE aged Cr-Z15H (S,, 0.21%o total Cr) shows insignif-
icant activity loss (1%6) with VC aging, but major loss (39%b)
with TCE. In contrast, substantial changes (10-70%) in Cl,
and CO; selectivities are apparent after aging with either
VC or TCE feed, where both Cl, and CO, yields decrease,
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while HCl and CO correspondingly increase. For Cr—Z40H,
activity comparisons of fresh catalyst (S;, S, 0.57% total
Cr) versus VC aged (S, Siv, 0.45% total Cr) and TCE aged
(S1, 0.33% total Cr) shows 4% activity loss with VC and
28% loss with TCE. Changes in selectivity with aging gen-
erally follow those for Cr—Z15H with significant loss in Cl,
and CO; selectivity, especially after aging with TCE.

Fresh Cr-Z40L versus aged Cr—Z40H catalysts. Table 1
shows that the TCE activity of fresh Cr-Z40L (78%) is
significantly higher than the TCE activity of aged Cr—Z40H
(68%), even though chromium content of the latter is one-
third less. This is a clear indication that cation location is an
important factor in determining catalyst activity.
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FIG. 4. (a) View down the straight channels of fresh Cr-ZSM5(40H)
sample. (b) View of sinusoidal channels of fresh Cr-ZSM5(40H) sample.
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FIG.5. (a) View down the straight channels of VC aged Cr—
ZSM5(40H) sample. (b) View of sinusoidal channels of VC aged Cr—
ZSM5(40H) sample.

DISCUSSION

Common Aging Features

Although substantial reductions in deep oxidation activ-
ity and selectivity occurred with aging, the crystal structure,
framework Al content, surface area, relative crystallinity
and total ammonia acidity of the ZSM-5 zeolite remained
intact. It should also be pointed out that there was no vis-
ible coking, nor did the combustion test (described previ-
ously) reveal the presence of any significant carbonaceous
or chlorinated species on the catalyst surface. Similarly, the
XRF analysis of the deactivated catalysts did not show any
detectable chlorine-containing product on the catalyst sur-
face.
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FIG.6. (a) View down the straight channels of TCE aged Cr-
ZSM5(40H) sample. (b) View of sinusoidal channels of TCE aged Cr-
ZSM5(40H) sample.

Partial replacement of the zeolitic oxygen and/or hydrox-
yls by the more electronegative chlorine is considered pos-
sible, and a similar phenomenon (replacement of zeolitic
oxygen by fluorine) has been observed previously (5). This
chlorine/chloride poisoning can lead to the loss of catalytic
activity and deep oxidation selectivity (6). However, the
replacement of the zeolitic oxygen or hydroxyls by one or
more chlorine atoms invariably leads to an increase in the
total ammonia acidity, which was not observed in this study.

In fact, the only measured property difference between
the fresh and aged catalysts for either CVOC feed was the
reduction in chromium content. Nevertheless, chromium
content alone cannot explain why fresh Cr—Z40L (0.29%

Cr) had significantly higher TCE destruction activity than
aged Cr-Z40H (0.33% Cr) as shown in Table 1. This as-
pect, believed to be related to cation location, is considered
subsequently.

Pathways for Catalyst Deactivation

With no significant changes found in catalyst surface area,
acidity, or crystallinity after aging, potential pathways for
the observed deactivation (other than by chromium loss)
are somewhat more limited. It is possible that the docu-
mented loss of chromium from the ZSM-5 surface could
also be accompanied by other phenomena, such as reduc-
tion in cation dispersion (sintering) or by cation migration
from site to site within the zeolite matrix. In the discussion
that follows, these two possibilities are considered.

Loss of cation dispersion. In the present case, no evi-
dence of chromium oxide species or losses in crystallinity
in the aged catalysts were detected by XRD methods. This
implies that no crystallites (subject to the >40 A resolution
limit) existed either in the pores or on the exterior zeolite
surfaces. Also, the growth of these species in the interior
of the zeolite would have required a local structural degra-
dation to accommodate species this large. This would have
been reflected in a loss of relative crystallinity, which was
not found in any of the aged samples.

Under the humid atmosphere employed in this investiga-
tion, it is also possible that water (zeolitic and/or from the
feed) reacted with chromium cations forming Cr(OH)3, an
electrically neutral species. Being electrically neutral, this
species does not require zeolitic protons as anchoring sites
and can move along the zeolite channels, aggregating in the
form of chromium hydroxide on the external surfaces. Since
no such species were detected in the XRD patterns of the
aged catalysts, their presence is unlikely.

