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MnCu/Cordierite Monolith used for Catalytic
Combustion of Volatile Organic Compounds

A MnCu-mixed oxide catalyst supported on a cordierite monolith was synthe-
sized. The catalyst showed very good stability and high homogeneity and pre-
sented an excellent catalytic activity in the combustion of ethyl acetate, n-hexane,
and its mixture. The total conversion temperature of the mixture was determined
by the temperature at which the most difficult molecule was oxidized.
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1 Introduction

Volatile organic compounds (VOCs) are an important type of
air pollutant which covers a wide range of compounds that dif-
fer in their properties and chemistry, but display similar be-
havior in the atmosphere. These compounds require special at-
tention due to their toxicity, high stability, and persistence in
the environment [1-3]. Catalytic oxidation is an effective way
for reducing the emissions of VOCs [4]. Platinum and palla-
dium supported on alumina or silica are the most commonly
used catalysts for total oxidation [5-9]. The high cost of noble
metals has increased the interest in their replacement by transi-
tion metal oxides, such as those of Cu, Mn, Co, and Fe, which
might satisfy the requirements of the treatment process [10].
In previous papers [11, 12], MnCu-based catalysts, which were
synthesized by the coprecipitation method, were studied. It
was found that a low amount of Cu in the mixed catalyst was
sufficient to obtain a higher catalytic activity than Mn,Os;.
Mn9Cul catalyst presented the best performance. The synthe-
sis of bulk or supported catalysts in granular form is a well-
known process. Recently, monolithic supports have been con-
sidered as an alternative geometry to conventional granular
catalysts [13,14]. The advantages of these supports include
very low pressure drop, uniform flow distribution within the
monolith matrix, and easier accessibility of catalytic active cen-
ters of the monolithic walls by the reacting gases. One of the
methods used to deposit the active phase on the monolithic
supports is coating with a slurry, commonly called washcoat-
ing. The monolith is dipped in a slurry of catalyst particles of a
comparable size to that of the macropores of the support [15].
This method involves the previous synthesis of the catalyst.
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The method used to synthesize the Mn9Cul catalyst developed
in earlier works [11, 12] requires the washing of the precipitate
for the removal of residual sodium. This implies that a large
amount of water has to be treated for a certain quantity of
catalyst. In order to obtain a catalyst with excellent catalytic
performance in a larger scale, it is necessary to decrease the
synthesis steps as well as to minimize the volumes of reagents
and solvents used. Thus, an alternative to washcoating is the
impregnation method, where the monolith is dipped in a solu-
tion of precursor salts containing the active phase.

Industrial exhaust gases are mainly composed of VOC mix-
tures of different chemical character, such as aromatic hydro-
carbons, alkanes, and oxy-derivatives, i.e., alcohols, acetates,
and ketones. The catalysts have to be able to treat different
kinds of substances together, simultaneously. Under these
conditions, it may be difficult to predict the behavior of the
catalyst and to control the destruction efficiency, because the
mixture effects may be significant and strongly dependent
upon the catalyst and mixture composition [16—19].

The scope of this work is to reproduce the excellent catalytic
performance of Mn9Cul powder catalyst in VOC combustion
by depositing the active phase on cordierite ceramic monoliths
using a simple method in order to favor the subsequent scal-
ing. The catalytic performance in the oxidation of ethyl acetate
and n-hexane, either separately or in a binary mixture, was
evaluated.

