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A series of mixed oxides supported on TiO, (Mn;_,Cu,0,/TiO;) synthesized by in-
cipient wetness impregnation method have been characterized and tested for toluene
oxidation volatile organic compounds (model). For all catalysts, the total conversion
(100%) of toluene into CO, was obtained at temperatures higher than 240°C with no
catalyst deactivation. At lower temperatures, a gradual deactivation was observed. The
most efficient catalyst was Mny sCuy s0,/TiO, (noted MnCuO,/T). Several characteriza-
tion techniques, XRD, TPR, BET, and TG/DT analysis, were used to explain the cata-
lytic performances. The results allowed attributing the higher activity of MnCuO,/T to
the formation of Mn; sCu; 404 spinel phase. It has been also demonstrated that the mo-
bility of the catalyst network oxygen is a determining parameter of the catalytic activ-
ity. The decrease of activity at a low temperature is related to the adsorption of high
molecular weight carbonaceous compounds. However, the catalytic activity is easily
regenerated by heating in air flow at 300°C. © 2008 American Institute of Chemical Engi-
neers AIChE J, 54: 1585-1591, 2008
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Introduction

The removal of volatile organic compounds (VOC)
remains nowadays a challenge for chemists, engineers, and
technologists. VOC are considered as air pollutants, because
of both directly (toxic or malodorous nature) and indirectly
(ozone precursors) harmful effects to human health. Several
different techniques have been developed for VOC abatement
such as combustion (thermal incineration), absorption,
adsorption, and catalytic oxidation. The choice of the tech-
nique depends on the VOC concentration and nature as well
as the waste gas flow rate.

Catalytic oxidation has been identified as one of the most
promising ways to reduce VOC emissions because the reac-

Correspondence concerning this article should be addressed to B. Taouk at

bechara.taouk@utc.fr.

© 2008 American Institute of Chemical Engineers

AIChE Journal

tion temperature is much lower than that required for thermal
incineration. The advantage of low oxidation temperature is
the reduction of the fuel consumption, particularly for the
treatment of large volumes of air containing VOC in low
concentrations. Generally, there are two categories of cata-
lysts for VOC abatement: (i) supported noble metals'? and
(ii) metal oxides or supported metal oxides.” Noble metals
such as Pt and Pd supported on alumina and silica are well
established as efficient catalysts for complete combustion of
VOC,* but they are relatively expensive and their resistance
to poisoning is low. Therefore, cheaper catalytic materials,
involving transition metal oxides are becoming more attrac-
tive. Catalysts based on transition metals (Ni, Cu, Co, Cr,
Mn, and Fe) oxides have been intensively studied® and the
activity shown by these oxides is generally lower than that
of noble metal catalysts. However, in particular cases they
can be more active than noble metals for VOC destruction.’
It is therefore evident that, if high activity transition metal-
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based catalysts can be developed for VOC destruction, they
will be preferred. As a purpose to combine the advantages of
two families of catalysts, many mixtures of noble metals and
metal oxides were also studied.'*"!

Among metal oxide supported catalysts, manganese and
copper oxides were considered as the most active for the
treatment of CO,12 NO,C,13 and VOC.° However, one of the
most serious problems associated with the commercial appli-
cation of catalysts for the decomposition of VOC is the cata-
lyst deactivation. As general rule, metal oxide-based catalysts
are more poison-tolerant than supported noble metal cata-
lysts."* On the other hand, a previous work carried out in our
laboratory on the oxidation of toluene' and polycyclic
hydrocarbons'® over supported manganese oxide has demon-
strated that the catalyst activity increases with the support
used in the following order: MnO,/SiO, < MnO,/Al,0; < MnO,/
TiO,. In addition, Liu et al.'” have also obtained that titania-
supported catalyst gives the highest catalytic activity in total
oxidation of chlorinated aromatics in comparison with Al,O3
and SiO; supports. A systematic investigation of the catalytic
activity of different formulations of transition metal oxides
(CrOx, MnOx, VOx, SnOx, WOx, NbOx, TaOx, MoOx,
ZrOx and BiOx) supported on TiO,, Al20;, and SiO, cata-
lysts for the total oxidation of benzene showed that for
almost all active phases, the conversion increases when the
support is changed from SiO, to Al205 and TiO,."®

