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Abstract The catalytic oxidation of volatile organic compounds (VOCs) (ethanol

and toluene) alone and in mixture was investigated over Pt, Mn and Pt/Mn

impregnated bentonite monoliths. Their properties were characterized by using the

Brunauer–Emmett–Teller method, X-ray diffraction, X-ray photoelectron spectra

and temperature programmed reduction (TPR). Independently of which catalyst was

used, ethanol was more easily oxidized than toluene. In toluene oxidation, the

sequence of catalytic activity was as follows: Pt/Mn/B [ Pt/B [ Mn/B, probably

due to some favorable synergetic effects between Pt and Mn and to the presence of

Mn3?/Mn4? species. In ethanol oxidation, Pt/Mn/B and Pt/B present similar

activities, and greater than that of Mn/B. In the VOC mixture, toluene slows down

the partial oxidation of ethanol towards acetaldehyde. On the contrary, the presence

of ethanol has a promoting effect on toluene oxidation.
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Introduction

Volatile organic compounds (VOCs) are considered as significant atmospheric

pollutants not only for their toxicity and malodorous nature, but also because they

are ozone and smog precursors [1]. Catalytic oxidation can be considered an

effective way for reducing the emissions of VOCs from stationary sources [2–4].

Supported platinum and palladium are the most commonly used catalysts [5, 6].

Nevertheless, the development of transition metal oxides for catalytic combustion

has been widely reported in the literature [7–10], because they are cheaper than

noble metals.

For practical applications regarding VOC oxidation, the catalyst should be

supported on a structured support to treat large gas flows with low pressure drop.

The most widely used structured supports are the honeycomb monoliths made of

ceramic or metallic materials [11].

Manganese oxide and platinum supported on metallic or ceramic monoliths are

widely employed in the combustion of single VOCs [12–15].

In practical applications (for example, contaminated air treatment in solvent

evaporation processes) the gas streams contain mixtures of VOCs of variable

composition. It has been reported that the oxidation of a VOC in a mixture differs

from its single oxidation due to the interaction of the different species with the

catalyst. Santos et al. [16] observed mutual inhibitory effects between ethanol and

toluene over TiO2-supported noble metal catalysts. Tsou et al. [17] studied the

oxidation of o-xylene and methyl-isobutyl-ketone over Pt-catalysts, observing an

inhibitory effect of o-xylene on methyl-isobutyl-ketone, due to a competition on

the active sites. Kim and Shim [18] observed a mutual inhibitory effect between

toluene and benzene over a Ca/Mn3O4 catalyst. They suggest that the reaction was

a competitive one running on the same active sites. On the other hand, a

promoting effect could be due to the exothermic character of the complete

oxidation reaction, which locally raises the surface temperature of the catalyst

[19].

The rheological properties of clays and clay minerals are ideal raw materials for

preparing structured supports and catalysts [20–22] being a better alternative to

metallic ones. However, most of the work performed in ceramic monoliths deals

with the ceramic called ‘‘cordierite’’ [23, 24]. Nevertheless, the processing of

cordierite is high energy demand. The abundance of natural clay and its low cost are

likely to make it a strong candidate as catalysts support. A series of bentonite

resources are located in Northern Patagonia, Argentina. These resources extend over

an area of 94,000 km2 and constitute 80 % of the country’s yearly production of

bentonites. Reserve estimation is about 3,500,000 tons. They are mainly sodium

bentonites and mixtures Na/Ca [25].

The aim of this work is to study the catalytic behavior of a catalyst based on a

manganese oxide or platinum supported on bentonite based monoliths in the

combustion of two VOCs (ethanol and toluene) generally found in emissions of the

printing industries [26, 27]. The catalytic performance in the oxidation of the VOCs

separately and in binary mixture was evaluated.
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Experimental

Monoliths preparation

A natural bentonite (90 wt% montmorillonite) from North Patagonia, Argentina,

was used. Its percent chemical composition, given by the supplier was SiO2: 58.0,

Al2O3: 20.1, MgO: 2.66, CaO: 0.77, Fe2O3: 5.88, Na2O: 2.28, K2O: 0.01, TiO2:

0.55, MnO: 0.01 and 8.0 of undetermined ashes (mass contents for the dry sample).

A clay (Tincar Super, Piedra Grande, Argentine) and gibbsite, Al(OH)3 (Alcan)

were aggregated to the bentonite.

