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ABSTRACT

The physical and chemical zhanges occurred afler hydrogen reduction treatment on chromium exchanged ZSMos
ZEM-5) and the clfect of these changes on the catalyst’s aclivity arc reported. Ethyl acetate and benzene were "

as air-borne VOC pollutant mod=l compounds. Catalyst reduction was performed under 100 mi/min of pure hyd
Mow at 300°C for.] hour and a continuous flow fixed-bed caialylic reacior operateu between reaction lempgral“
1007 to 500°C and at GHSV of 32,000 hour! was used for activity study. Hydrogen reduction caused the Cl‘-"ZS £
catalyst to loss about 18% cf its crystallinity while more mesopores were created. With reduced Cr-ZSM.s ¥
conveisions of 2,000 ppm of ethyt acetate and benzene were found to slightly decrease while marl =d increase iny
of carbon dioxide was demonstraied. Hydrogen reduction resulted in the migration of chromium ions 1o
naiaoparticles at the external surface of the crystallites and/or in the pore intersections. Changes in catalytic actjye
with different oxidation states of chromium were in line with the Mars van-Krevelen model. Two Bronsted acid &2

reacted in a hydroxylation reaction to give rise to two types of Lewis acid sites during thermal treatment, but only o
type of Lewis acid sites crealed upon reaction with hydrogen. Less amount of coke accumulated on reduced Cr-ZSN¥d
was ascribed 1o higher yield of carbon dioxide and lower concentrations of the Bronsted acid sites on the catalyst.
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INTRODUCTION

In catalyst preparation procedure, hydrogen reduction is grow 10 a size of 300A. These larger crystallites on &
commonly adopted to reduce the catalyst active metal external surface of the zeolite crystals were reoxidized
species Lo the lowest possible oxidation states (1). Metai slowly te CuO, while small metel particles wilhiri'@
specics with lower oxidation states have been reported Lo pore of the zealite crysials were reoxidized readily’
be more active for VOC complzie oxidation (1.2). In Cu® ions located in ion-exchange siics. Keports on':g‘)g
metai exchange zeolites, metal specics normally presents effect of reduction of chromium species that can preses
in the form of cations balancing the negatively charged as Cr™*, Cr’* and Cr*" ..aen exchanged with zzolites I8
zeolite frimewark. The reduction of zeolilic cations quite scanty despitc being ropuied as the most activs
especially ot low loadinz or in a high-silica zcolile is transition metal (3,4) for VOC decomposition process

frequently reversible s deseribed below, .
The reduction of metal exchanged zeollies alsc Causey|
certain zeolitic acid sites o be generated. At high <atiom;

loadings, destabilization of the zeolite upon reductiony
in which A is the metal species and 7 represents the results, particularly if the SI/AY is '5w £2). Depending o

MZT+ Wl = H'Z + M e

zeolite, reduction conditions. individual metal atoms or 1m’?
clusters can be formed. It has been reported that Ni® g
Degd et al (2) found that hydrogen reduction at 300°C Ag' formed metal crystallites of 240 and 170A 8%
for I heur increased the activity of PA/HFAU for o- average cize. respectively (1). Therefore. it might ﬁ
xylene complete oxidation. This suggested that Pd® suggested that nizkel and silver cntities must have
species was very active and the activation of oxidation migrated in order o agarcgate on the xternal surface 0
with time on stream could be due Lo an increase in the the zeolite crystals, unless the zeolite framework is, 8
aumber of Pd® species b reduction of Pd** and PO least locally destroyed.
specics by o-xylens. Kin (1) concluded that the -
reduction of Cu™™ in Cu5Y proceeded via a two-step In this study. cthyl acctate and benzene were used =
meehanism. The first step was 10 Cu’ that was complete VOC mode! compounds based on differences in thlr‘\
within | hour at 200°7" aré was completely reversible, chemical nawre and roles in environmental VQC'
The second step occurred 2 higher temperatures when pollution. Chromium was selected 1o be meiz
Cu’ was reduced 10 copper omvsiailiies. which could exchanged with ZSM-35 zeolite to produce a catalyst oL

high activity, high stability and less coking tendency.