In this work, a series of catalysts based on manganese-
copper oxide supported on TiO, (Mn;_,Cu,0,/TiO,) was
synthesized by incipient wetness impregnation method, char-
acterized by X-ray diffraction (XRD), temperature pro-
grammed reduction (TPR), and TG/DT analysis and tested
for the oxidation of toluene as a VOC model. Catalytic per-
formances and catalyst deactivation at low temperature were
discussed. Correlations between characterization results and
catalytic properties were established.

Experimental
Catalyst preparation

The support used was TiO;-anatase supplied by Saint-
Gobain NorPro with the following properties: pellets of 8
mm height and 3 mm diameter, pore volume of 0.38 cm’
¢ !, and average pore diameter of 15 nm. The TiO, pellets
were slightly crushed then sieved in order to obtain grains of
size ranging between 0.2 and 0.4 mm. The preparations of
supported manganese/copper oxides catalysts were carried
out by the incipient wetness impregnation method. The
mixed aqueous solution of manganese nitrate (Mn(NOj3),:
4H,0) and/or copper nitrate (Cu(NO3),-3H,O) was added
drop wise into a beaker containing the grains of TiO,. The
impregnated samples were dried at 100°C for 5 h and finally
calcined at 500°C for 7 h in air.

The general formula of the prepared catalysts was
Mn, _,Cu,0,/TiO,. The ratio of metal (Mn and/or Cu) load-
ing of supported oxides on titania is 5 wt % based on the
amount of precursor salts. Samples with the following molar
ratios of Mn/Cu were prepared: Mn/Cu = 1/0 (y = 0); 3/1 (y
= 0.25); 2/1 (y = 0.33); 1/1 (y = 0.5); 1/2 (y = 0.66); 1/3
(y = 0.75), and 0/1 (y = 1). The obtained samples were
noted: MnO,/T, Mn3CuO,/T, Mn,CuO,/T, MnCuO,/T,
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MnCu,O,/T, MnCu;0,/T, and CuO,/T, respectively, with

Catalyst characterization

For a better understanding of catalysts behavior, the char-
acterization by XRD, TPR, BET measurement of specific
surface area and TG/DT analysis were performed.

The BET specific surface area of the catalysts was deter-
mined in a conventional static volume apparatus (Microme-
ritics ASAP 2020) operating with N, adsorption at —196°C.
The samples were first degassed during 3 h at 300°C in a
pure nitrogen flow.

The patterns of XRD (20 = 5°-125°) of catalysts powders
were obtained using a diffractometer (Inel cps 120) equipped
with an iron anticathode (4 = 1.936 E) and an ethane ioniza-
tion curved detector.

The differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) were carried out simultaneously using
Setaram TG 92 apparatus. During the experiments a flow of
1.2 L h™" of air or nitrogen was passed over the catalyst and
the temperature was increased from room temperature to
800°C with a heating rate of 10°C min ™ ".

The TPR experiments were performed in a mixture of 5
vol % of hydrogen in nitrogen with a flow rate of 20 cm’
min~'. The temperature of sample was varied from room
temperature to 800°C with a heating rate of 10°C min~".
The hydrogen consumption was measured using a thermal
conductivity detector.

Catalytic tests

Catalytic tests were carried out in a fixed-bed reactor
(height = 60 cm, i.d. = 2.7 cm) at atmospheric pressure and
in the temperature range of 150-300°C during at least 5 h.
The bench test is shown in Figure 1. The volume of catalytic
bed was 10 cm®. The air flow rate was 50 L h™' correspond-
ing to the Gas Hourly Space Velocity (GHSV) of 5000 h™".
Toluene was fed to the reactor by means of a saturator where
a part of the air is introduced at a controlled temperature.
The concentration of toluene in air was about 500 ppm
(3500 ppm equiv. CHy). The feed and the reactor outflow
gases were analyzed on-line by various analyzers: toluene by
FID analyzer (Environment SA—Graphite 52M), CO and
CO, by IR absorption (Leybold BINOS 1001), and O, by
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Figure 1. Scheme of the fixed bed reactor and the cat-
alytic test outline.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Crystalline Phases, Specific Surface Areas, and H,

