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ABSTRACT

Some selected (Mn?*, Co?*, Fe3*, Cu2*) oxides supported on clinoptilolite were tested in the catalytic
incineration of toluene. Manganese oxide on clinoptilolite was found to be the most active and durable
of all tested. The effects of ion exchanger concentration, ion exchange time, ion exchange temperature
and the type of ion exchanger were also studied to screen metal oxide catalysts. The catalysts were
prepared by incipient wetness impregnation of clinoptilolite in hydrogen form (HCLT). They were char-
acterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), temperature-programmed
reduction/oxidation (TPR/TPO) and diffuse reflectance Fourier transform infrared (DRIFT) spectroscopy
techniques. Activities of the candidate catalysts were correlated with crystallinity, surface acidity,
adsorption properties and morphological parameters. 9.5% MnO, on clinoptilolite exhibits the high-
est performance among the different oxides. Its higher activity was attributed to its ability to maintain
its redox potential. Furthermore, this novel generation of catalysts appeared as active as conventional
ZSM-5 and BETA. Finally, it was found that all four metal oxides supported on clinoptilolite led to the
considerable decrease in combustion temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) are not only major con-
tributors to air pollution but also as main precursors of ozone
and smog formation [1-3]. In many countries, including USA, EU,
Japan and Korea, stringent legislations have been put in effect
to abate VOCs emission. It is also widely recognized that cat-
alytic oxidation was a viable method of controlling emissions
of VOCs owing to its low thermal NOy emissions, low operat-
ing cost, and high destruction efficiency [4,5]. The function of
catalysts was to convert the VOCs into relatively harmless com-
pounds at lower operating temperatures [6,7]. Supported precious
metals such as Pt and Pd have been well established as efficient
catalysts for VOCs catalytic combustion [8]. However, the quest
for cheaper and more environmentally friendly catalytic materi-
als, thus avoiding problems of costly precious metal waste and
recovery [9,10], can be answered by utilizing non-precious metal
oxides.

The transition metal oxides catalysts were associated with their
lower cost as well as possible higher thermal stability, resistance
to humidity, specific surface area, ability to stabilize the metal par-
ticles in the porous structure [8,11]. The catalytic combustion of
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toluene has been studied with catalysts including zeolite-based
metal oxides [3,12,13].

Zeolites were renowned as promising supports to stabilize tran-
sition metals with great potential as oxidation catalysts [14]. The
availability of zeolites with several porous structures, different
composition and hydrophobicity degree, as well as the possibility to
control the acidic properties and location of exchanged cations have
contributed to the increased usage of zeolites [15]. HY and HZSM-
5 (HMFI) zeolites exchanged with copper (1-5wt.%) and cesium
(5-10wt.%) have been studied as catalysts for the combustion of
toluene [3].

Most of the studies in this area were concentrated on the use of
clinoptilolite in the removal of ammonium ions related to its signif-
icant selectivity [16,17]. Clinoptilolite is a natural zeolite with the
formula (Nay,K;,Ca)3AlgSi30072-24H, 0. The chemical composition
of clinoptilolite was characterized by the remarkable variations in
the Si/Al ratio as well as in the composition of the exchangeable
cations [18,19].

In this work, clinoptilolite was selected as the catalyst support
due to its microporous structure and high thermal stability. The
chosen probe molecule was toluene, which was a common solvent
in chemical and processing industries and also was an important
POCP (Photochemical Ozone Creativity Potential) [2,3]. The objec-
tive of the present work was to examine the selected metal (Mn?",
Co2*, Fe3*, Cu2*) oxides supported on clinoptilolite, which was
modified by ion exchange in the catalytic combustion of toluene
in air.
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Table 1
Physicochemical properties of the natural clinoptilolite.

Chemical composition (w/w) Si0; 72%, Al, 03 12%, Fe;03 1.90%, TiO,
0.10%

Ca0 3.7%, Mg0 1.2%, Na;0 0.65%, K, 0
3.5%

Mn 0.08%, SiO, /Al,03, 5.8%

Mineralogical composition Clinoptilolite (88-95%), feldspar (3-5%)
montmorillonite (2-5%), muscovite

(0-3%) cristobalite (0-2%)

BET surface area: 39 m2g-!

Total exchange capacity: 2.73 meq/g
(calculated as the sum of Mg, Ca, K and
Na cations)

pH 7.85 particle density=2.27 gcm—3

Physical properties

2. Materials and methods
2.1. Catalyst preparation

Clinoptilolite-rich mineral was obtained from the Gordes
deposit in Aegean Sea of Turkey. The clinoptilolite-rich mineral
from Gordes was characterized by using X-ray diffraction (XRD),
scanning electron microscopy (SEM) and thermal analysis tech-
niques (TGA-DTA). The SEM pictures of some clinoptilolite samples
are well correlated with the literature data. The physicochemical
properties of the natural clinoptilolite are given in Table 1.