Extrusion of bentonite dough was performed on a UNICERAM Groupe Mirovide

studer, with a water content of 8 wt%. The paste was dried 48 h at room

temperature and finally heated at 800 �C for 2 h in an electric furnace in air

atmosphere.

The characteristics of the elaborated monoliths were: Shape of cells: triangular,

Cell density: 3.1 cells cm-2; Cell dimension: 0.2 cm2 (0.4 9 0.5); Wall thickness:

0.15 cm; Catalyst block dimension: 1.8 cm diameter, 2 cm high; Open area:

1.4 cm2.

Catalyst preparation

The preparation of supported catalysts was carried out as follows:

Pt/B Bentonite monoliths were immersed in an aqueous solution of H2PtCl6�H2O

0.02 M, inside a closed vessel and put through to mechanical orbital agitation for

60 min. Subsequently, the monoliths were washed with deionized water to remove

chloride, dried overnight at 100 �C, and calcined at 500 �C for 2 h.

Mn/B The impregnation of the monoliths was carried out in two stages according

to Ref. [28]: first, the monoliths were immersed in 100 ml of a 1 M aqueous

solution of Mn(NO3)2 and kept under agitation for 60 min. Then monoliths were

dried at 100 �C for 4 h. After this stage, monoliths were immersed in a 0.66 M

aqueous solution of KMnO4. After agitation for 60 min, the impregnated monoliths

were dried at 100 �C for 4 h and finally calcined at 500 �C for 2 h.

Pt/Mn/B Mn/B monoliths, after having been calcined at 500 �C, were impreg-

nated with H2PtCl6�H2O 0.02 M in the same way as the Pt/B monoliths. After

impregnation, the monoliths were dried overnight at 100 �C and calcined at 500 �C

for 2 h.

Catalyst characterization

Manganese and platinum contents were measured by atomic absorption spectros-

copy with a Varian AA 240 instrument after dissolving previously crushed and

milling monoliths with HF–HNO3–HCl mixture.

The Brunauer–Emmett–Teller (BET) surface areas, total pore volume, and

average pore diameter of the samples were measured by N2 adsorption at liquid
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nitrogen temperature (77 K) in a Micromeritics ASAP 2000 sorptometer. The

experiments were performed over small pieces of crushed monoliths.

The surface morphology of the monoliths was studied by scanning electron

microscopy (SEM) using a Philips SEM 505 microscope. The experiments were

performed over small pieces of crushed monoliths.

The samples were characterized by X-ray diffraction (XRD) methods using a

Philips diffractometer in powder form (previously ground monolith). The diffraction

patterns were recorded at room temperature from 5� to 70� of 2h using Cu Ka

(k = 1.5406 Å) radiation at 0.02 min-1 scanning speed and a counting time of 2 s

per step.

X-ray photoelectron spectra (XPS) of the compounds in powder form (previously

ground monolith) were obtained using a multitechnique system, with a Mg X-ray

source and a hemispherical PHOIBOS 150 analyzer operating in the fixed analyzer

transmission mode. Binding energies (BE: ±0.1 eV) were calculated using

adventitious hydrocarbon (C 1s = 284.6 eV) as the internal reference. Curve

fitting was performed with the CasaXPS software.

Temperature programmed reduction (TPR) experiments were performed in

Quantachrome equipment Quantasorb Jr., using 25–50 mg of sample in powder

form (previously ground monolith). In all cases, the temperature was increased from

ambient to 900 �C at a heating rate of 10 �C min-1. A gas mixture of H2–N2, 5 %

by volume was used as reducing gas, at a total flow rate of 22 cm3 min-1. Copper

oxide was used for the calibration of the equipment. Quantification of the TPR

results was performed assuming that at the end of the experiments all Mn is as MnO.

The acidity of the samples was measured in a Metrohm 794 Basic Titrino with

interchanged unity 806 and a Metrohm electrode. A representative 0.50 g sample in

powder form was suspended in 45 ml of acetonitrile solution and allowed 3 h in

agitation to come to stabilization. This suspension was then titrated with 0.025 N

n-butylamine solution.

The adherence of the coatings was evaluated in terms of the weight loss after

exposure of the monoliths to ultrasounds. The impregnated monoliths were

immersed in 25 ml petroleum ether, inside a sealed beaker, and then treated in an

ultrasound bath for 30 min, in a TESTLAB TB10 at 400 W and 40 kHz. After that,

the monoliths were dried at 100 �C for 2 h. The weight loss (in wt%) was

determined by measuring the weight of the samples both before and after the

ultrasonic treatment.