2  Experimental

2.1 Synthesis of Catalysts

Cordierite monoliths were provided by Corning (cell density:
400/6.5) and samples of 0.7cm X 0.7 cm X 3 cm in laboratory
scale were used. The samples were blown with air in order to
eliminate particles or dust from the packaging. Then, mono-
liths were dipped in a colloidal alumina slurry (Nyacol®), for
10s and withdrawn at a constant speed of 3 cm min™'. The ex-
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cess suspension was eliminated by blowing them with air for 45 s.
Monoliths were then dried at 120 °C for 1 h. One, two, or three
soaks were made and finally, the samples were calcined at 500 °C
for 2h. The monoliths, previously coated with alumina, were
impregnated with aqueous solutions of (CH;CO,),Mnx4H,0
and (CH3CO,),Cux4H,0 in a 9:1 molar ratio with a total pre-
cursor concentration of 0.4 gmL™". Monoliths were immersed in
the solution and agitated by ultrasound for 1 h. The excess solu-
tion was removed by blowing them with air for 45 s. Finally, they
were dried at 80 °C for 24 h and calcined at 500 °C for 2h. One
or two impregnations were made with a calcination step in-
between the impregnations. The monoliths were called
xMnCu/Al,Os/cordierite where x=1 or 2, depending on the
number of impregnations performed.

2.2 Characterization Techniques

Adherence test

The adherence of the coatings was evaluated in terms of the
weight loss after exposure of the monoliths to ultrasounds.
Monoliths were immersed in 25 mL petroleum ether inside a
sealed beaker and then treated in an ultrasound bath for
30 min. After that, they were dried at 120°C for 2h. The
weight loss was gravimetrically determined by measuring the
weight of the samples, both before and after the ultrasonic
treatment.

X-ray diffraction (XRD)

XRD patterns were obtained by using a Rigaku diffractometer
operated at 30kV and 25mA by employing Cu Ko radiation
with Nickel filter (1" = 0.15418 nm).

Textural characteristics measurement

Adsorption—desorption isotherms of nitrogen at 77 K were per-
formed in a Gemini V apparatus from Micromeritics after out-
gassing the monoliths at 120°C. A home-made cell was used
for the measurement of complete monoliths.

Scanning Electron Microscopy (SEM)

The morphology of samples was examined with a LEO 1450
VP scanning electron microscope provided with energy disper-
sive X-ray analysis (EDAX) equipment for the quantitative
analysis.

Temperature programmed reduction (TPR)

The TPR was performed in a quartz tubular reactor using a
TCD as detector. Samples of 500 mg were used. The reducing
gas was a mixture of 5vol% H,/N, at a total flow rate of
30mLmin". The temperature was increased at a rate of
5°Cmin " from room temperature to 700 °C.

1)  List of symbols at the end of the paper.
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2.3 Catalytic Tests

The monolithic catalysts were evaluated in the combustion of
n-hexane and ethyl acetate, and its binary mixture. The react-
ing stream was 300 cm’min™, with a composition of
1000 mge m™ or 2000 mgem™ diluted in synthetic air having
a space velocity of 12000 h™". The oxidation of two-component
mixtures was done using 1000mgcm™ of each component.
The gaseous mixtures were analyzed by gas chromatography
using a Buck Scientific Mod 910 with a FID detector, a metha-
nizer, and a Carbowax 20M/Chromosorb W column.

3  Results and Discussion

3.1 Coating with Alumina

In order to facilitate the adhesion of the active phase to the
monolithic structure, a pre-coating of the monolith with a
layer of a support was made. This addition not only improves
the stability of the catalyst, but may also produces an increase
in the surface area [20]. High surface area y-alumina is one of
the most suitable materials for the dispersion of commonly
used combustion catalysts. It is normally applied as a uni-
formly-dispersed thin layer on a ceramic support. Monolith
was coated with one, two, or three layers of alumina. The sta-
bility of the alumina was tested by means of an adherence test.
The results are shown in Tab. 1.

Table 1. Sger, retained alumina, active phase loading, and weight
loss of monoliths.

Monolith SpET Retained Weight
[m?] loading [mg] loss [%]

Cordierite 0.5
1AL, 05/cordierite 58 1.25
2A1,03/cordierite 20.9 120 0.2
3Al,03/cordierite 160 2.7
1IMnCu 27 1.5%
2MnCu 16 59 1.4*

*Weight loss [%] is calculated considering both active phase
and alumina loading.