The total exchange capacity of Gérdes clinoptilolite was well
consistent with those found for other two clinoptilolite samples
from nearby regions, a Greek clinoptilolite of 2.62 meq/g and a
Bigadic clinoptilolite of Turkey of 2.62 meq/g [11,20,21].

Clinoptilolite samples were treated with 1 M NaCl, 1 M NH4NO3
and 1M NH4CI solution at 70°C in water bath shaker for 1.5, 6,
12, 24, 48 and 72h. Then, clinoptilolite was separated by cen-
trifuging at 4000 rpm. Clinoptilolite samples were washed with
deionized water several times until all traces of chlorine anions
were removed. Samples were dried in oven at 110°C for 16h.
Clinoptilolites were converted to H form by calcining in airat 550 °C
for 4 h. Initial and final concentrations of the exchanging cations
and sodium were determined.

Two alternative zeolites, NH4ZSM-5 (SiO,/Al,03 =30, BET sur-
face area of 400 m2/g) and NH4BETA (SiO,/Al,03 =25, BET surface
area of 680 m2/g) available in the interval 40/60 mesh, have also
been used for comparison purposes. NH4ZSM-5 and NH4BETA
were prepared by treating commercial ZSM-5 and Beta samples
with 0.1 M NH4ClI solution at 30°C in a water bath shaker for 2 h.
NH4ZSM-5 and NH4BETA zeolites were used after calcination at
500°C for 4 h to convert into HZSM-5 and H-BETA form.

Transition metal solutions (0.25 M) were prepared by dissolving
Co(NO3),-6H,0 (Merck), Fe(NO3)3-9H,0, Mn(NO3 ),-4H, 0 (Merck)
(Merck) and of Cu(NO3),-3H,0 in distilled water. Catalysts contain-

Table 2
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ing nitrates of Co, Fe, Min, and Cu metals were prepared by incipient
wetness impregnation of ion exchanged zeolites. The impregnated
support was dried at 105°C for 14 h, and it was calcined in air
at 500°C for 4h. The resultant metal oxide loaded clinoptilolite
was ground at a constant vibration rate of 300 rpm for 15 min in
a Retsch MM 200 vibrant-ball mill by 12 mm ZrO, milling ball in
ZrO, milling container. Particulate size of 53-90 wm was sieved
and used in activity tests. In addition, MnO, (>99%) was purchased
from Riedel-De Haen Chemical Co. and used as received for compar-
ison purposes. Metal oxide loading of the catalysts was nominally
3,5,9.5,12 and 20 wt.% and reported as the weight percentages of
their common oxides, Co,03, Fe;03, CuO and MnO,. For instance,
9.5Mn0O,/HCLT means that the catalyst contained nominally 9.5%
MnO; by weight and deposited on to HCLT support.

2.2. Characterization techniques

The composition of the catalyst was determined using Thermo
Elemental X Series ICP-MS and Varian Spectra Fast Sequential-
220 atomic absorption spectrometer with an air-acetylene flame.
Actual metal concentrations were listed in Table 2.

Surface area and pore size distribution were measured using a
Costech sorptometer 1042 equipment using low temperature N,
adsorption. Results were obtained after drying the samples in situ
at 200°C for 4 h.

Powder X-ray diffractions of samples were obtained using a
Rigaku D/Max-2200 diffractometer with the CuKa (A =1.540) radi-
ation. Samples were scanned from 10 to 80 at a rate of 2°/min (in
20). The sizes of the crystalline domains were calculated by using
the Scherer equation, t=CA/Bcos ®, where A is the X-ray wave-
length (A°), B is the full width at half maximum, & is Bragg angle, C
is a factor depending on crystallite shape (taken to be one), and t is
the crystallite size (A°). Relative crystallinity was calculated on the
basis of comparing the average intensities for most intense peaks
for the parent vs. treated zeolite catalyst.

By using Xpowder program, line broadening has been taken
into account. The variation of the FWHM of the peaks is gener-
ally described by the Caglioti equation, values found after such
correction were calculated and tabulated in.

Diffraction theory predicts that the diffraction lines of a XRD
powder pattern will be very sharp for a crystalline material con-
sisting of sufficiently large and strain-free crystallites, therefore, the
XRD line broadening (peak width) inversely correlates with crystal
size and lattice perfection.

The relative intensities were determined as diffraction line
heights relative to the most intense line normalized to the intensity
of 100, Rigaku software. The position of reference silicon diffrac-
tion line was determined with Rigaku software using pseudo-Voigt
profile function. The angular width (B, FWHM) was corrected for
instrumental line broadening by using Caglioti function. The recip-
rocal of the Bvalue (1/B) correlates to the crystallite size/perfection.