Cation migration. Next, we consider the possibility that
chromium loss was accompanied by its site-to-site migra-
tion in the ZSM-5 framework. Although earlier research
(31) suggested that for a fixed Si/Al ratio in faujasite cata-
lysts, the CVVOC destruction activity of a chromium ex-
changed zeolite is related only to its chromium content,
it is obvious from Table 1 that this is not entirely true
for the Cr—ZSM-5 catalysts studied here. For example, as
previously mentioned, Cr—Z40H (TCE aged) containing
0.33 wt% chromium shows significantly lower activity than
Cr—Z40L (fresh) containing only 0.29 wt% chromium. The
same trend can be observed for Cr—Z15H (TCE aged) and
Cr-Z15L (fresh) which contain approximately the same
amounts of chromium. In each case, the fresh catalysts are
more active, even though chromium levels are similar to
the aged catalyst values.

These results are consistent with aconcomitant process of
cation migration during catalyst aging, whereby chromium
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TABLE 3

Interatomic Distances (in A) between Cr and Framework Oxygen Atoms for Cr-Z15H and 40H Samples

Cr-Z15H Cr-Z15H Cr-Z15H Cr-Z40H Cr-Z40H Cr-Z40H
fresh VC aged TCE aged fresh VC aged TCE aged

Si-O(24) 2.30 2.70 2.32 2.29 2.46 2.35
-0(23) 2.58 2.30 2.54 2.64 2.67 2.72
-0(22) — 4.40 4.65 — — —
-0(20) 3.18 3.41 3.2 3.15 3.20 3.14
-O(17) 3.09 2.88 3.08 3.11 3.07 3.12
-0(12) 3.13 3.30 3.12 3.17 3.38 3.30
-0(11) 451 — 452 451 — 458
-0(7) 3.32 3.30 3.29 3.39 3.55 3.53
-0O®3) 3.89 3.89 3.91 3.88 3.83 3.85
Si-0(22) — — 3.94 — —
-0(21) — — 3.90 — —
-O(20) — — 4.48 — —
-0O(19) — — 4.25 — —
-O(18) — — 4.56 — —
-0(14) — — 4.25 — —
-O(13) — — 4.15 — —
-0(11) — — 4.25 — —
-O(8) — — 4.30 — —
-0(7) — — 4.15 — —
-O(5) — — 4.07 — —
-0(2) — — 4.30 — —
-0(1) — — 4.18 — —
Sin-O(26) 4.61 — — — —
-0O(19) 3.43 — — — —
-0(18) 3.85 — — — —
-O(16) 3.21 — — — —
-0O(15) 3.63 — — — —
-0(14) 2.61 — — — —
-0(13) 2.74 — — — —
-0(12) 3.12 — — — —
-0(11) 3.58 — — — —
-O(10) 2.98 — — — —
-0(9) 243 — — — —
-O(8) 3.09 — — — —
-0(6) 3.27 — — — —
-O(5) 3.75 — — — —
-0(4) 3.06 — — — —
-0(3) 2.71 — — — —
-0(2) 3.29 — — — —
Siv-O(26) — 2.47 — 2.41 —
-O(23) — 2.59 — 2.62 —
-0(22) — 3.60 — 3.59 —
-0(17) — 3.20 — 3.24 —
-0O(15) — 3.32 — 3.29 —
-O(10) — 2.88 — 2.82 —
-0(9) — 455 — 4.48 —
-0(4) — 422 — 4.25 —

cations move (on balance) to sites which are less accessible
to CVVOC feed molecules or are otherwise less active. This
is in line with results obtained by Matsumoto et al. (11) dur-
ing a study of Cu—ZSM-5 deactivation as previously refer-
enced. In that case, the authors suggested that deactivation
was caused by the migration of Cu?* cations to catalytically
inactive sites within the ZSM-5.

A plausible process of combined cation migration and
loss requires that one or more volatile (i.e., mobile) cation-
containing species be formed at the exchanged sites under
reaction conditions. These species must then be capable of
diffusing within the zeolite pore structure, either recom-
bining with a new surface site (as in the process of chem-
ical vapor deposition, CVVD) or leaving the zeolite matrix
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entirely. Such pathways are considered in detail in the next
section.

Pathways for Chromium Volatilization,
Migration, and Loss

Reaction environment. The oxidation of CVOCs (such
as TCE and VC) in humid air produces a corrosive envi-
ronment containing mixed reactants and products. Thus,

CoHCI; + O, — CO,, CO, HCI, Cl,,

where the amount of chlorine in the feed molecule
(TCE =3 chlorine atoms/molecule; VC =1 chlorine atom/
molecule) has a major influence on catalyst deactivation
and exchanged cation loss in zeolites. This strongly suggests
the involvement of chlorine-containing products (HCI, ClI5)
with the exchanged chromium sites during deactivation.