Consumption Measured by TPR for the Prepared Catalysts

Formula XRD-Identified Phases BET Surface (m* g") H, Consumption (mol gfl)
TiO,* Anatase TiO, (T) 49 1.63 X 1074
MnO,/T Mn,O;" + T 57 7.16 X 1074
Mn;CuO,/T Mn,O5" + Mn,; ¢Cu; 404 + T 48 1.01 x 1073
Mn,CuO,/T Mn,O;" + Mn, ¢Cu 404 + T 40 1.00 X 1073
MnCuO,/T Mn,O5" + Mn 6Cuy 404 + CuO¥+ T 41 1.06 X 1073
MnCu,0,/T Mn, «Cu; 404 + CuO*+ T 34 9.64 X 107*
MnCu;0,/T Mn, 4Cu; 4O, + CuO*+ T 37 9.93 X 107*
CuO,/T CuO* + T 26 9.74 X 107*

*Commercial product.
Tlebyne—MnZO3
*Tenorite—CuO.

paramagnetism (Leybold OXYNOS 100). FID analyzer was
previously calibrated using three concentrations of propane
calibrating gas (915, 788, and 80.3 ppm * 2%). CO, CO,,
and O, analyzers were calibrated with a gas having the com-
position (CO,:782 ppm, CO = 97.7 ppm, 0,:14.89 molar %
and the balance of N, = 2%).

Before each a series of tests, a blank test was carried out
with pure SiO, as an inert material and resulted in no con-
version of toluene.

The conversion of toluene was calculated from the amount
of toluene in the inlet and outlet of the reactor ([toluene];, —
[toluene],,,)/[toluene];,). After each test, the regeneration of
catalysts was carried out in flowing air for the same GHSV
(5000 h™") at 300°C during 2 h.

Results and Discussions
Characterization results

The specific surface areas and the crystalline phases
clearly identified by XRD for all catalysts studied are sum-
marized in Table 1.

All catalysts show a specific surface area lower than non
impregnated support except MnO,/T. This surface decreases
with the increase of copper content (Cu/Mn ratio), it passes
from 57 m* g~ ' for MnO,/T to 26 m* g~ ' for the CuO,/T
sample. This result is in good agreement with previous
works.®'® Garcia® reported that MnO, catalyst (76 m? gfl)
had a specific surface area greater than CuO, (20 m* g~ ')
and the study of Andersson and Larsson'® showed that the
increase of Cu content on alumina decreased its surface area.

In the case of XRD characterization, the metal content 5
wt % (Mn + Cu) was not enough to identify the phases
formed on TiO, surface. Therefore a series of samples with
20 wt % (Mn + Cu) were prepared with respect to the same
formulations than that of 5 wt % series. The XRD patterns
of TiO, (T), MnO,/T, CuO,/T, and Mn,;_,Cu,O,/T catalysts
are shown in Figure 2. The XRD pattern of the support dis-
plays the anatase phase which was also detected in all other
catalysts. This result demonstrates that the support was not
transformed. For the MnO,/T catalyst, only Mn,O; was
detected with a characteristic peak at 20 = 41.7°. The same
peak is observed for Mn-Cu mixed samples with a diminu-
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Figure 2. XRD patterns of Mn,_,Cu,O,/T catalyst combinations.
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tion of intensity when Mn content decreases. The same result
was obtained by Liu et al.'” who reported that the XRD
peaks of Mn,O; are detected when Mn loading (on TiO,)
after the calcination at 500°C is 6.3 wt %.

CuO,/T catalyst exhibits three strong CuO characteristic
peaks at 20 = 45; 49.5 and 62.5. Two other smaller peaks
are observed at 20 = 41 and 75.5. The intensities of these
peaks decrease when Cu content decreases in Mn-Cu combi-
nations.

