CHAPTER V
CATALYTIC OXIDATION OF VOLATILE ORGANIC COMPOUNDS
OVER TRANSITION METAL OXIDE-DOPED Ce02Zr02CATALYSTS

51 Abstract

|n this study, the vapor phase catalytic oxidation of benzene, toluene and
naphthalene was studied over Ce0.75Zr0.2502 and Ce0.75Zr0.15Me0.1002 (Me = Cr, Fe,
Mn and V) mixed oxide catalysts prepared via urea hydrolysis. The results showed
that the introduction of transition metal oxides into the Ce02-Zr02 lattice leads to
improvement of their redox behaviours, as a consequence, the catalytic activity in
VO Cs oxidation is enhanced. The Ce0.75Zr0.15Mn0.1002 solid solution catalyst exhibits
the highest activity for the three studied VO Cs oxidation, whereas the addition of
chromium oxide lowered catalytic activity. By employing the power law model
assuming pseudo first order kinetics, the apparent activation energies of benzene,
toluene and naphthalene oxidation over Ceo.75Zr0.2502 and Ceo0.75Zro.15Me0.1002 (Me =
Cr, Fe, Mn and V) mixed oxide catalysts which are calculated from the Arrhenius
plot are in the range of 112225 92117 and 68-116 kj mol'l for benzene, toluene

and naphthalene oxidations, respectively.

5.2 Introduction

Volatile organic compounds (VOCs) are a primary air pollutant and have
relatively high vapor pressure and thus easily vaporize under ambient conditions.
VO Cs are known to cause air pollution such as photochemical smog, ground-level
ozone, sick house syndrome, and chemical sensitivity (Atkinson et al., 2003)
Various methods such as low-temperature condensation, biochemical methods,
adsorption-based techniques, and so on, have been intensively investigaed for
effective abatement of VOCs (Hester et ai, 1995) Catalytic oxidation of VOCs to
more environmentally benign c02and H20 is one of the most effective processes,
since it can be operated with dilute VOCs effluent stream and at much lower

temperatures than conventional thermal incineration which is required high
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temperatures exceeding 1073-1473 K to achieve complete VOCs destruction
(Hutchings et al., 1996). Precious metal catalysts, especially supported platinum and
palladium catalysts, have been demonstrated as the most active catalysts for
destruction of these obnoxious compounds, but the high price and low availability
limit their application (Papaefthimiou et al., 1997, Blanco et al., 2007).
Alternatively, metal oxide catalysts such as CoOx, CrOx FeOx MnOx ZnO, Ti02
Ce02 Vaos-Wos-Tio 285 well as perovskite-type oxides were employed for such an
application (Finocchio et al, 2000; Garcia et al, 2006; Cellier et al., 2006;
Levasseur et al., 2009). Additionally, it was recently reported that metal oxides are
not necessarily less active than precious metals (Morales et ai, 2006).

Since, the potential effectiveness of catalytic oxidation as a VOCs abatement
technique and the search for more active and cost-effective catalysts based on metal
oxides for VOCs destruction remains essential, therefore many efforts were directed
towards the design and/or improvement of catalytic materials based on metal oxides
as a replacement for precious metal catalysts for the total oxidation of VOCs. Among
a wide range of metal oxides, Ce02-based catalysts, in particular Ce02Zr02 mixed
oxides, are attractive due to their widespread applications in many fields.
Particularly, these materials are used as the promoter in the three-way catalysts
(TWC), catalyst support towards carbon deposition resistance for partial oxidation
and reforming reactions and catalysts for oxidation of various hydrocarbons
including VOCs, which is due to theirs high oxygen storage capacity and redox
properties (Pengpanich et al., 2004; Garcia et al., 2006). It was reported that
modifying CeOx-ZrOxwith other metal oxides, for instance by the partial substitution
of trivalent cations, such as Cu, Fe and Mn, into the lattice of CeOx-ZrOx solid
solution, can improve the oxygen storage capacity and redox properties of CeOx:
ZrOxmixed oxides, resulting in enhancing the activities in VOCs elimination (Jia et
al., 2008; Hu 2009; Nedyalkova et ai, 2009).