State of exchanged chromium sites during CVOC reac-
tion. Data regarding the oxidation state(s) of exchanged
Cr cations in ZSM-5-zeolites during reaction with CVOCs
in humid air at elevated temperatures are not available, as
such, in the literature. However, relevant information from
related studies can still be found. Slinkin et al. (32) inves-
tigated the distribution of Cr3* and Cr°* ions in chromium
impregnated ZSM-5 (Si/Al =20, 0.8-1.8 wt% chromium)
under oxygen-rich conditions from 140 to 500°C. Their re-
sults suggest that a rise in temperature from 140 to 500°C is
followed by an increase in the concentration of Cr°* cations.
The authors also state that the concentration of such species
depends on the total chromium content of the zeolite.

Previous work by Aparicio et al. (33) with chromium
exchanged Y-zeolites (Si/Al =3.4), using methods of mag-
netic susceptibility and Mossbauer spectroscopy, showed
chromium to be primarily in the +5 valence state af-
ter oxidation with dry O, at 423°C. Extensive studies by
Wichterlova et al. (34), using IR and ESR techniques with
oxygenated Cr-Y (Si/Al=2.2), showed the presence of
both Cr*°and Cr*®, with the concentration of the latter va-
lence state rapidly increasing as temperature approached
497°C. This was thought to be caused by involvement of
the chromium with extralattice ligands (primarily oxygen)
to form cation bonds of differing strength. The authors
point out that in vacuo methods, necessary with XPS and
ESCA techniques, are marginal here because the highly
oxygenated cations (especially Cr*®, which is very unsta-
ble) are partially reduced under these conditions. However,
under CVVOC oxidation reaction conditions (and particu-
larly above 400°C), chromium is known (34) to function
in a typical redox fashion by first chemisorbing oxygen to
achieve high (+5 or +6) oxidation states. It then interacts
with CVOC molecules to bring about momentary reduc-
tion (typically to Cr*®), before subsequent reoxidation to
the +5 or +6 state.

Based on the electron withdrawing effects of the extra-
framework chemisorbed oxygen atoms associated with the
chromium cations, it follows that the Cr-to-framework oxy-
gen bonds will be most weakened at the highest cation ox-
idation state (Cr*®). This situation is shown schematically
below:
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In reality, the chromium cation is most probably coordi-
nated with several closely spaced framework oxygen sites
(34), but is shown here with single site involvement for
simplicity. Alternately, under the humid conditions con-
sidered presently, the Cr-site may also be partially hy-
drated/hydrolyzed.

The oxygenated chromium cation, with weakened Cr-O
framework bond, may be viewed here as a CrOs-like com-
pound. Under these conditions (500°C in the present study),
and in the presence of large concentrations of CVOC re-
action products (HCI/CI), the potential for chromium loss
becomes significant.

Reaction/volatilization of exchanged chromium cations.
Interaction of potentially labile oxygenated chromium
cations (i.e., the CrOgs-like compound) with chlorine-
containing species is suggested to occur by one or more
of the following reactions:

CrOs(s) + 2HCI(g) — CrO,Cl,(g) + H,O(g)
CrO;3(s) + Cla(g) — CrO,Cl(g) +1/20;

CrOs(s) + C,HCl3(g) + 1/2 0, — CrO,Cly(g) + HCI(g)
+2CO.

These reactions are listed in order of decreasing probability
based on AGs, which range from about —60 to —40 kJ at
500°C. In addition, the reversible Deacon reaction,

2Cl; + 2H,0 < 4HCI + O,

favored to the right under humid conditions found in this
study, acts to further reduce Cl, concentration and therefore
the likelihood of the second reaction between CrOz and Cl,.

The primary product, CrO,Cl,, is volatile (m.p.=
—96.5°C, b.p.=117°C) at reaction conditions and thus
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becomes the likely vehicle for chromium cation mobility
and loss. Formation of this same product has been previ-
ously suggested by others (6, 35) for involvement in the
process of cation loss. Furthermore, CrO,Cl, has been suc-
cessfully used (36) in the vapor state for chemical vapor
deposition of chromium in zeolites.