The main objectives of this study were to clucidate and
relate changes in the catalytic activity of the Cr-ZSM-5
with physicochemical changes upon reduction with
hydrogen.

Preparation of Cr-ZSM-5

Chromium exchanged ZSM-5 (Si/Al=240) was prepared
in tw steps. In the first step, NH," exchange of H-ZSM-
5 (3i/A1=240) was performed in 2.25 M of NH,CI
sclution for & hours. The metal exchange step was done
in acidified (to pH 4) aqueous Cr(MO;); solution at 0.086
mol/t, for 6 hours followed by filtration, drying and
calcination at 500°C for 6 hours. Before used in the
reactor. the catalyst was pelletized, crushed and sieved
between 0.25-0.30 mm. Hydrogen reduction on Cr-
ZSM-5 was conducted under 100 mi/min of pure
hydrogen at 500°C for 1 hour.

Experimental Setup

The catalytic a~tivity test and the preparation of coked
Cr-ZSM-5 samples were performed in an 11 mm i.d.
glass reactor charged with 0.2g of zeolite catalysts
(Figure 1). VOC-laden air stream as feed 1o the reactor
was generated by bubbling nitrogen gas through the
VOZ saturators. Another flow of high purity air was
used to make up the total flow rate to give the desired
GHSV. The accurate control of flow rate was achieved
by means of Aalborg (AFC 2600) mass flow controllers.
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* Figure 1: Schematic diagram of the reactor system used
In this study.

In order to prepare coked Cr-ZSM-5 samples, feed
containing 32,000 ppm of ethyl acetate or benzene was
Passed throngh the reactor at reaction temperature of
40Q'C and GHSV of 3,800 hour™ for 12 hours. In the
activity study, the reactor was opcrated at GHSV of
32_,000 hour". The feed and product gases were analyzed
using an off-line Shimadzu GC-8A sas chromatogragh.
Porapak Q column was used for separation of carbon
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dioxidc and organic components while the separation of
carbon monoxide was achicved by means of a Molecular
Sieve 5A column,

The catalyst characierization

Thz catalyst samnle swac characterized  for curface

characieristics  aud  adsorption-desorption  isotherms
using Quantachrome Autosorb-1, metal loading using
Shimadzu AA-6650 atomic absorption spcctroscopy. and
crystallinity using Siemens D2000 X-ray dillractometer.
Thetmogravimetry experiments on coked Cr-ZSM-5
were  performed using Perkin  Elmer TGA7
thermogravimetry analyzer under pure oxygen flow at 20
ml/min and at temperature ramping rate of 10°/min.
Acidity profile of the samples was determined using
Chembet 3000 thermal programmed descrption (TPD).
Infrared spectroscopy characterization of coked samples
was performed using Perkin Elmer 2000 FTIR systeim.
in acid site characterization, prior to scanning with FTIR
the samples were adsorbed with pyridine and desorbed at
150°C for 1 hour.

EAPERUAENTAL RESULTS AND DISCUSSION

The catalyst characteristics

The characteristics of Cr-ZSM-3 catalyst before and
after hydrogen reduction as compared to its H-form arc
as showr in Table 1.0. An increase in mesopaie area but
at the expense of micropcre area was deiected after
chromium exchange. Cr-ZSM-5 experienced subsequent
15% increase in mesopore areas upen reduction with
hydrogen. Chremium exchange was also found to ciuse
4 % drop in relative crystallinity, mainly ascribed to heat
treatment in the preparation procedure while hydrogen
reduction caused further drop of about 18%. All of these
effects signified partial removal of ZSM-5 framework
atoms as a result of these two treatments.