Metal oxide content, Crystallite size, Crystallinity of catalysts, BET surface area, H, and O, consumption values of catalysts in TPR/TPO analysis.

Catalyst (metal oxide/zeolite) Metal oxide Crystallite size (nm) Crystallinity (%) BET surface area (m?g~1) mmol Hy /gcat mmol O3 /gcat
content (wt.%)

9.5Fe,03/HCLT 9.40Fe; 03 39 90 258 0.246 0.115
9.5C0304/HCLT 9.45C0304 41 92 181 0.270 0.121
3MnO, /HCLT 2.79Mn0O; 21 75 158

5MnO, /HCLT 4.88Mn0O; 40 89 106

9.5MnO, /HCLT 9.46MnO; 78 93 54 0.407 0.195
12MnO, /HCLT 11.95Mn0, 80 94 43

20MnO, /HCLT 19.94Mn0, 82 94 32

9.5CuO/HCLT 9.46Cu0 76 91 63 0.365 0.164
9.5MnO,/H-Beta 9.45Mn0, 77 92 154 0.265 0.117
9.5Mn0O; /HZSM-5 9.42Mn0O; 40 90 388 0.154 0.063

HCLT
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Table 3
Ts0, Too and Tygo values, ignition temperature at maximum conversion to CO.

Catalyst (metal oxide/zeolite) Tso Too T100 T (°C) (CO2(max)%)
9.5Fe, 03 /HCLT 333 - - -
9.5C0304/HCLT 321 - - -
3MnO,/HCLT 376 - - 550 (86)
5MnO, /HCLT 328 - - 500 (76)
9.5Mn0O, /HCLT 272 297 350 350 (100)
12MnO; /HCLT 278 389 550 550 (100)
20MnO, /HCLT 322 - - 550 (67)
9.5CuO/HCLT 330 401 550 550 (100)
9.5Mn0; /HZSM-5 323 - - 550 (65)
9.5Mn0O;/H-Beta 314 350 500 478 (100)
MnO, 329 441 550 550 (100)
HCLT 342 - - 550 (76)
9.5Mn0O;/NaCLT 272 345 400 400 (100)
(1M NaCl - 70°C - 48h)

9.5Mn0O, /HCLT 275 296 350 350 (100)
(1M NH4Cl - 70°C - 48h)

9.5Mn0O,/HCLT 266 292 350 300 (100)

(1M NH4NO3 - 70°C - 48 h)

The morphology of clinoptilolite was determined by Scan-
ning Electron Microscopy (JEOL-5600 SEM -30kV electron
beam).

Thermo gravimetric (TG) analysis was performed using a Shi-
madzu TGA-60WS thermo gravimetric analyzer. All the samples
were heated from 30 to 1000 °C with a heating rate of 10°C/min
using approximately 15 mg of sample powder under flowing air
(50 ml/min). The decomposition behavior and weight loss steps
were observed in TG/DTG curves.

Temperature-programmed reduction (TPR) was performed to
monitor the reduction of the metal oxide while the temperature
increased from 60 to 600°C. TPR profiles were obtained by using
Quantachrome ChemBET 3000 flow type equipment. In TPR exper-
iments, 60 mg of the catalyst was dried at 105°C for 2 h, and 10%
H, /N5 (BOS, 99.99% purity) was used as a reducing gas. Temper-
ature ramp rate was 10°C/min and flow rate was 70 ml/min. The
changes in H, flow were followed using a thermal conductivity
detector.

Recording successive reduction/oxidation cycles helped in mon-
itoring the compositional stability during the prolonged use of a
catalyst. TPO profile was obtained by using Quantachrome Chem-
BET 3000 flow type equipment. After TPR experiments, the reduced
sample were oxidized using air with a flow rate of 70 ml/min,
increasing the temperature from room temperature to 600°C at
a heating rate of 10 °C/min.

Diffuse reflectance Fourier transform infrared (DRIFT) spec-
tra of adsorbed ammonium were recorded with a Nicolet 380
spectrometer, equipped with an environment controlled-diffuse
reflectance chamber and signals were collected using a water-
cooled DTGS detector. Spectra were collected in the range of
4000-1000cm~! averaging 200 scans at an instrumental reso-
lution of 4cm~!, and analyzed with OMMIC software. Before
adsorbing ammonium at room temperature, thin catalyst wafer
was heated at 500°C and then kept under flowing Helium at
500°C for 1h. After the sample was treated in flowing 5000 ppm
NH3/He at 30°C for 30 min and then the FT-IR spectra of ammo-
nium absorbed on the catalysts were recorded under flowing
He at an increasing temperature from room temperature to
400°C.

The acidic properties of catalysts were investigated by n-
butylamine desorption using a Shimadzu TGA-60WS thermo
gravimetric analyzer. Catalysts were treated with n-butylamine
vapors in a desiccators for adsorption and then the weight loss
curves of adsorbed n-butylamine were recorded by TGA at the
heating rate of 10°Cmin~1.