The maximum chromium loss observed in this investiga-
tion during catalyst aging was 0.0035 g chromium/g catalyst
(62% loss) from Cr-Z15H catalyst exposed to TCE feed.
This loss, under the deactivation conditions used in this
study (500 cm®/min total flow rate and 51 h time-on-stream),
would correspond to a steady CrO,Cl, concentration of less
than 5 ppm in the effluent stream of the reactor, too low to
be detected by our analytical techniques. Furthermore, it
is probable that much of the CrO,Cl; lost from the zeolite
matrix would have decomposed in the cooler portions of
the reactor according to

2Cr02CI2(g) — Cry0Os3(s) + 2Cl, + 1/2 Oy,

which is thermodynamically favored (AG = —54.7 kJ/mol
at 25°C). This is consistent with our observation of dark
green residues (believed to be Cr,03) after the reaction
section, especially during the TCE aging experiments. It is
also in line with conclusions drawn by Manning (35) and
Agarwal and coworkers (37), who studied the oxidation
of CVOC:s such as perchloroethylene using Cr,O3 impreg-
nated Al,O3 catalyst.

Migration and interaction of CrO,Cl, with zeolite sites.
Using the scheme proposed by Whittington etal. (36), vapor
phase CrO,Cl, may interact with unexchanged zeolite sites
in the presence of oxygen as follows:

Cl
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Silanol sites: ——/Si—OH + CrO,Cl, > 7Si—O—Cr:O + HCI
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Hydrolysis of the Cr—Cl bonds, under the humid conditions
present here during reaction, will subsequently introduce
acidic Cr—OH groups at the sites and liberate additional
HCI.

In this fashion, the chromium cation is able to migrate
to sites of greater or lesser accessibility, strength, or activ-
ity within the zeolite matrix. However, Cr sites of greatest
accessibility are speculated to be the most vulnerable to

Brgnsted sites:

later cation revolatilization, suggesting a process of grad-
ual cation retreat in the ZSM-5 structure to locations of high
framework bond strength and/or low reactant accessibility.

Crystal Structure Analysis

Fresh catalysts. Comparison of sites occupied by chro-
mium in fresh Cr-Z15H versus fresh Cr—Z40H shows that
both catalysts have significant cation occupancies in the S,
position. However, for Cr-Z15H (one Al per 15 Si atoms)
primary chromium occupancy is in the S, position, while
for Cr—Z40H (one Al per 40 Si atoms) primary chromium
occupancy is in the Sy position. If we analyze these dif-
ferences based on site accessibility, site availability, and
site strength (as measured by Cr-O bond lengths), it is
noted that Cr-Z40H has only 37.5% as many total alu-
minum atoms (and hence Brgnsted sites) per unit cell as
Cr-Z15H. Since both catalysts contain similar total Cr lev-
els (~0.56%), a higher overall exchange level in Cr—Z40H
is expected.

In terms of close association with framework oxygen
atoms, Table 2 shows S;, Sy;;, and Sy (roughly in that or-
der) to be the chromium sites most closely bound to oxy-
gen atoms, while Sy, is a distant fourth. If it is hypothesized
that the lower overall site population expected in Cr—Z40H,
required because of its lower Al atom population, occurs
largely from the absence of Sy, sites, then the chromium
occupancy results for these catalysts are consistent with the
following criteria: site accessibility (S and Sy are near
intersections and/or are in the highly accessible straight
channels); site availability (overall, sites are nearly three
times more plentiful, especially Sy;;, in Cr—Z15H); cation-
to-framework oxygen bond strengths (short bond lengths,
asin Sy, imply strength). We see that the low chromium, low
aluminum catalyst (Cr-Z40L) is also consistent with these
criteria by showing chromium occupancy only at the avail-
able, highly accessible, but relatively weak Sy, sites. In fact,
Sy1 Cr occupancy occurs only in the Cr—Z40 samples (H and
L), suggesting that the high Si/Al ratio, rather than total Cr
level, controls filling of these weak sites.

Aged catalysts. As previously pointed out, the interac-
tion of the chromium cations with products of CVOC ox-
idation (HCI, Cl,) causes loss and migration of chromium
through the formation of volatile CrO,Cl, and presents a
likely mechanism for deactivation of these catalysts. Cation
migration in zeolites has already been noted and also dis-
cussed elsewhere in the literature (10-14). We reexamine
this mechanism and our deactivation results in terms of the
previously mentioned occupancy criteria (site accessibility,
site availability, and Cr-O bond strengths). In addition we
also take into account the nature of the CVOC, and its po-
tential for producing HCI and Cl, during oxidation.