In addition to CuO and Mn,O; phases, a mixed spinel
type oxide Mn; ¢Cu; 40, was also identified (ICPDS 035-
1030). The characteristic peaks of this phase at 20 = 38.5,
45.5, 55.5, and 74.5 corresponding to the reticular planes
(220), (311), (511), and (440), respectively, are observed in
all cases where Cu and Mn are simultaneously present. The
intensities of these peaks vary with the Mn/Cu ratio and
reach a maximum for MnCuO,/T catalyst. This result indi-
cates that the Mn/Cu ratio = 1 is the most favourable ratio
for the formation of Mn; ¢Cu; 4O4 phase. This phase is very
close to CuMn,O, hopcalite which has spinel crystalline
structure, a well-known catalyst for the oxidation of CO into
CO,.'>" The Cu,4Mn,¢0, formula can be written as
Cuy 4+, Mn,_, 04 with o = 0.4.

Catalytic performances

As indicated above, gases at the inlet and outlet of the re-
actor were continuously analyzed by FID analyzer to deter-
mine the toluene conversion as a function of time, at a given
temperature. To confirm the catalytic activity, a test has been
previously carried out with pure SiO, as an inert material
and resulted in no conversion of toluene at temperatures up
to 240°C. Generally, all the catalysts tested reveal a high ac-
tivity for the total oxidation of toluene. For all Mn-Cu com-
binations, toluene is completely converted exclusively into
CO, when the temperature exceeds 260°C. However, at a
temperature lower than 240°C, the conversion inevitably
decreases with time. For example, Figure 3 shows the con-
version vs. time at 250 and 230°C for CuMnO,/T catalyst.
At 250°C, the conversion of toluene was maintained at 100%
during 14 h while at 230°C, some deactivation was observed.
As it can be observed in Figure 4, this deactivation is more
important when the temperature is lower: the conversion
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Figure 3. Toluene conversion vs. time for MnCuO,/T
catalyst at 230 and 250°C.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. Toluene conversion for MnCuO,/T as a func-
tion of temperature at different running times.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

reaches 100% at 250°C and remains stable while at 200°C it
falls to 48% and to 21% after 1 and 4 h, respectively.

To compare the different catalysts prepared, the tests were
carried out at a temperature lower than 240°C so a difference
in the toluene conversion could be observed. The results of
toluene conversion with time at 230°C with the different cat-
alysts tested are presented in Figure 5. It can be seen that the
apparent conversion, close to 100% at the beginning of the
test for all catalysts, progressively decreases with the dura-
tion of the test. The toluene conversion which decreases
more or less quickly according to the catalyst tested is the
consequence of the catalyst deactivation. The catalysts are
compared according to the conversion obtained at a given
running time. Hence, it can be noted that:

(i) CuO/T is more active than MnO,/ T;

(ii) all Mn-Cu combination catalysts supported on titania
were more active than MnO,/T;

(iii) the optimal catalytic activity is
MnCuO,/T Mn/Cu = 1).

obtained with
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Figure 5. Toluene conversion for Mn,_,Cu,O,/T catalyst
combinations at 230°C vs. time.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 6. (a) BET specific surface area and (b) toluene
conversion at different moments of time dur-
ing the catalytic tests as a function of Cu/Mn
molar ratio for Mn,_,Cu,O,/T catalyst combi-
nations.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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For a better understanding of the catalytic activity evolu-
tion, the variations of toluene conversion and specific surface
area with the Cu/Mn ratio are presented in Figure 6. The
general tendency is that the activity increases with the Cu/
Mn ratio whereas the specific surface area decreases. The
optimal activity was obtained for MnCuO,/T. The activity of
the catalysts could be classified as follows:

T < MnO,/T < Mn,CuO, /T ~ Mn;CuO, /T
< MnCu,0,/T < MnCu30,/T < CuO,/T < MnCuO,/T.

A global observation of these results indicates that the spe-
cific surface area is not the principal parameter which is
influencing the catalytic activity. On the other hand, the
XRD results (Figure 2) are able to connect the particularly
high activity of the CuMnO,/T to the presence of the
Mn, ¢Cu,; 404 spinel phase in greater proportion.