Table 1: Characteristics of Cr- ZSM-5 cata'vsts  as
compared to its parent H-forin.
H- Cr-ZSM-5 Cr-ZSM-5
Characteristics ZSM-  (without H, (with  Ha
5 reduction) reduction)
Sagr (m'/g) 393 366 352
Micropore area 321 272 44
(mzlg)
Me‘sopore area 72 94 108
(m/g)
Mean pore diameter 225 22.8 23.0
(A)
Chromium loading - 0.9% 0.98
(%)
‘Relative 100 96 78

crystallinity (%)
*Relative to parent ZSM-3

Adsorption and desorption isotherm

Changes in the characteristic of porc systemy brought
about by chromium cxchange and hydrogen reduction



zan be monilored from aitrogen adsorption-desorption
sotherms as depicted in Ficure 2.00 Clearer hysteresis
oop was demoenstrated by Cr-ZSM-3 as compared to
it of M-Z8SM-30 With reduced Cr-ZSM-3, the loop was
morce  noticeable, coupled steeper  adsorption
al higher pressures. This was a  typical
characteristic in isotherm normally encountered with
ink-bottie-shaped pore mouths er with the presence of
bottlenecks (5) i the samples pore system.
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Figure 2: Adsorption (sulid line) uad disorption (de**2d
line) isoterms of H-ZSM-5, fresh Cr-Z5M-35 and reduced
Ci-ZSM-5.

The exchanged metal ions in zeolite are not fixed to
certain exchanged sites but quite mobile especially at
high temperatures (1). Hydrogen reduction might have
caused the reduced chromium atoms to migrate and
aggregated to form mctal clusters or nanoparticles {(6) on
the pore intersections and/or exiernal surface of the
ZSM-5. This aggregation might be stopped by the
geomctry of the porcs andfor prolonged in the extra-

crystalline region where no geemetric obstacles occurred
tor further growth.

The amount of chromium ion that migrated to the
external surfaces and intersections determined maximum
size of the metal clusters formed. The ink-bottle-shaped
pore 1nouth occurred when the openings were partially
blocied. In the worst case, totat blockage rendered some
of the active sites inaccessible for reactants. As the pore
size of ZSM-5 was orly 5.5A, this phenomenon would
affect the internal mass transfer diffusion to some of the
internal surface area, and, coupled with reduced internal
aclive catalytic sites, reducion in catalytic activity
should be the likely consequences.

Catalytic activity study

In agrcement with conclusions drawn from
results shown in Figure 2, reduced Cr-ZSM-5
deinonstrated  fower ethyl acetate and benzene
conversions as cvident in Figure 3.0(a). With reduced
Cr-ZSM-5, increases of about 15°C and 40°C in the
lemperature required to achieve 30% conversion (7sq)
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were  demonstrated  for cthyl  acetale and btnzenc
respectively. Marked incredse in yicld of carbon dioxige
was however detected (dr both organic pollutan 2
shown in Figure 3.0(b). For both reduced and unreqy,
Cr-2SM-5, acclic acid, acetaldehyde, formic acid
formaldehyde and carbon monoxide constituled prodycg
of incomplete decomposition in the outlet stream while
for benzene, the only carbon containing COMPoungs
detected were carbon monoxide and carbon dioxide,
Figure 3.0(b) suggests that reduced chromium Species.
within ZSM-5 matrix were more efficient in completjg,
the VOC oxidation process to produce carbon dioxide, |
was postulated .hat Cr’* as 2und a e
catalyst after metal exchange was reduced by hydrogey,
to Cr** or even Cr°. When the reduced Cr-ZSM-5 wi.
placed in the reactor, in the presence of excess of oxygey
in the reaction environment, these two chromium specisg
were oxidized to stabilize at the highest oxidation stats
ji.e. +6 (CrO;) as the enthalpy of formation of thig
species was the iowest (AH' -292.88 Ki/moly
compared to CrO (188 KJmol) and CrO, (-7531
KJ/mol).
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Figure 3: Profile of (a) conversion znd, (b) carbo®
dioxide yield in the decomposition of ethy! acet!®
(EAc) and benzene (Bz) over Cr-ZSM-3 without (R
and, with (+R) hydrogen reduction.