Catalytic oxidation

The catalytic activity of the prepared monoliths was measured for the complete

oxidation of ethanol and toluene, individually and in binary mixture. Complete

oxidation reactions were carried out at atmospheric pressure in a stainless steel

tubular fixed-bed reactor of 45 cm high and 2.3 cm in inner diameter. A feed gas

with a VOC concentration of 1,000 mgC m-3 in air and a total flow of

1,000 cm3 min-1 (GHSV = 12,000 h-1) was passed through the monolith placed

on the top of a carborundum bed. This configuration was designed to premix and

preheat the stream entering the reactor, to obtain a homogeneous temperature at the
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monolith inlet, measured by a thermocouple placed just at the entrance of the

monolith. The reactor was surrounded by an electrical furnace equipped with three

independent temperature programmers. The ignition curves were obtained over the

range 100–450 �C in incremental steps (25 �C) and the reaction temperature was

measured by a thermocouple placed in the middle of the monolith. The data were

obtained in steady state. Monoliths were treated under 1,000 cm3 min-1 of air at

450 �C for 1 h before reaction, and then cooled down in air to the starting reaction

temperature. The conversion was calculated by measuring VOC disappearance by

gas chromatography (Shimadzu GC9A), together with the CO2 measurement by an

on-line IR detector (Telaire T6613). The yield to CO2 was calculated as the ratio

between the CO2 concentrations divided by its value measured when complete

conversion at high temperature had been reached. No partial oxidation products

were detected in the combustion of toluene. In the case of ethanol oxidation, the

acetaldehyde yield was calculated as moles of ethanol converted to acetaldehyde

divided by the moles of ethanol fed into the reactor. In the oxidation of the binary

VOC mixture, the feed composition was kept at 1,000 mgC m-3.

Results

Catalyst characterization

The platinum content in the monoliths, determined by atomic spectroscopy, was

0.22 wt% for Pt/B and 0.23 wt% for Pt/Mn/B. The manganese content was 2.0 wt%

for Mn/B and 1.9 wt% for Pt/Mn/B.

Table 1 lists the results of nitrogen physisorption obtained for the supported

catalysts. The BET surface area of the support was 53 m2 g-1. After platinum

impregnation, the surface area decreased significantly to 35 m2 g-1. This decrease

in the BET surface area upon Pt impregnation is attributed to a fraction of platinum

crystallites blocking the smaller pores of the support and thereby increasing the

average pore radius from 124 to 167 Å. Impregnation of the bentonite support with

manganese does not significantly change the textural properties. The addition of Pt

to Mn/B has no effect on the specific area.

Table 1 Textural properties and XPS results of monoliths

Catalyst SBET (m2 g-1) Vp (cm3 g-1) Dp (Å) Weight loss (%) Mn 2p3/2 (eV) Pt 4d5/2 (eV)

B 53 0.16 124 0.98

Pt/B 35 0.15 167 0.99 315.2

318.4

Mn/B 57 0.16 115 1.1 641.1 (58 %)

643.1 (42 %)

Pt/Mn/B 58 0.15 75 0.98 641.7 (80 %) 317.1

644.9 (20 %)
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SEM micrographs of catalysts are shown in Fig. 1a–d. It can be seen that the

solid Pt/B (Fig. 1b) has a morphology similar to that of the support (Fig. 1a), while

the solid Mn/B and Pt/Mn/B (Fig. 1c, d) shows a cluster of small surface particles

on the support matrix. In the Mn/B catalyst, the MnOx layer is deposited on the

support surface changing its morphology.

The adherence of catalyst after the ultrasound test showed an approximately

1 wt% weight lost (Table 1).

The XRD patterns of the samples are shown in Fig. 2. The diffraction pattern of

the support shows the diffraction lines corresponding to the support, Al2O3 and

bentonite. Mn/B, Pt/B and Pt/Mn/B samples present the diffraction lines of the

support. Manganese oxides were not detected in Mn/B or in Pt/Mn/B catalysts.

Metallic Pt or platinum oxides were neither detected in the samples containing

platinum.