Deactivation and regeneration of catalysts

To examine the reversibility of the catalyst deactivation,
treatments of used catalysts under air flow at 300°C were
carried out. The catalytic activity was entirely recovered for
all samples confirming that the catalyst regeneration is com-
plete. The strong adsorption of toluene and other high molec-
ular weight carbonaceous compounds and even a coke forma-
tion on the catalysts surface could be the mechanism causing
the catalyst deactivation. To elucidate this question, TG-DTA
of the fresh and used MnCuO,/T catalysts were performed
under both air and nitrogen atmosphere. The results of this
analysis are presented in Figure 7.

Weight loss (%)

Weight loss (V)

Q 100 200 300 00 00 500 oo &0
Temperanas (°0)

Figure 7. TG-DTA curves of fresh and used MnCuOx/T catalyst under air and nitrogen.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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The TGA curve under air of a previously tested catalyst
for toluene oxidation presents two principal weight losses.
The first (~0.9%) which is around 100°C should correspond
to the water loss. The second weight loss (~1%) is observed
around 280°C. The related DTA curve (presented in the
same figure) shows the strongly exothermic character which
is able to ascribe without ambiguity this weight loss to the
combustion of the accumulated high molecular weight carbo-
naceous compounds or coke deposit on the catalyst surface.
This result is also capable to explain why at a temperature
higher than 260°C, catalysts deactivation was not observed
and why their regeneration during 2 h under air at about
300°C, recovered entirely the initial activity of catalysts.

The TG-DTA curves under nitrogen of the same sample
show in evidence, a global weight loss that is slower, but
more important and more complex than that observed under
air. We can reasonably discriminate the first loss observed at
around 100°C corresponding to the water desorption from the
second which is spread out from 200°C until 600°C. The low
intensity of the obtained DTA peaks makes the interpretation
difficult. Although the analysis was carried out under inert
gas (nitrogen), the second weight loss is greater than that one
obtained under air flow (~2% instead of 1%). This phenom-
enon can be explained by the fact that the oxidation of
the coke deposit on catalyst surface took place with the con-
tribution of oxygen of the catalyst network. The global
weight is thus equal to the sum of the mass of oxidized coke
deposit and oxygen mass of the catalyst network used for
this oxidation.

The oxygen contribution from catalyst network indicates
an oxidation according to Mars-Van Krevelen redox mecha-
nism?° that is well known in the catalytic oxidation by oxide
catalysts. This mechanism includes two steps: the first step
consists of the reactant oxidation using the catalyst network
oxygen which will be replaced, in the second step by gaseous
oxygen. In the case of TG-DTA under nitrogen flow, the ox-
ygen of catalyst could not be replaced and a consequent
additional weight loss was observed.

The analysis of fresh catalyst (before test, Figure 7) gave
practically the same curves under both air and nitrogen
atmospheres. Only the water weight loss at around 100°C is
observed. The absence of other losses in this case confirms
that the losses detected for the used catalyst are due to the
coke deposit during the test which is responsible of the cata-
lyst deactivation.

Reductibility of catalysts, TPR characterization

As aforementioned, toluene oxidation mechanism on stud-
ied catalysts is certainly the redox type in which Cu and/or
Mn change continuously and reversibly their oxidation state.
At the same time, the oxygen of the catalyst network contrib-
utes to the oxidation reaction. The mobility of this oxygen is
of a great importance and the TPR study of the catalysts can
shed light on such mobility.