Only minimal decrease was detected in the organics
conversion as not-all of the chromium species found on
the zeolite were reduced to lower oxidation statcs. Study
by Digé et al. (2) concluded that the effect of hydrogen
reduction was more significznt on metal atoms located in
the external surfaces of the zeolite crystallites.
Therefore, chromium atoms in the internal pores ‘were
either not reduced by hydrogen or underwent a
reversible reaction to go back to their original oxidation
states (1). The mobility of chromium ion species also
played some significant role in determining the extent of
hydrogen reduction effect.

As suggested by the.Mars van-Kreveien Model that was
regarded as the most suitable model to represent VOC
oxidation process (7,8), VOC catalytic decomposition
cab be assumed to occur in two redox steps.

a) Reduction of the oxidized catalyst (Cat-O) by the
hydrocarbon (V):

Cat-O + V —ﬁ’—) Cat + CG, 2
b) Oxidation ~f the catalyst by oxygen from the gas
phase:
k

2Cat + v 0, —%— 2Cat-0 3)
At oridation state of +6 (Cr*), chromium could
repeatedly oxidize VOC molecules or the intermediates
(Step 1) before reaching the ground oxidation siates
(probably Cr®). This explains nigher yield of carbon
dioxide upor. reduction of Cr-ZSM-5 with hydrogen.

Effect of hydrogen reduction on acid sites and coking

Profiles of NH; desorption were used to detect changes
in acidity of ZSM-5 upon .hromium exchange and
hydrogen reduction. As depicted in Figure 4, chromium
exchange was found to reduce the acidity of ZSM-5 as
reflecied by a reduction in peak arez. It worth noting in
the figure that NH; desorption started at lower
temperatures indicating the emergence of weaker 2°id
sites after chromium exchange. Upon reduction by

hydrogen, significant decrease in the acidity of Cr-ZSM-
5 was detected.
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Figure 4: Profile of NH; desorption with temperature for
H-ZSM-5, fresh Cr-ZSM-5 and reduced Cr-ZSM-5.

Total acidity of zeolites is mostly contributed by
Brensted acid sites (9). In chromium exchange process,
some of these acidic OH groups were generally used for
exchange (10), leading to some decrease in the acidity.
Since in the ¢::change process, partial atomic removal
from ZSM-5 framework us indicated by crystallinity
drop occurred, the presence of non-framework silica-
alumina debris created some weak acid sites (Lewis acid
sites). Marked decrease in acidity after hydrogen
reduction suggested the elimination of certain acidic OH
groups from reaction with hydrogen. Judging from the
acidity protile that maintained the similar shape, it could
be said that both Brensted and Lewis acid sites were
affected upcn reduction with hydrogen.
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Figure 5: Infrared spectra of pyridine-chemisorbed, (a)
H-ZSM-5, (b) fresh Cr-ZSM-5, (c) Cr-ZSM-5 with H,
reduction, (d) Cr-ZSM-5 afier coking with ethyl acetate,
and (¢) Cr-ZSM-5 after coking with benzene.

Figure 5 confirms that chromium exchange created more
Lewis acid sites as indicated by more intense peaks at
1,446 cm™. However, peak corresponding to Bronstcd
acid sites at 1545 cm™ appeared to be negatively



affccled. Therefore, hydrogen reduction on Cr-ZSM-5
created more Lewis acid sites with corresponding partial
climination of Bronsted acid sites.

Upon coking with ethyl acetate and benzene,
disappecarance of Brensted and acid sites was detected
with more scvere effect showed by Cr-ZSM-5 coked
with cthyl acetate. Lewis acid sites were, however, less
a'lected suggesting prefercntial deposition of coke on
Bronsted acid sites.
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Figure 6: Reaction schemes of ZSM-5 dehydroxylation

due to (a) thermal treatment, and, (b) reaction with
hydrogen.

Upon thermal treatment, changes in the concentration of
Breristed and Lewis acid sites are explained by Reaction
Scheme (a) in Figure 6..In the dehydroxylation reaction,
two Bronsted acid sites rexcted to give two types of
Lewis acid sites, namely the trigonal Al and Si atoms, so
that all Al were intra-lattice in the resulting material.