Results show that aging with TCE (3 Cls per CVOC
molecule) consistently causes major loss of Cr (42-63%)
and also major shifts in site occupancy by cation migration
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in the catalysts. Conversely, aging with VC (1 Cl per CVOC
molecule) causes only minor loss of Cr (20-21%0); however,
significant shifts in site occupancy to the less accessible si-
nusoidal channels are evident. These results are consistent
with the deactivation mechanism just discussed, whereby
interaction of the oxygenated Cr sites with reaction prod-
ucts (HCI and ClI,) causes mobility of the cation by forma-
tion of CrO,Cl,. The higher halogen concentration present
during oxidation of TCE can be expected to translate into
higher local concentrations of CrO,Cl,, facilitating its loss
by diffusion from the zeolite matrix.

Regardless of CVOC feed or zeolite Si/Al ratio, the re-
sults show that Cr migration during aging is always from
accessible sites (Sy;, Sii) in the straight channels or in the
intersection region, to less accessible sites (S;, Syv) in the
sinusoidal channels. It is probable that Cr loss occurs most
rapidly from the S, sites (only occupied at all in the high
Si/Al catalyst) since it is both highly accessible to halo-
genated products within the straight channels, and also rel-
atively weakly bound to the framework oxygen atoms of
the zeolite. Conversely, Cr which eventually migrates to (or
which is initially exchanged with) the less accessible sites in
the sinusoidal channels (S;, Syv) is bound more strongly and
hence is more resistant to halogen attack.

Crystal Structure—Activity/Selectivity Comparisons

Fresh Cr-Z15H versus fresh Cr-Z40H catalysts. The
similarity in CVOC activity and selectivity for these two
catalysts, in spite of S, Sy Cr occupancy for Cr-Z15H versus
S1, S Cr occupancy for Cr—Z40H, suggests that CVOC ac-
cessibility to S;;; compared with Sy, sites in these fresh cata-
lysts is roughly equivalent. This result appears logical since
both sites are located in the straight channel/intersection re-
gions of the zeolite structure, which have maximum access
to incoming CVVOC feed molecules.

Fresh versusaged Cr-Z15H and Cr—Z40H catalysts. The
lower Cr loss for Cr-Z40H during aging is consistent with
the notion of greater site strength in zeolites as sites are
moved farther apart. This is in agreement with our NH3-
TPD results which showed higher temperatures neces-
sary for complete NH3 desorption, implying a population
containing a number of stronger sites with the Cr-Z40H
catalyst. This is also consistent with the unit cell formula
for ZSM-type zeolites (Al,Sigs_nO192) Which predicts 6 Al
atoms per unit cell for Si/Al = 15 and only 2.3 for Si/Al = 40.

The lower Cr loss from TCE aging of the high Si/Al ratio
catalyst may also be primarily responsible for the smaller
reductions in activity (but nearly equivalent changes in se-
lectivity) after aging, between Cr-Z40H and Cr—Z15H. This
seems most plausible, because the Cr migration process dur-
ing aging appears very similar for the two different Si/Al
ratio catalysts. In both cases the migration process leaves
Cr in the S, position after TCE aging and in the S, and Syv
positions after VC aging. Since Cr site locations after ag-

ing are identical for the two catalysts, CVOC accessibility
to these sites as an explanation for differences in catalyst
activity must be ruled out in this case.

Fresh Cr—Z40L versus aged Cr-Z40H. The difference
in TCE activity between these two catalysts (78% for fresh
Cr-Z40L versus 68% for aged Cr—Z40H) is significant, par-
ticularly in light of the fact that the lower activity catalyst
(aged Cr-Z40H) still contains almost 50% more Cr than
does the more active fresh Cr—Z40L catalyst. The difference
in catalyst activity in this case appears to trace directly to
variations in cation location (and hence CVVOC accessibil-
ity) in the two catalysts. All Cr cations in the fresh Cr—Z40L
are located in the highly accessible, but weakly anchored Sy,
sites. One would expect an active, but unstable, catalyst in
this case as compared to aged Cr—Z40H, where (even with
higher chromium level) the overall CVOC accessibility of
the S, sites in the sinusoidal channels is lower. Conversely,
the S; sites should be more stable, based on Cr-O bond
lengths, and hence catalyst activity for the aged Cr-Z40H
might be expected to persist much longer during any sub-
sequent aging process as compared to the fresh Cr—Z40L
catalyst. In addition, selectivity to Cl, and CO; is higher
for the fresh Cr-Z40L catalyst, suggesting that cation loca-
tion (S versus S)) and its accessibility to both CVOC and
oxygen encourages formation of these more desirable end
products.
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