As it can be observed, a higher alumina loading was ob-
tained after the third immersion; however, a higher adherence
was obtained after the second immersion. Thus, monoliths
with two alumina coatings were used as supports of the active
phase. As it was expected, the Sgpr of the bare cordierite
monolith notably increased with the alumina coating (Fig. 1).
The alumina-washcoated monolith was characterized by SEM.
Fig. 1 presents SEM micrographs of a bare cordierite monolith.
The alumina-coated monolith, after two immersions, is shown
in Fig. 2.

The cordierite support is completely covered with alumina.
Cross-section micrographs reveal that the alumina layer is
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20um EHT = 15.00 kv WD= 20 mm Zone Mag= 60X Signal A = QBSD

Figure 1. Cross-section SEM micrograph of a bare monolith.

200pm*
—

EHT = 15.00 kv WD= 22mm Zone Mag= 50X Signal A = QBSD

Figure 2. Cross-section SEM micrograph of an alumina covered
monolith.

5-10 um thick on the side of the channels. It is worth mention-
ing that the thin cracks observed are not due to the calcination
steps. They were actually formed during the initial drying step.
This was also observed by Villegas et al. [21] on alumina-wash-
coated monoliths. The small cracks were already present prior
to calcination, and did not change upon increasing the tem-
perature up to 800 °C.

3.2 Impregnation of the Monolith with the Active
Phase

The impregnation with the active-phase precursor step re-
quires a homogeneous distribution on the surface to avoid ac-
cumulating points that favor the growth of crystalline Mn,0;
[22]. Therefore, the monolith that had been previously coated
with alumina was immersed in the acetate solution and the
agitation was carried out in an ultrasound bath, thus prevent-
ing probable flow canalizations. Moreover, this method of
agitation by ultrasound can be perfectly used for the impreg-
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nation of monoliths on a larger scale. One or two successive
impregnations were made because it has been demonstrated
that a higher number of immersions led to unstable and non-
homogeneous catalyst layers [23]. As it is shown in Tab. 1, a
higher active-phase loading was obtained with a second im-
pregnation, and the weight loss after adherence test was simi-
lar, about 1.5 % in all catalysts prepared by this method, indi-
cating a very good adhesion of the active phase and alumina
coating. A visual examination of the monolith that has been
cut in two parts in the axial direction (Fig. 3) shows homoge-
neity in the active-phase distribution. This was also observed
in a SEM examination (Fig. 4). The active-phase layer is
homogeneously deposited over the channel length. Fig. 5 illus-
trates the element mapping of manganese and copper in the
alumina-washcoated catalysts. Both copper and manganese are
well dispersed all over the catalyst. Copper is always in lower
proportions compared to manganese. In the back-scattered
electron (BSE) image of Fig. 6, it can be seen that the active
phase penetrates the open macropores of the support at the
surface, suggesting a good anchoring onto the support.

Figure 3. Axial-section view of the MnCu-impregnated monolith.

200pm*
—

EHT=10.00kY  WD= 13mm ZoneMag= 25X Signal A= QBSD

Figure 4. Axial-section SEM micrograph of the MnCu-impreg-
nated monolith.
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Figure 5. Element mapping of manganese and copper of the
MnCu-impregnated monolith.

EWT=1000K/ WD= 13mm  ZoneMsg= 125X  SignalA= OBSO

Figure 6. A back-scattered electron (BSE) image of a monolith
channel.

The reproducibility of the synthesis method could be esti-
mated by preparing batches of three monoliths with the same
characteristics, i.e., the weight gained after two impregnations
followed by calcination were similar to a standard deviation
lower than 1 %.

In summary, the monolithic catalyst was synthesized using a
simple and reproducible method. Minimizing the number of
steps and the volume of reagents and solvents used generated a
lower amount of waste. Thus, catalysts with homogeneous and
well-adhered coatings were obtained. It is important to note
that the simplicity of this method in laboratory scale may be
used perfectly in a larger scale.