Elimination of acidic OH groups also occurred upon
reaction with hydrogen as shown in Reaction Scheme (b)
in Figure 6.0. Here, only one type of Lewis acid sites i.e.
trigonal Al resultcd from the disappearance of Brorsted
acid sites. Thus, the effect of reaction with hydrogen was
more significant in reducing the acidity cf Cr-ZSM-5
catalyst. Subsequsnt elimination of Lewis acid sites
could be due to the formaticu of hydrides of Al or 3i,
thus, creating defects and extraframework species.

Coking behaviour of reduced Cr-ZSM-5

Results of thermogravimetric analysis as summarized in
Table 2.0 reveal that more coke deposited on Cr-ZSM-5
catalyst upon coking with ethyl aretzte corupared to
benzene. This could be due to the higher stability of
benzene to undergo decomposition over Cr-ZSM-5, thus,
forming lesser coke precursors. Reduced Cr-ZSM-5§
apparcnl!y demonstrated lower tendency toward coking
for both ethyl acetate and benzene.

Table 2: Coke content of Cr-ZSM- 5 withoui and with
hydrogen reduction.

Al VAL
Hs redistion - Coke content (w1. %)

EAc Bz
Without 533 4.96
With 4.64 4.22

“After exposing to 32,000 ppm of respective VOC at
_400°C for 12 hours,
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Figure 7: Effect of hydrogen reduction.on. infrareq
absorbance of coke from ethyl acetate (EAc) and
benzene (Bz) reactions. (a) EAc with unreduced Cr-
ZSM-5, (b) EAc with reduced Cr-ZSM=5,(&)*BZWith
unreduced Cr-ZSM-5 and (d) Bz with-reduced Cr-7QM.
S.

The lower tendency tow..rd coke accumu!atlon of lhe
reduced Cr-ZSM-5 could be-due to -lower.numter of:
Brensted acid sites to hc:t coking reactions.. Lower.
activity of reduced Cr-ZSM-5 also rendered lowes
organic conversion, nence, lowe. concentration of coke!
precursors.

Coke resulted from ethyl acetate reaction presented
cbaractcnsuc absorption bands at 1,110 cm™ and 1,30

whxle that from benzenc had additional band a.t
1 144 em™ as shown in Figure 7. These infrared spectra
sucgested that reduced Cr-ZSM-5 did not result in any,
major composition difference compared to unreduced
one. .

It can be inferre? from Figure 7 that coking me~hanismg
were independent of the types metal $pecies sitting on,
the catalyst. Therefore, it could be inferred that only
sitcs were involved in coke formation process. The Jower
activity of reduced Cr-ZSM-5 only gave rise to ICSS
coking precursors to eventuz'ly result in less cok
formation. Lower number of available Brensted aﬂd
sites also constrained the coke formation on this mt&'ﬁ
while Lewis acid sites had no or little contributiod
toward this process.

CONCLUSIONS

Hydrogen reduction caused the Cr-ZSM-5 to loss abod
18% of its crystallinity while more mesopores Wer¥
created. With reduced Cr-ZSM-5, the conversions,
2,000 ppm of ethyl acetate and benzene were fi
slightly decrease while marked increase in )’ldd
carbon dioxide was demonstrated. Hydrogen rcd“"“"
treatment might have caused the migration of ¢
species to form nanopamcles at the external surfac®
the ZSM-5 crystallites or in its pore 1ntcrsccuon A
changes in catalytic activity with dlffcrent “oxi



states of chromium atom were in line with Mars van-
Krevelen model. Two Bronsted acid sites reacted in a
hydroxylaticn reaction to give rise to two types of Lewis
acid sites during thermal treatment, but only one type of
Lewis acid sites was created upon reaction with
hydrogen. Less amount of coke accumulated on reduced
Cr-ZSM-5 was attributed to higher yield of carbon
dioxide and lower concentration of Brensted acid sites
on the catalyst with no regard to types of chromium
species found in Cr-ZSM-5. )
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