2.3. Catalytic activity

Catalytic activity was determined in a fixed-bed reactor, in
which typically 0.15 g of catalyst was utilized in glass wool packing.
Prior to catalytic tests, catalyst precursors were heated in the flow-
ing air at 500°C with the rate of 10°C/min, and kept at 500 °C for
1 h. Catalytic activity of the calcined samples was measured by the
total combustion of the toluene in air. The reaction feed consisted
of 1000 ppm toluene balance being dry air. The feed stream to the
reactor was prepared by delivering toluene using a syringe pump
(Cole Palmer 74900-05) into dry air, which was metered by a mass
flow controller (Brooks, 5850TR). A fixed gas hourly space velocity
of 15,000 h~! was used for all studies. Catalytic activity was mea-
sured over the range 150-550 °C, and temperatures were measured
by a thermocouple placed just beneath the catalyst bed. Conversion
data were calculated by the differentiating between inlet and outlet
concentrations. In order to determine the catalytic activity of the
catalysts, Tsg and Tgq values were calculated from light-off curves.
Tso was defined as temperature at which 50% conversion of toluene
was attained. Conversion measurements and product profiles were
taken at steady state, typically after 30 min on stream. The feed and
effluent streams were analyzed by on-line gas chromatograph (HP
6890+) equipped with a thermal conductivity detector (TCD) and
a flame ionization detector (FID) in series. The hydrocarbons and
carbon dioxide were analyzed with a Poraplot Q capillary column
(30m x 0.530mm x 40 wm) and carbon monoxide with a Molec-
ular Sieve 5A capillary column (30m x 0.530 mm x 50 p.m), both
columns being connected in parallel.

3. Results
3.1. Screening for the most active catalyst

Fig. 1 shows the light-off curves for 9.5MnO,/HCLT,
9.5CuO/HCLT, 9.5Co304/HCLT and 9.5Fe,03/HCLT metal oxide
catalysts. The lowest Tsg and Tgy temperatures were recorded
with 9.5MnO,/HCLT and reported in Table 3. 9.5MnO,/HCLT was
the most active catalyst among the four metal oxides tested. The
stability of 9.5Mn0O, /HCLT was also studied, which showed a stable
activity for over 25 h at toluene combustion temperature of 350°C,
and the conversion of toluene was over 99.5%.

BET surface areas of supported metal oxide catalysts were
measured, and listed in Table 1, 9.5MnO,/HCLT (55m?g-1)
<9.5CuO/HCLT (64m? g-1)<9.5C00,/HCLT (182m?g1)
<9.5Fe0,/NaCLT (258 m2g~1). The activity of MnO, supported
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Fig. 1. Light-off curves of combustion of toluene vs. reaction temperature over dif-
ferent catalysts.

Table 4
Surface area and pore properties of the CLT, HCLT and 9.5MnO, /HCLT.
Catalyst SSA? (m?2/g) Micropore area Micropore
(m?/g) volume (cm?/g)
CLT 39 18 9
HCLT 225 205 107
9.5MnO, /HCLT 55 12 5

2 Specific surface area, multi point BET method.

on alternative common zeolites too, i.e., commercial ZSM-5
(9.5/HZSM-5) and BETA (9.5/H-BETA) catalysts were obtained. As
shown in Table 2, 9.5MnO,/HZSM-5 catalyst did not show any
noteworthy activity.

Although surface areas of 9.5MnO,/HZSM-5 and 9.5MnO,/H-
BETA catalysts were comparable and even higher than
9.5MnO;,/HCLT, they did not show higher activity as shown
in Table 4. It was clearly seen that the conversion of toluene to
CO, was much higher with 9.5MnO,/HCLT catalyst. This finding
showed that there was a synergistic effect between 9.5MnO,
and HCLT support. This point was further clarified by a series of
detailed experiments.

The activity of the catalysts is governed by both the adsorp-
tion capacity of the catalysts and the strength of the adsorption
due to the acidity. During a prolonged ion exchange process in
acid medium, the partial dealuminisation of the zeolite framework
changes the microporosity. A second variety of larger size microp-
ores might have been developed [22], the total micropore volume
is therefore increased and the secondary specific surface area is
significantly enlarged [23,24].

Duration of ion exchange changes the adsorption capacity of
zeolites, which is directly related to the increasing surface areas
as shown in Table 4. Nartural zeolite (CLT) has a surface area of
39 m?/g. As an example, after 48 h of ion exchange, BET surface area
of HCLT has soared to 225 m2/g. This increased surface area might
be due to the removal of acid dissolvable moities in the micropores
of natural zeolites. On the other hand, after impregnation, BET sur-
face area of 9.5MnO,/HCLT has decreased down to 55 m2/g. This
effect may be attributed to the presence of metallic oxides in the
poremouths of the zeolitic pores and channels.