The aim of this work is to investigate the effect of doping transition metal
oxide, in particular Cr, Fe, Mn and V, on the oxidation catalytic activity of benzene,
toluene and naphthalene as the VOCs model compounds over CeozsZroisMeoi02
(Me =Cr. Fe, Mn and V) mixed oxide catalysts.
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5.3 Experimental

5.3.1 Catalyst Preparation and Characterizations

A series of mixed oxide samples Ceo75Zro2502 and
Ce0.75Zr0 isMeo 1002 (Me = Cr, Fe, Mn and V) were prepared via urea hydrolysis.
Ce(N0336HA, Zr0CI2-8HD, Cr(N0339HA), Fe(N03J39HD, Mn(N0324HA)
and NH4V 03 were used as sources of Ce, Zr,Cr, Fe, Mn and V, respectively. The
synthesis procedure of catalysts has been reported elsewhere (Pengpanich et al,
2002).

The crystalline structure of the synthesized samples was determined
by X-ray diffraction (XRD) on a Rigaku X-ray diffractometer equipped with a RINT
2000 wide-angle goniometer using Cu Ka radiation, 40 kv and 40 mA, in the range
29from 20 to 90°,

The textural characteristics, such as BET surface area, pore volume
and average pore diameter, were determined by N2 adsorption-desorption at 77 K in
a Micromeritics ASAP 2020 Analyzer. Prior to the analysis, the sample was
outgassed to eliminate volatile adsorbents on the surface at 523 K for 24 h,

Hydrogen temperature-programmed reduction (H2-TPR) experiments
were carried out with TPR analyzer (Quantachrome modeled ChemBET-3000
TPR/TPD) using 50 mg- of sample. TPR profiles were attained by heating the
samples under a 5% H2/N2 flow (75 ml min') from 30 K to 900 K at a linearly
programmed rate of 10 K min'L

5.3.2 Activity Tests

Catalytic activity tests for the VOCs oxidation were carried out in a
differential fixed-bed quartz tube reactor in which its dimensions were reported
elsewhere (Pengpanich et al., 2002). Typically, 50 mg of a catalyst was packed
between the layers of quartz wool. The catalyst bed temperature was monitored and
controlled by a Shinko temperature controller equipped with two type-K
thermocouples inserted at the catalyst bed and next to the reactor. A total flow rate of
200 ml min'1gas mixtures containing 2000 ppm of benzene (or 2000 ppm of toluene

”
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or 200 ppm of naphthalene), 10% oxygen and balance of helium was used. Exit gases
were chromatographically analyzed for CO, CO2 and hydrocarbons using a
Shimadzu GC 8A equipped with a TCD detector and a Shimadzu GC 17A equipped
with an FID detector.

54 Results and Discussion

54.1 Catalyst Characterizations

The XRD patterns of the Ceo.7sZr0.502 and CeozsZroisMeoio02
mixed oxide catalysts are presented in Figure. 5.1 All ceria-based materials, except
CeosZrosVoadQz, exhibited basal reflections corresponding to the fluorite type
structure of CeUz, the XRD patterns show visible tailing at about 29°, 33°, 48°, 56°
and 60° (29), which represent the indices of (1 1 1), (200), (220), 3 1 2)and (2 2
2) planes, respectively. For V-containing catalyst, the tiny peak at 28 about 24° was
observed and can be attributed to the formation of a CeV04 phase (Duarte de Farias
et al, 2008). These results are in agreement with the FT-Raman results (Figure 5.2),
which are presented only the adsorption peak ca. 460 cm’1for Fe- and Mn-containing
catalysts, indicating a typical of the Fa Raman active mode of the fluorite-structured
materials (Fornasiero et al., 1996). On the other hand, the Raman spectrum for
Ce0.7510.15Cr0.1002 shows the band at about 860 cm’] indicating the chromium oxide
exists on the surface of mixed oxides (Yim et ai, 2004). While band at about 850
cm-1 was observed for CeozZrosVoio02 sample*» indicating the characteristic of
CeV04phase. Based on the XRD and FT-Raman observation, it appears that all iron,
manganese and zirconium cations dissolve in the ceria lattice. The results are similar
to those reported elsewhere for Fe- and Mn-Ce02mixed oxides (Pérez-Alonso et al,
2005; Machida et al, 2000). This might be because the ionic radii of Fe3+ (6.5 nm),
Mn3t (6.2 nm) and Zré+ (8.4 nm) are smaller than that of Ced+ (9.7 nm), therefore,
dissolution in the ceria lattice would be possible at low doping concentrations for Fe,
Mn and Zr.
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Figure 51 X-ray diffraction patterns for Ceo.75Zr0.2502 and Ce0.75Zr0.15Me0.1002 (Me
= cr, F&, Mn arid V) mixed oxide catalysts with aging time of 0 h, and calcined at