3.3 Characterization of MnCu-coated Monolith

The specific surface area of the MnCu-coated monolith is
shown in Tab. 1. When the alumina-coated cordierite mono-
lith was impregnated with the active phase, a slight decrease in
Sper was observed. X-ray diffraction tech-
nique was used in order to determinate the

CuO, or Mn,Os3 were detected. This could be due to a low
amount of the active phase below the detection limits of the
technique, or to the high dispersion of the active phase on the
support. It is well known that highly-dispersed manganese ox-
ide species are obtained using manganese acetate as a precur-
sor of the active phase [24], or using small amounts of CuO
[11], as in this case. A very useful tool to obtain information
about the distribution of the active phase on the support is
temperature-programmed reduction. Fig. 7 shows the reduc-
tion profile of the 2MnCu monolithic catalyst, which is com-
pared to the reduction profile of the MnCu powder catalyst
studied in a previous paper [11]. Both samples presented a
main reduction signal with a maximum at 270 °C, a shoulder
at 235°C, and small signals at about 200 °C. This signal reduc-
tion at low temperature could be attributed to highly-dis-
persed manganese oxide species, thus corroborating the as-
sumptions obtained from XRD results.

5 MnCu (powder catalyst)
©
©
=
2
(7]
2MnCu (monolith)
100 200 300 460 500

Temperature (°C)

Figure 7. Temperature programmed reduction profiles.

3.4 Catalytic activity

The monolith synthesis can be measured from its catalytic ac-
tivity in VOC combustion. The 2MnCu catalyst was selected
for the catalytic performance studies due to the higher retained
active-phase loading and its excellent adherence. The sample
was evaluated in total oxidation of ethyl acetate, n-hexane, and
its binary mixture. The catalytic results are shown in Tab. 2
and Fig. 8.

The monolith showed very good activity in the ethyl acetate
combustion. It is worth mentioning that only small amounts
of acetaldehyde were detected at low temperatures, besides
total oxidation products, CO, and H,O; however, it was
completely oxidized at the same temperature as ethyl acetate.
The conversion of ethyl acetate started below 150 °C and it was

Table 2. Catalytic performance in ethyl acetate, n-hexane, and its binary mixture.

nature of the active phase deposited on the
monolith. The XRD pattern of the bare

Ethylacetate (E. A) conversion

Hexane conversion

cordierite presented the peaks correspond-  yoc Tso [°C] Teo [°C]  VOC T [°C] Top [°C]
ing to a cordierite phase (PDF 12-303).
The diffractograms of the alumina/cordier- 1000 E-A. 178 190 1000 Hex 208 240
ite and 2MnCu monoliths did not show 2000 E.A. 192 198 2000 Hex 213 245
differences with respect to the bare mono-

1000 E.A + 1000 Hex 190 198 1000 Hex+1000 E.A. 218 242

lith, and no peaks corresponding to Al,Os,
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tate. Lahousse et al. [18] presented
a very active MnO, catalyst in the
combustion of n-hexane. This cat-
alyst was not supported in a mono-
lith and was evaluated in the com-
bustion of a low concentration of
VOC. Moreover, this catalyst is un-
stable at high temperatures, which
are feasible due to the exothermic
character of the reaction, generat-
ing possible hot points. Zavyalova
et al. [30] published the catalytic
behavior of a CoCr catalyst in the
combustion of n-hexane. Their re-
sults were similar to our catalysts;
however, the CoCr catalyst was
evaluated in a low concentration of
VOC. Sanz et al. [31] studied
Pt/anodized aluminum foam cata-
lyst in total combustion of toluene.
The results of the catalytic perfor-
mance were excellent; nevertheless,
our catalyst, a supported metallic

0 50 100

Temperature (°C)

Figure 8. VOCs conversion vs. reaction temperature.