3.2. Catalytic tests

3.2.1. Effects of preparation conditions: ion exchangers
concentration, ion exchange time and ion exchanger type

It was reported [25] that the activity of the catalysts prepared
after 1.5 hlongion exchange with 0.1 M NaCl decreased after reach-

ing to 350 °C. In addition to this study, 6 and 12 h long ion exchange
at 30°C was performed and it was observed that the activity was
changed by the ion exchange time. Therefore, we investigated the
effects of ion exchange concentration, ion exchange time and ion
exchanger.

When the activity changes of catalysts were examined, at the
end of the 6 and 12 h ion exchange periods, activity decreased, but
by increasing ion exchange periods to even longer durations, such
as, 24, 48, 72 h, it was observed that the conversion of toluene to
CO; increased and then leveled out after 48 h. Catalysts which were
prepared after ion exchange with 0.1 M NaCl, and exchanged for 24
and 48 h, did not reach at Tqg values. After using an ion exchange
period of 72 h, it has reached to 100% the conversion of toluene to
CO, at 500°C.

Ion exchange process was repeated for 12, 24, 48, and 72 h peri-
ods at higher temperature, 70°C. Following ion exchangers, 1M
NaCl, 1M NH4Cl and 1M NH4NO3 were also used for all these
periods. In the Fig. 2a, activity change of 9.5MnO,/NaCLT catalyst
prepared with 1M NaCl was presented. It was observed that Tsq
values were obtained for all catalysts prepared with ion exchange
times of 48 and 72 h, Tgg values have been achieved for the cat-
alysts prepared after ion exchange with NaCl. After ion exchange
period of 72h, 100% the conversion of toluene to CO, has been
achieved at 500 °C. In Fig. 2b and c, the effect of ion exchange type
was presented.

In Fig. 2b, Comparing to the activity pattern of catalysts prepared
with NaCl, decrease in the activity after certain temperature was
not observed for this ion exchanger. Using the catalysts prepared at
the end of the 48 and 72 hion exchange period, 100% the conversion
of toluene to CO, was achieved at 350 °C. For all catalysts prepared
with NH4Cl ion exchanger, Tso and Tgg values were observed too.

In Fig. 2c¢, light-off curves for the catalysts prepared with
NH4NO3 ion exchanger, were presented. Compared to the NH4Cl
ion exchanger, 100% the conversion of toluene to CO, was obtained
with 48 h of ion exchange period. Furthermore, the lower Tsg and
Tyg values were obtained.

Metal oxide catalysts with NH4NOs3 ion exchanger at 70°C and
48 h ion exchange time were compared. The maximum conver-
sion of toluene to CO, and Tsq, Tgg and Tigg values are listed in
Table 3.

3.2.2. Effect of metal oxide loading

The performance of MnO,/HCLT catalysts with varying MnO,
loadings was also studied. Tso and Tgg values are listed in
Table 3.

The combustion efficiency increased with increasing MnO, con-
tent up to 9.5%, above which activity remained relatively constant
at maximum conversion. At the best conditions, the conversion
of toluene to CO, was 90% at 292 °C, which was the lowest value
attained.

This finding proved that the increase of activity was actually
caused by increasing MnO, loading and hence this findings lead
us to the conclusion of that the activity was provided by MnO, or
MnO, related species. The increased activity was also followed by
the increase in weak acid sites, as listed in Table 5. Moreover, there
was a similar pronounced relationship between medium + strong
acid sites concentration and catalytic activity (Table 3). The highest
acid site concentration and activity was for 9.5MnO,/HCLT cata-
lyst.

It was clearly seen that higher loading of manganese oxide
above 9.5wt.% lead to a decrease in activity. Tsg temperature of
12MnO,/HCLT was 6 °C below of that of 9.5MnO,/HCLT. This dif-
ference was further widened to 92 °C for Tgg values.

9.5% MnO, loading on clinoptilolite was taken as an optimum
value in the combustion reaction of toluene.
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Fig. 2. (a) Toluene conversion vs. reaction temperature over 9.5Mn0O,/NaCLT cata-
lyst prepared at various shaking times with 1 M NaCl at 70 °C. (b) Toluene conversion
vs. reaction temperature over 9.5MnO,/HCLT catalyst prepared at various shaking
times with 1 M NH4CI at 70°C. (c) Toluene conversion vs. reaction temperature over
9.5Mn0O,/HCLT catalyst prepared at various shaking times with 1 M NH4NO3 at 70°C.

3.3. Characterization results

3.3.1. X-ray powder diffraction results

Clinoptilolite was the major crystalline phase detected on the
X-ray diffraction pattern as shown in Fig. 3. XRD peaks of clinop-
tilolite sample and clinoptilolite support in H form were found to
be in good agreement with the data of clinoptilolite, JCPDS card

Fig. 3. XRD patterns of the raw clinoptilolite and clinoptilolite support in H form.