173 k.
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Figure 5.2 Raman spectrum 0f the ceo.75zr0.2502 aNd ceo 75210 15me0.1002 (Me = Cr,
Fe, Mn and V) mixed oxide catalysts.
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Table 51 summarizes the BET surface areas, pore volumes and
average pore diameters of the mixed oxide catalysts. It can be seen that the BET
surface areas of mixed oxide samples are in the range of 102-125 m2g'Land the
average pore diameters of these mixed oxides are about 3.0-7.1 nm. The BET surface
area were slightly increased after incorporation of chromium, manganese and iron,
while the surface area of vanadium-doped sample was decreased. This might be
because the present of the CeVoa phase.

Table 5.1 Textural properties of the catalysts

BET surface Total pore  Average pore

Catalyst area volume diameter
(mV) (cmsg') (nm)
Ce0.7£10.2502 106 0.11 4.0
Ce0.75£10.15Cr0.1002 120 0.10 3.0
Ce075/10.15-€0.1002 111 0.10 35
Ceozs/r0.15Mno1002 125 0.11 34

(Ce0.75£r0.15V0.1002 102 0.18 71
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The H2-TPR profiles of Ceo7iZro2502 and Ceo7sZro i;Meo 1002 (Me =
Cr, Fe, Mn and V) samples are showed in Figure 53. It can he seen that
Ceo.7sZ10.2502 exhibits distinct peaks showing maxima at about 843 and 1153 K. The
former peak in the low temperature region was the reduction of surface capping
oxygen and the latter peak was the reduction of bulk oxygen species (Pengpanich et
al., 2004). For Cr-doped catalyst, the reduction peaks at about 673, 763 and 1153 K
can be observed, which were assigned to the reduction of Cr-species (Yim et al,
2004), surface and bulk oxygen of cerium oxide, respectively. On the Fe-doped
CeCF-ZrCT sample four reduction peaks are observed. The reduction peaks at about
753 K and 943 K can be associated with the reduction of FezUsto FeaUa and Fedla
to FeQ, respectively (Sciré et al., 2008). While the reduction peaks at about 838 and
1173 K were ascribed to the reduction of surface and bulk oxygen of cerium oxide,
respectively. For the Ceo.75r0.5Mno.1002mixed oxide, the TPR profile of this sample
also exhibited two peaks similar to those of Ceo.752r0.502, which were assigned to
the reduction of surface (ca. 783 K) and bulk (ca. 1153 K) oxygen of cerium oxide,
respectively. This implies that all manganese cations have dissolved in the ceria
lattice to form solid solution, resulting in slightly decreases the reduction temperature
of Ceo2-Zro2 mixed oxides. For the CeomsZroisVoioO2 mixed oxide sample, the
reduction peak at about 1043 K is observed. This corresponds to the removal of
oxygen from the bulk of CeVC>4 resulting the reduction of v 5+ (Yasyerli et al.,
2006). Among them, the CeosZro1sCro.d02 mixed oxides is most reducible, while
the lion-modified Ceo.7Zr0..502 sample shows least reducible. Therefore, we can
claim that the incorporation of transition metals, i.e. Cr, Fe, Mn and V, into CeC>-
Z1Cs2 improves the reducibility of the mixed oxides.



52

/\ Ceo,7szro |5Vo moz
s \ /\_/\
. TrR CounsTa1sMP0 s
«; J L \7»77_7;/ e .
N—" ~
= o~ Ceo 7szro ISFe(i moz
o
o = _—N \\ 4 e =M
o= \
: |
O . \
\
= " > Ce, 55Z1,,5C14,00,
B ’—‘4"_/' \\\\7 NN v/_/\\iki
Ce 7y 10
e 075 025 2
/) N B N
R =y 7 A Nl e "’\1

Temperature (K)