completed below 200°C, showing a Ty, value (temperature
corresponding to the 90 % conversion of VOC) of 190 °C when
1000 mg- m™ was fed. It can be observed that these values in-
crease by about 10°C as the composition of the VOC in the
feed increases; this is expected since the contact time is shorter.
The monolith also showed an excellent catalytic activity in
n-hexane combustion. Only products of total combustion were
detected. Tso and Ty, values were around 208 °C and 240 °C,
respectively, in the case of 1000 mg- m™, and only a difference
of about 5°C was observed when increasing the composition
of the feed. These results are evidence of the excellent catalytic
activity of this monolithic catalyst and make it very promising
for industrial applications. The comparison of the catalytic
activity of this catalyst with those presented in literature is not
an easy task since the operating conditions are very different.
However, this catalyst is notably more active than our
previously-reported catalysts: Mn9Cul powder catalyst [11],
MnO,/Al,O; supported on metallic monoliths [25,26], and
MnCu/FeCr alloy monolith [20]. The comparison may be
done taking into account the difficulty in the combustion of
the tested molecules. However, there are some cases in litera-
ture which presented a similar catalytic performance to our
catalyst. For example, Santos et al. [27] reported a Toy value of
195 °C, corresponding to the combustion of ethyl acetate in a
Cs-Criptomelane catalyst. The major difference with our cata-
lyst is the complexity of the synthesis method used, since the
cryptomelane phase was obtained using the reflux approach in
an acidic medium [28] and Cesium was incorporated into the
tunnel structure by ion-exchange. Frias et al. [29] reported the
catalytic activity of a criptomelane/AISI 304 monolith, also
prepared by the reflux method, in the combustion of ethyl ace-
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oxide, presented a similar catalytic
behavior to this supported, noble-
metal catalyst. This fact makes our
catalyst very interesting from an
economical point of view too.

As real industrial emissions usually contain mixtures of
volatile organic compounds, studies of the catalytic activity on
a single molecule of VOC partially represent the catalyst appli-
cation. Therefore, it is interesting to test the catalytic behavior
of our monolithic catalyst in the oxidation of VOC mixtures.
The mixture of ethyl acetate (oxy-derivative) and n-hexane
(alkane) was selected in this study because they are com-
pounds of different chemical character. Ethyl acetate conver-
sion obtained during the mixture combustion is lower than
that obtained during 1000 mgc m™ ethyl acetate single oxida-
tion; however, the curve is similar to that obtained during
2000 mge m™ ethyl acetate single oxidation. Thus, ethyl acetate
combustion is affected by the presence of another molecule,
n-hexane in this case, or by the presence of the same molecule
as it occurs during 2000 mge m™ ethyl acetate single oxidation.
Considering the n-hexane combustion, it can be observed that
the conversion of this molecule in a mixture is strongly inhib-
ited at low temperatures under 220 °C, approximately, where
there is still unconverted ethyl acetate. Evidently, the presence
of ethyl acetate in the mixture slows n-hexane oxidation. The
same outcome was found by V. Blasin-Aubé et al. [32], since
they observed that the presence of ethyl acetate inhibited the
rates for n-hexane in the mixture oxidation on LaggSry.
MnOs,, perovskite catalyst, and they explained this inhibition
as being a result of the competition for the adsorption sites.
The component which is preferentially adsorbed is easily oxi-
dized. In this case, ethyl acetate would adsorb strongly on the
catalyst surface, as it was observed to behave in a previous
paper on the MnO,/Al,O; catalyst [33]. However, at higher
temperatures, the n-hexane conversion remains similar to that
of the single VOC combustion. This is to say that CO, and
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water (ethyl acetate total combustion products) do not affect
n-hexane conversion. Indeed, the total conversion temperature
of the mixture is determined by the temperature at which the
most difficult molecule is oxidized.

4  Conclusions

The monolithic catalyst was synthesized using a simple and
reproducible method, minimizing the number of steps and the
volume of reagents and solvents used. Catalysts with homo-
geneous and well-adhered coatings were obtained. Through
this simple method, it was possible to reproduce and even
improve the properties of powder catalyst, obtaining a mono-
lithic catalyst with excellent catalytic activity in the oxidation
of ethyl acetate, n-hexane, and their mixture. Total conversion
temperature of the mixture was determined by the tempera-
ture at which the most difficult molecule was oxidized.
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