(47-1870). In addition to zeolitic and aluminum silicate phases,
quartz, cristobalite, and K-feldspar in minor quantities were also
detectable in X-ray diffraction patterns. The clinoptilolite content
of the sample was estimated to be higher than 85% (w/w).

The diffraction patterns of various metal oxides impregnated
clinoptilolite catalysts were obtained. In XRD patterns, the diffrac-
tion pattern of crystalline orthorhombic Fe;03 (JCPDS 52-1449),
Cubic Co304 (JCPDS 42-1467), tetragonal MnO, (JCPDS 44-0141)
and monoclinic CuO (JCPDS 48-1584) were detected. As the MnO,
content increased, MnO, peaks became more apparent whereas,
for 3% MnO, loaded sample, peaks of MnO, were not visible.
Crystallinity and crystallite sizes of oxide phases in samples were
calculated and listed in Table 2. Metal oxide crystallite size, % crys-
tallinity and weight loss increased as metal oxide contentincreased.

3.3.2. Temperature-programmed reduction (TPR) and oxidation
(TPO)

The reducibility of Mn sites in clinoptilolite was studied by
H,-TPR. These measurements allowed us to estimate the reducibil-
ity of metal oxide species, which depended on the interactions
with exchanged zeolites framework. TPR profiles of used and fresh
catalysts were carried out. 9.5MnO,/HCLT catalyst showed two
reduction peaks at 372 and 458 °C, whereas used 9.5MnO,/HCLT
catalyst showed also two peaks at 392 and 465°C. The pres-
ence of two consecutive peaks at relatively same temperatures
clearly demonstrated that the catalyst was not reduced and also
oxide structure survived even after the reaction temperature
reached at 550 °C. Furthermore, the reduction temperatures of used
9.5MnO;/HCLT catalyst are the same as calcined 9.5MnO,/HCLT
catalyst.

TPR profiles of the prepared MnO,/HCLT catalysts with dif-
ferent manganese loadings were also obtained (Fig. 4). The
reduction levels of the catalysts were influenced by MnO,
loading. MnO, catalysts showed a two-step reduction process:
MnO, — Mn304 — MnO [26,27].

The TPR profile of 3MnO,/HCLT showed two broad peaks at
about 360 and 460 °C, indicating that manganese over 3MnO, /HCLT
was present as highly dispersed clusters or as isolated manganese
ions which interacted strongly with the support. Each sample of
5MnO,/HCLT, 9.5MnO5/HCLT, 12MnO5/HCLT and 20MnO,/HCLT
showed a two-step reduction process, which indicated that the
manganese phase of these samples was in the form of bulk like
manganese oxide particles with a low interaction with the support
surface. As the manganese loading increased, the reduction peak
areas became larger and broader, possibly indicating the increase
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Table 5

Density of zeolite acid sites, AT=temperature range between n-butyl amine (NBA) desorbed, §, is calculated and 8 = acidity in mmol NBA/gcat.

Catalysts (metal oxide/zeolite) Weak sites Medium + strong sites Stotal (MMoOI/gcar)
AT(°C) d (mmol/gecar) AT(°C) & (mmol/gcat)
3MnO,/HCLT 56-245 0.462 300-801 0.432 0.894
5MnO;,/HCLT 65-258 0.655 258-792 0.553 1.208
9.5Mn0O, /HCLT 70-202 0.749 202-868 0.858 1.607
12MnO; /HCLT 54-286 0.589 286-761 0.566 1.155
20MnO, /[HCLT 76-244 0.421 244-750 0.395 0.816
9.5CuO/HCLT 83-240 0.734 240-864 0.721 1.455
9.5Mn0,/HZSM-5 33-269 0.761 210-718 1.115 1.876
9.5Mn0O, /H-BETA 57-232 0.908 232-627 1.231 2.139
9.5C0304/HCLT 33-245 0.716 245-801 0.642 1.358
9.5Fe; 03 /HCLT 42-269 0.702 269-819 0.582 1.284

in active phase. A similar observation was previously reported for
manganese-supported catalysts at Mn-loadings from 3.9% to 18.2%
[28]. However, a slight shift of TPR peaks to lower temperatures
was observed with the sample supported by 12MnO,/HCLT and
20MnO, /HCLT. The decrease of reduction temperatures indicated
that though small, there was an interaction between MnO, and
supports.

The reducibility of Cu, Co and Fe sites in exchanged zeolites
has also been studied by H,-TPR. These measurements have been
carried out either on parent samples or on exchanged zeolites.
Results from H,-TPR experiments allowed us to estimate the
reducibility of metal species. TPR measurements have also been
performed on the parent zeolites and on the reference CuO, Co30,4
and Fe,0O3 (the most stable oxides of these metals at the oper-
ation conditions) for comparison. TPR profiles are compared in
Fig. 5.