In the XPS studies, the energy regions of Mn 2p3/2 and Pt 4d5/2 core levels were

recorded. Although the most intense photoemission lines of platinum were those

Fig. 1 SEM micrographs of monoliths, a bentonite, b Mn/B, c Pt/B and d Pt/Mn/B
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arising from the Pt 4f levels, this energy region was overshadowed by the presence

of a very strong Al 2p peak, and thus the Pt 4d lines were analyzed instead [29]. The

spectra of Mn 2p3/2 for Mn/B and Pt/Mn/B monoliths are presented in Fig. 3a and

the Mn 2p3/2 binding energies are also presented in Table 1. For both catalysts,

Mn/B and Pt/Mn/B, the Mn 2p3/2 spectral shape could be reproduced with two

Mn 2p3/2 components assigned to Mn3? and Mn4? [30]. Nevertheless, the addition

of platinum to manganese oxide increased the Mn3?/Mn4? ratio remarkably.

The spectra of Pt 4d5/2 are presented in Fig. 3b. The Pt/B sample showed an

asymmetric broad Pt 4d5/2 peak that could be resolved, after curve fitting

procedures, into two components with binding energies of 318.4 and 315.2 eV.

The component at higher binding energy can be ascribed to PtO2 species [29, 31],

whereas the second band at lower binding energy can be assigned to the presence of

Pt(II) species [32]. Pt/Mn/B monoliths showed a Pt 4d5/2 peak that the curve fitting

give just one component at 317.1 eV assigned to PtO2 [31].

The reduction behavior of Pt/B, Mn/B and Pt/Mn/B catalysts was followed by

H2-TPR, as shown in Fig. 4. In Mn/B monolith, a shoulder at lower temperature

(310 �C) is related to the reduction of highly dispersed MnOx species [33–35].

Additionally, two reduction peaks centered at 409 and 495 �C are observed. The

first reduction peak corresponded to the combined reduction of MnO2 or Mn2O3 to

Mn3O4 [36], and the second reduction peak could represents the reduction of Mn3O4

to MnO [36] or the reduction of Mn5O8 to MnO [37]. Furthermore, the TPR pattern

reveals a peak at about 680 �C, which could be associated to the reduction of Mn3?

to Mn2? ions incorporated in the support lattice [35, 38]. Platinum in the mixed

manganese oxide/platinum catalyst significantly affects the reduction behavior of

the oxide. The TPR-profile changes in several ways: the shape of the curves, the
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Fig. 2 X-ray diffraction patterns of samples: (a) bentonite, (b) Mn/B, (c) Pt/B and (d) Pt/Mn/B
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number of peaks, the reduction rate and temperature. A possible explanation for that

could be that platinum and manganese are in intimate contact and therefore can

affect each other by the spillover of hydrogen atoms from platinum to manganese or

by nucleation of hydrogen molecules to atoms by platinum making the hydrogen

more reactive [39, 40].

From the TPR results, the calculated average oxidation state of Mn was 3.62 for

Mn/B and 3.60 for Pt/Mn/B. This effect was observed by another author [41].
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Fig. 3 Mn 2p3/2 (a) and Pt 4d5/2 (b) XPS spectra of samples
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Catalytic activity

Catalytic oxidation of individual compounds

The catalytic activity of supported Pt, Mn and Pt/Mn bentonite monoliths towards the

oxidation of each VOC, ethanol and toluene, is presented in Fig. 5. For comparison,

the activity of the bentonite support is also presented. Additionally, the temperatures

for 10, 50 and 90 % conversion into CO2 are listed in Table 2. In the three catalysts,

ethanol is more easily oxidized than toluene, in accordance with other authors [42, 43].

The addition of Pt to Mn greatly improves the oxidation of ethanol, lowering the

T50 and T90 to about 40 and 30 �C, respectively.

On the other hand, the activity towards ethanol oxidation of both catalysts

containing platinum, Pt/Mn/B and Pt/B, is rather similar, the bimetallic catalyst

being a little more active at temperatures above 200 �C. In fact, the T90 of Pt/Mn/B

monolith is 10 �C lower than that of Pt/B.

Apart from CO2 and H2O, a product of ethanol incomplete oxidation

(acetaldehyde) was detected. As was observed in previous work [44], the oxidation

of ethanol may run according to the following scheme:

Acetaldehyde 

Ethanol                           CO2 + H2O

100 200 300 400 500 600 700 800

S
ig

na
l T

C
D

, a
.u

. g
-1

Temperature (°C)

(c)
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(a)

Fig. 4 TPR profiles of samples: (a) Pt/B; (b)Mn/B and (c) Pt/Mn/B
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Fig. 6 shows the production of acetaldehyde as a function of the reaction

temperature. Although the aldehyde is the most abundant intermediate, acetalde-

hyde yield did not exceed 6 % for Pt/Mn/B and 3 % for Pt/B. For Mn/B the

acetaldehyde yield is negligible. The maximum of acetaldehyde occurs at around

200 and 225 �C for Pt/Mn/B and Pt/B, respectively.