The TPR results for all samples tested including pure TiO,
are presented in Figure 8 and the amount H, consumption
(mol/g of catalyst) is given in Table 1. The TPR curve of
CuO,/T presents three peaks (at 261°C, 305°C, and
~440°C). The XRD characterization revealed that CuO
phase is present in this catalyst (Figure 2). Generally, the
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Figure 8. TPR curves of TiO, support and all catalysts
tested.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

bulk CuO reduction under hydrogen leads to copper metal
according to CuO — Cu,0 — Cu sequence and results in
only one TPR peak at around 450°C. However, in the case
of supported CuO (CuO,/T), two peaks (both corresponding
to the same sequence) are observed?!?: the first is ascribed
to CuO which is in strong interaction with the support by
forming superficial monolayer and the second corresponds to
another part of CuO species having a weak interaction with
TiO,. In our case, these two peaks were observed at 261 and
305°C, respectively. The third peak observed around 440°C
can be ascribed to a superficial reduction of TiO,. Indeed,
this peak was also observed by Wollner®! and was attributed
to a weak reduction of TiO,. The TiO, support alone
presents only one weak reduction at about 640°C (Figure 8).
When TiO, is used as support for active phase containing
copper oxide, it is partially reduced at a lower temperature
due to the catalytic effect (on TiO, reduction) of formed Cu®
during the CuO reduction.

In the case of MnO,/T, two reduction peaks are observed
at 417 and 568°C. According to XRD analysis, the manga-
nese oxide in this case is Mn,O;. The two peaks are associ-
ated with the following reduction states: Mn,O; — Mn30,4
and Mn3;04 — MnO, respectively.23

TPR curves of all Mn; _,Cu,O,/T are similar and are char-
acterized by the presence of two peaks. The first peak which
is attributed to the simultaneous reduction of Cu and Mn
oxides is located around 268°C for MnCu;0,/T and moves
towards high temperatures when the Mn/Cu ratio increases.
The temperature of this first peak is 292°C for MnCuO,/T
catalyst and 310°C for Mn3CuO,/T. The second peak is rela-
tively broad and not very intense. Its position is around
490°C and its intensity is very slightly affected by the Mn/
Cu ratio. As for CuO,/T, this peak is ascribed to the partial
reduction of TiO, with a slight displacement towards high
temperatures caused by the increase of the manganese con-
tent (decrease of Cu/Mn ratio). The comparison of the curves
of all Mn;_,Cu,O,/T samples with those of CuO,/T and
MnO,/T indicates that copper and manganese are reduced at
the same time at an intermediate temperature between those
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of CuO and Mn,Oj; reductions. This phenomenon is in agree-
ment with the work of Hahn and coworkers'? who studied
the CuMn,0y spinel as a bulk catalyst for CO oxidation. It
should be noted that, in all cases, the reduction temperature
of the phases supported on TiO, is lower than that of non
supported corresponding phases (bulk oxides). The reduction
is supported by the presence of the TiO,, the formation of
the spinel phase and the close contact between various oxide
phases when they coexist. The fact that the reduction is eas-
ier in the case of the Cu-Mn/TiO, combinations demonstrates
that there is an increase of the catalyst network oxygen mo-
bility and consequently an improvement of the catalytic
activity.

Conclusions

This study showed that the manganese/copper oxides cata-
lysts supported on TiO, anatase are very active for toluene
oxidation used as a VOC model. At a temperature higher
than 260°C, all the Mn-Cu combinations supported on TiO,
resulted in a total conversion of the toluene into CO, and no
catalyst deactivation was observed. The catalytic activity has
been found to vary with the Mn/Cu ratio. Among the series
tested, CuMnO,/T catalyst (Mn/Cu = 1) has given the best
result, demonstrated by a total toluene conversion at 240°C.
The characterization of the tested catalysts was capable to at-
tribute the optimization of the catalytic activity to the forma-
tion of the Mn, ¢Cu, 4O, spinel phase.

At temperatures lower than 240°C, a progressive deactiva-
tion of the catalyst was observed. It is due to a strong
adsorption of carbonaceous species and/or coke formation on
the catalyst surface. The regeneration in air at about 300°C
enables the catalyst to recover all of its initial activity. This
deactivation is thus perfectly reversible.

The TGA-DTA characterization of all catalysts was able
to support the hypothesis of a redox reaction mechanism that
involves the oxide catalysts network oxygen. The TPR
results showed that the mobility of network oxygen is
improved by the presence of the support (TiO,) and by the
combination of manganese and copper oxides.
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