As shown in Fig. 5, 9.5CuO/HCLT catalyst showed two reduction
peaks at 273 and 307 °C, respectively, corresponding to the two-
step reduction: Cu* — Cu'* and Cu'* — Cu® in TPR profile [29,30].

9.5C0304/HCLT catalyst showed one reduction peak at 511 °C.
The high-temperature reduction peak was not observed below
650°C. In line with our findings, it was reported in the literature
[31].Co304 gives two TPR peaks at 694 and 757 °C, respectively, cor-
responding to the two-step reduction: Co3* — Co2* and Co%* — Co?.

The reduction of 9.5Fe; 03 /HCLT presents, two-stage reductions,
at 392 and at 560°C, respectively, corresponding to the two-step
reduction: Fe3* — Fe2* and FeZ* — Fe® [32].

These results suggested that added metal oxides were located on
the surface since the reduction temperatures observed was similar

Fig. 4. The TPR profiles of the MnO, /HCLT catalysts with different manganese load-
ings.

to the reduction temperatures of oxides alone. It was reported that
iron oxides (or at least an important fraction of it) presents only
slight interaction with the zeolite framework [31].

Comparison of 9.5MnO,/HCLT, 9.5MnO,/H-BETA and
9.5Mn0,/HZSM-5 catalysts were executed, the TPR profile of
9.5Mn0,/HZSM-5 showed two peaks at about 318 and 450°C.
9.5Mn0,/H-BETA showed two peaks at 370 and 462°C and the
reduction behavior was like the reduction of 9.5Mn/HCLT catalyst.
The areas under these two reduction peaks were much lower for
9.5Mn0,/H-BETA and 9.5Mn0,/HZSM-5 catalysts than that of
9.5Mn0,/HCLT.

The reoxidation of reduced 9.5MnO,/HCLT catalyst was stud-
ied by temperature-programmed oxidation, TPO. The results from
TPO experiment are listed in Table 2. TPO profile showed that tem-
peratures where oxidation was occurred were in line with TPR
profile. TPO profile of 9.5Mn0O,/HCLT catalyst showed two peaks
at 365 and 449°C representing oxygen consumption during the
process. The result showed that the stepwise backward oxidation
of metallic MnO to MnO, occurred. However, the oxidation tem-
peratures decreased and also shifted to lower temperature after
reduction process. When O, consumption values of catalysts were
considered, it was observed that reduced 9.5Mn0O,/HCLT catalyst
has consumed O, at a value which is half of hydrogen consumption
value. This has lead us to conclude that the 9.5MnO, /HCLT catalyst
was better in reduction/oxidation cycle that other catalysts.

3.3.3. Acidity measurements

3.3.3.1. Surface acidity measurements. DRIFT (Diffuse Reflectance
Fourier Transform Infrared) spectra of ammonia adsorbed on
9.5Mn0O, /HCLT at different temperatures are shown in Fig. 6. The
spectra showed absorption bands for Lewis and Brgnsted acid sites
in 9.5MnO,/HCLT catalyst. The peaks at 1280 and 1632 cm~! were

Fig. 5. TPR profiles of 9.5CuO/HCLT, 9.5C0304/HCLT and 9.5Fe; 03 /HCLT catalysts.
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Fig. 6. DRIFT-IR spectra of ammonia adsorbed on nanoscale 9.5MnO, /HCLT in flow-
ing 5%NH3/He at 100°C for 30 min and then purged by He at 30, 100, 200, 300,
400°C.

taken as an indication of the Lewis acid sites. Peaks appeared
at 1470 and 1705cm~! corresponded to NH4* chemisorbed on
the Brgnsted acid sites [33,34]. Intense peaks of Lewis sites at
1632 cm~! and Brgnsted sites at 1705 cm~! are depicted in Fig. 6.

Brensted and Lewis acid sites were measured as the integrated
areas of corresponding peaks. It was found that Lewis acid sites
were more than Brgnsted acid sites. With increasing temperatures,
the intensities of 1630 cm~! band increased while the intensities
of the 1705 cm~! band decreased. This result indicated that some
NHj5 species have desorbed and some of NH4* species were trans-
formed to coordinately adsorbed NH3 on 9.5MnO,/HCLT. Under
typical operating conditions of toluene combustion reaction where
maximum activities observed, Brensted acid sites were not effec-
tive in total combustion reaction, whereas Lewis acid sites were in
effect.

3.4. Total acidity measurements

Since DRIFT experiments did not lead to quantitative conclu-
sions due to its qualitative nature, we referred to a quantitation of
acid sites concentration. In amine adsorption method on acid sites
of solid catalysts, the use of n-butylamine as molecular probe for the
characterization of catalysts has been reported and well established
[35,36].