As can be seen in Fig. 5 and Table 2, the activity towards toluene oxidation

markedly decreases in the order of Pt/Mn/B [ Pt/B [ Mn/B. As in the case of

ethanol oxidation, the addition of Pt to Mn enhanced toluene conversion, lowering

the T50 and T90 to about 50 and 60 �C, respectively. On the other hand, no partial

oxidation products were detected in toluene oxidation.

In accord with the TPR results, the reduction of the Mn/B catalyst occurs at

higher temperatures than in Pt/Mn/B, and consequently the oxidation of VOCs on

the Mn/B catalyst was more difficult than that on the Pt/Mn/B catalyst. It may be
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Fig. 5 Ethanol and toluene ignition curves over monoliths

Table 2 Catalytic activity of

pure compounds expressed as

T10, T50 and T90 (�C)

(temperatures at CO2

conversion of 10, 50 and 90 %)

Catalyst Ethanol Toluene

T10 T50 T90 T10 T50 T90

Mn/B 229 256 294 292 327 389

Pt/B 145 212 278 254 288 349

Pt/Mn/B 145 212 265 244 276 324
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assumed that the higher activity for the bimetallic catalysts resulted from the

valence state as well as the favorable synergetic effects between Pt and Mn.

It has been reported that the activity towards the oxidation of VOCs of

manganese oxide-based catalysts is related to the presence of the Mn3?–Mn4? redox

couple [45, 46]. As we observed in XPS experiments, the Mn3?/Mn4? surface ratio

increases when Pt is added to Mn. In previous work [47], in the oxidation of ethanol

on manganese oxides prepared from KMnO4 and Mn(NO3)2, we assumed that a

high concentration of Mn3? could originate a weak Mn–O bond and the formation

of more active oxygen species in the lattice, which would improve H subtraction

from the adsorbed alcohol molecule. Although the combustion of ethanol is

independent of the presence of Mn, the synergetic effect of Pt–Mn is important

when toluene is analyzed. The temperatures T10, T50 and T90 on Pt/Mn/B are lower

than that of Pt/B. These results are similar to that reported by Sanz et al. [48]. The

authors have shown that ‘‘Pt improved the catalytic activity of MnOx decreasing the

complete toluene oxidation temperature from 300 to 265 �C (25 �C in this work)’’.

In our opinion, this result demonstrates that Pt and the presence of Mn3?/Mn4?

redox couple is crucial.

The acidity of the samples was evaluated by titration with n-butylamine. Results

are presented in Fig. 7. Taking into account the acidity properties of the samples,

the support has no effect on the reaction. Additionally, toluene conversion depends

on the acidity of the samples, the more the acidity of the samples the more the

toluene conversion.

Acetaldehyde formation could be associated to an interaction between the OH of

the ethanol and a Pt site of the solid.

The Pt–Mn interaction in Pt/Mn/B monolith could be results in a mayor

acetaldehyde formation. The increased acidity in Pt/Mn/B sample originates an
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Fig. 6 Evolution of acetaldehyde yield with reaction temperature
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increased donor character of ethanol, a phenomenon that results in the formation of

adsorbed inactive spectators according with Peluso et al. [28].

Nevertheless, the higher catalytic activity of the Pt/Mn/B monolith could be

associated to an increase in the amount of surface Mn3? species, resulting in a

higher capacity of combustion of adsorbed intermediate species [47].

The Pt/Mn/B monolith presents a promissory activity in the combustion of

VOCs. Working at a GHSV of 12,000 h-1, a T90 of 265 and 324 �C is obtained for

ethanol and toluene, respectively. Burgos et al. [19] oxidized toluene over

cylindrical Pt/Al2O3/Al monoliths (330 cpi, 6 cm3 volume) at lower temperature but

working at a GHSV of 3,680 h-1. Morales et al. [34] obtained a T90 of 210 and

300 �C for ethanol and toluene, respectively, over MnCu supported on 330 cpi

cylindrical Fecralloy monoliths working at a GHSV of 3,000 h-1. Li et al. [49]

studied the combustion of toluene over 0.2 %Pd–6 %CexLa1-xO2 supported on

200 cpi cordierite monoliths (48 9 24 9 40 mm3) working at 0.3 m3 h-1, obtained

90 % toluene conversion at 230 �C. Monoliths prepared in this work are easy to

obtain and are ready made to incorporate the active phase directly by wet

impregnation.