400 500 600 700 800 900 1000 1100 1200 1300 1400

Figure 5.3 Ho-TPR profiles of the Ce0.710.2502 and ceo.75z10.15me0.1002 (Me = CI,
Fe, Mn and vy mixed oxide catalysts calcined at 773 k with heating rate of 10 «
min'l a reducing gas containing 5% Hz in nitrogen with a flow rate of 75 ml min'L



Table 5.2 The amount 0f consumption determined from the reduction peak of
Ce0.752r0.2502 and Ceo.75Zro.15Me0.1002 (Me = CI’, Fe, Mn and V) mixed oxides in
TPR profdes shown in Figure 5.3

Catalyst H2 consumption

(pmol gcat'l)

Ce0.752r0.2502 1374
Ce0752r0.15Cr0.1002 1643
Ce0752r0.15Fe0.1002 1393
Ceo.lsZro isMno 1002 1791
Ce0.752r0.15V0.1002 1484

542 Catalytic Activities for VO Cs Oxidation

The catalytic activities of Ce0.s2r0.s0. and Ce0.7s2r0..sMe0.1:0 (Me
= Cr, Fe, Mn and V) mixed oxide for benzene, toluene and naphthalene total
oxidation determined in the temperature range of 373-773 K are shown in Figures
5.4-5.6 and Table 5.3. A higher activity is indicated by a lower temperature for 50%
conversion of VOCs (Tso%). Regardless of the mixed oxide used, CO. and H.O are
the only products observed.

Figure 5.4 shows the light-off temperatures for benzene oxidation
over Ceo..210502 and CeorZrosMeosdO2 (Me = Cr, Fe, Mn and V) mixed oxide
catalysts. It was found that Ceo,sZro isMii0.cre-2 Was found to exhibit the highest
activity for the oxidation of benzene, while Cr-doped Ce02-Zr02 was the least active
catalyst. The Tso% value and the temperature for complete benzene oxidation over
Ce0.7sZr0.15Mn0.100z2 take place at 555 and 633 K, respectively. On the other hand, the
non-modified Ce02-Zr02 catalyst is required the temperature of 673 K for complete
benzene destruction. A difference of around 50 K was observed between the
Ce0.7sZ1015Mn0.1002 and the Ceo.nsZr0.2s02 catalysts at 50% conversion and this
difference reaches to 75 K at 100% conversion on the same catalysts. The order of
catalytic activity observed is CeomZroasMnoiQ2 > CeomsZrossFeo0z >
Ce0.75210.5V/0.1002 > ceo.752r0.2502 > CeozsZlo1sCro002. The conversion of toluene



over mixed oxide catalysts as a function of reaction temperature is shown in Figure
5.5. It was found that the catalyst ranking is identical to the one found in benzene
oxidation, which is Ce0.75Zr0.15Mn0.1002 mixed oxides appeared to be the most active
catalyst presenting T50% at about 536 K. The doping of chromium oxide aws also
found to induce a decrease in oxidation activity. The total toluene oxidation was
observed to be complete at 133 K on Ce0.752r0.15Cr0.1002 catalyst in comparison with
673 K on Ceo.752r0.2502 catalyst. In the case of naphthalene oxidation (Figure 5.6),
the Ce075Zr0.15Mn0.1002 is again the most active among all catalysts achieving
complete naphthalene conversion at 573 K. Similar manner for the oxidation of
benzene and toluene, the doping of chromium oxide leads to slowdown of the

activity of the naphthalene oxidation on Fe-, Mn- and V-doped ce02-2r02 catalysts.

Table 53 Catalytic activity for benzene, toluene and naphthalene oxidation
expressed by Tso%

Tsou (K)

Catalyst Benzene Toluene Naphthalene
Ce0.75£10.2502 606 51 534
Ce0.7510]5Cr0.1002 678 591 539
CeojsZro.isFe 1002 559 542 520
Ce0.7210.i5Mn0.1002 555 536 515
Ce0.75£10.15/0.1002 567 551 526