DTG desorption curves of n-butylamine were obtained for
various catalysts. Based on weight loss values of n-butylamine
treated catalysts, amount of adsorbed n-butylamine was calculated
quantitatively. As shown in Table 5, catalysts had three distinct
desorption steps depending on their acidity. These were the des-
orption of physiosorbed n-butylamine before 117 °C, dissociation of
n-butylamine from medium acid sites of the catalysts indicated by
the second peak in DTG curves at about 300 °C and dissociation of
the n-butylamine from strong acid sites of the catalysts indicated by
the third peaks in the curves between 483-979°C. 9.5MnO, /HCLT
had the highest peak intensity in total acid sites. All catalysts
had varying degrees of weak, medium and strong acidity. As
shown in Table 3 acidity was found to decrease in following order:
9.5MnO,/HCLT >9.5CuO/HCLT > 9.5C0304/HCLT > 9.5Fe, 03 /HCLT.
Surface acidity plays a key role on the activity of acidic catalysts,
since the oxidation of hydrocarbons was initiated by the adsorption
of the hydrocarbons on these sites by proton transfer [35,37].

The results showed that total surface acidity of samples was
changed with the loading of MnO,. It was observed that total sur-
face acidity was increased as MnO, content increased from 3% to
9.5%. On the other hand, when MnO, loading increased from 9.5%
to 20%, it was observed that there was a reduction in the amount

of acid sites. According to the activity results, the reduction in acid
sites observed in 20MnO,/HCLT catalyst was compatible with the
activity reduction observed in 20MnO,/HCLT catalyst. In fact, a
decrease in the acidity could probably be explained by partial block-
ing of the acid sites of support due to the formation of larger MnO,
particles at higher MnO,, loadings. Addition to this result, tendency
of MnO,, to form larger particles on zeolite surface has also caused
to lower the conversion of toluene to CO,.

As discussed in acidity results, BETA had more acidity and effec-
tive catalyst for toluene combustion in respect to ZSM-5 but it has
linear pores that can be rapidly blocked by carbon deposition due
to its high acidity [38].

Our results on deposited coke amount of catalysts showed that
relatively less carbon deposition occurred over ZSM-5 type zeolite.

The amount of coke over used catalysts was also measured from
the weight losses of samples recorded under flowing air in TGA.
In pyrolysis run, coke and catalysts were remained, however only
catalysts remained in the thermal degradation run in oxidative con-
ditions (air atmosphere). Coke amounts, calculated from comparing
the TGArunrecorded at heating rate of 10 °C/min under air with the
pyrolysis run at the same heating are 2.31% over 9.5Mn0O,/H-BETA
and 1.33% over 9.5Mn0;/HZSM-5. For 9.5Mn0O, /HCLT catalyst, it is
observed that the weight losses of calcined and used catalysts were
almost zero. It confirmed no coke formation occurred during total
combustion of toluene over 9.5Mn0O, /HCLT.

4. Conclusions

In this study, we examined Mn2*, Co2*, Fe3*, Cu?* oxides sup-
ported on clinoptilolite modified by three ion exchangers in the
catalytic combustion of toluene. Favorable higher activities and
considerable lowering in Tsyp and Tgp temperatures have been
obtained in terms of toluene conversion with increasing ion
exchange time, ion exchange temperature and ion exchanger con-
centration. The best catalytic activity occurred at the end of the 48 h
ion exchanging with NH4NOs.

Catalysts containing nitrates of alkaline metals Co, Fe,
Mn and Cu were prepared by incipient wetness impreg-
nation of HCLT. The order of activity was found to be:
9.5Mn0,/HCLT > 9.5CuO/HCLT > 9.5C0304/HCLT > 9.5Fe, 03 /HCLT.
Increase in activity of MnO,/HCLT catalyst was paralleled by
increasing metal oxide content up to 9.5% of MnO, loading.
Screening of metal oxide catalyst revealed that manganese oxide
was the most active catalyst for the combustion of toluene.
Furthermore, the lowest Tsy and Tqg values were obtained over
9.5MnO,/HCLT catalyst. With use of 9.5MnO,/HCLT catalyst,
complete oxidation of toluene was achieved at a temperature of
as low as 292°C. The higher catalytic activity of 9.5MnO,/HCLT
catalyst was attributed to a higher acidity of 9.5Mn0O,/HCLT, which
was enhanced by MnO, incorporation. DRIFT-IR measurements of
adsorbed ammonia revealed that Lewis acidity played a dominant
role in determining the catalytic activity of catalyst.

HCLT type zeolite not only facilitated the combustion but also
lowered on-set of combustion. Manganese oxides impregnated
HCLT support showed unusually high catalytic combustion activity
for the oxides catalysts reported in open literature.
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