3
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For all the organic molecules taken into consideration, the correlating
T50% with the nature of the hydrocarbon clearly appears that benzene is the most
difficult compound to be oxidized, the shift of TSO% towards larger values being on a
range of 16'139 K. The sequence of catalytic aCtiVity of the mixed oxide catalysts for
the three studied VOCs oxidation follows in the order: Ce0.75Zro.15Mno.1002 >
Ce0.75Zro0.15Fe0.1002 > Ce0.75Zr0.15V0.1002 > Ce0.75Zr0.2502 > Ce0.75Zro.i5Cro 1002, which
is related to the redox properties of the mixed oxide catalysts. However, it should be
noted that the most reducible catalyst, namely Ce0.75Zr0.15Cr0.1002 is the least active
among all catalysts for the oxidation of VOCs. It was reported that not only the
reducibility of the catalyst, but the strength of bond between adsorbed molecules and
catalyst surface was also important parameter affecting aromatic compounds, i.e.
naphthalene, catalytic combustion (Garcia et ai, 2006, Zhang et al., 2003) The
lower activity observed for Cr-doped CeC>2-Zr02 catalyst could be presumably
related the different interaction between the aromatic substrate and the catalytic
surface, considering that aromatic compounds adsorb on the Cr-containing material
surface in a higher extent than the other.

The apparent activation energies, E3, of henzene, toluene and
naphthalene oxidation over Ceo.7s210.502 and Ce0.7s210.15Me0.1002 (Me = Cr, Fe, Mn
and V) mixed oxide catalysts were calculated from Arrhenius plots as shown in
Table 54. For.all mixed oxide catalysts the corresponding Arrhenius plots were
linear for conversion levels bebelow 30% conversion where diffusional effects are
neglectable, suggesting a single kinetic domain. It was found that the alparent
activation energies calculated from the plot were in the range of 112-225, 92-1 17 and
68-116 kJ mol-1 for benzene, toluene and naphthalene oxidations, respectively.

In order to verify if the experimental data obey a Cremer-Constable
relation (Constable, 1925;Cremer, 1929):

INA=mE3+¢ (5.1)

, the plot of pre-exponential factors, InA, and apparent activation energies, £3, of
the reactions of benzene, toluene and naphthalene oxidation OVer ceo.7szro.2502 and
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Ceo.7s210.1sMe0.1002 mixed oxide catalysts is presented in Figure 5.7. A linear plot
was obtained thereby indicating that a compensation phenomenon took place. It was

reported that the slope of Constable plot should be equal to ~(RT) * which means
that it is independent of reaction mechanism and kinetics (Lynggaard et al., 2004). In
the present work, measurements were carried out in the temperature range of 493-
653 K. Assuming an average temperature of 300 K, the (RT) 1 term is 0.210, which

5 in good agreement with the experimentally determined slope m, which was
determined to be 0.209 mol kJ'L Similar phenomenon was also observed in the cases
of ethanol, ethyl acetate and toluene oxidation over CuxCei x catalysts (Delimaris et
al., 2009). When specific reactions are compared over different catalysts, the
nonlinearity is caused by differences in binding energies and activation enthalpies.

Table 5.4 Apparent activation energies of VOCs oxidation

Catlyst Benzene Toluene Naphthalene
(kImol) (kJ mol") (kJ mol")
Ce0.75£10.2502 225£5 101+3 68+3
Ce0.75210.15Cr0. 1002 11243 10743 10143
Ce0.75Z1015F€0.1002 17244 96£3 1343
CeorsZr01sMno.002 17044 9242 8212

Ceo7sZr015V0.1002 186+5 11743 11643
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Figure 5.7 Constable plot of pre-exponential factors as a function of apparent
activation energies for the catalytic oxidation of VOCs over Ce0#Zr0isMeo 102
mixed oxide catalysts.

55 Conclusions

In conclusion, the incorporation of Cr, Fe, Mn and V cations into CeC»-
Z1C2 mixed oxide is able to improve the redox properties of Ce02-Zr02 mixed
oxides. The Mn-doped Ce02-Zr02 mixed oxides catalyst, Ce07Zro isMno 102, was
found to exhibits the highest activity toward complete oxidation of the three studied
VOCs, appearing to be effective at relatively low temperatures for non-precious
catalysts, which is related to the redox properties of the mixed oxide catalysts. Even
50, it is not true in the case of Cr-doped where the catalytic activity is not correlated
to redox properties. The apparent activation energies of henzene, toluene and
naphthalene oxidation over these mixed oxide catalysts are in the range of 112-225,
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92-117 and 68-116 k) mol'l for benzene, toluene and naphthalene oxidations.
respectively; assusming pseudo first order Kinetics.
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