Ethanol–toluene binary mixture

The activity of the monoliths in a mixture of ethanol and toluene (with the same

total concentration as in the individual compounds) was also investigated. Fig. 8a

shows the results of the total combustion to CO2. It can be observed that Pt/Mn/B

presents the highest initial activity towards the combustion of the VOC mixture;

however, the three catalysts achieve complete oxidation to CO2 at almost 350 �C.

0,0                   0,2                   0,4                   0,6                   0,8

-80

-60

-40

-20

0

20

40

60

80

100

Meq g-1

n-butylamine
  g

sample

-1

m
V

 B
 Mn/B
 Pt/B
 Pt/Mn/B

Fig. 7 Titration of samples with n-butylamine
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Fig. 8b presents the conversion of ethanol and toluene in the mixture. For the three

catalysts, ethanol again was more easily oxidized than toluene. The performance of

the monoliths for the combustion of the two VOCs, ethanol and toluene, follows the

order: Pt/Mn/B [ Pt/B [ Mn/B. The same order of activity was found in the

oxidation of toluene alone. In the oxidation of ethanol alone, Pt/Mn/B presented

similar activity to that of Pt/B at temperatures below 200 �C, being more active at

higher temperatures. In the VOCs mixture, Pt/Mn/B is more active than Pt/B even at

low temperatures.

50        100        150       200        250       300       350        400        450

0,0

0,2

0,4

0,6

0,8

1,0

 Mn/B
 Pt/B
 Pt/Mn/B

x 
C

O
2

0,0

0,2

0,4

0,6

0,8

1,0

                ethanol
     Mn/B 
                toluene

                ethanol
        Pt/B
                toluene

                ethanol
Pt/Mn/B  
                toluene

V
O

C
 C

on
ve

rs
io

n

(a)

(b)

Temperature (°C)

50        100        150       200        250       300       350        400        450

Temperature (°C)

Fig. 8 Total conversion (a) and partial conversion (b) of ethanol and toluene in the VOC mixture
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The least active monolith, Mn/B, presents a high activity towards ethanol

oxidation, whereas toluene oxidation starts when almost complete ethanol

conversion has been obtained at about 290 �C.

Taking into account the formation of intermediate products, the presence of

toluene modified the selectivity of ethanol to acetaldehyde. Fig. 9 shows the

acetaldehyde yield as a function of the reaction temperature in the ethanol–toluene

mixture. For the three monoliths, the curves of ethanol conversion to acetaldehyde

are shifted to higher temperatures. This effect was also observed by other authors

[19, 50]. Additionally, higher values of maximum acetaldehyde yield are observed,

especially in Mn/B monolith. Agüero et al. [51] have found that the presence of

toluene increases the acetaldehyde yield in the combustion of the ethanol–toluene

mixture over an alumina-supported manganese oxide.

According to different authors [52–54], the total oxidation of toluene occurs

when the molecule is adsorbed in parallel to the surface. Our previous results [44]

have shown that the adsorption–oxidation of ethanol occurs on two sites: (i) terminal

oxygen and (ii) OH groups formed from Mn4? vacancies. These results allow us to

suggest that the toluene adsorption blocks the catalytic sites where ethanol can be

oxidized directly to CO2. Then, the acetaldehyde formation is more favorable.

The presence of ethanol enhanced toluene oxidation, especially in the catalyst

containing platinum. The T50 decreased from 276 to 207 �C and 291 to 256 �C in

Pt/Mn/B and Pt/B, respectively, when toluene was oxidized alone and in the

mixture with ethanol. This effect is most probably a consequence of the higher

exothermicity of the process when the mixtures are considered, as was reported by

other authors in ethanol–toluene mixtures [43, 50].
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Fig. 9 Evolution of acetaldehyde yield with reaction temperature in the ethanol–toluene mixture
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The studies carried out in this work demonstrated that the Pt/MnOx active phase

supported on bentonite monolith is a promising catalyst for VOCs abatement.

Further investigation in different shapes and different materials for monolith

supports is currently being carried out in our laboratory.

Conclusions

Ceramic monoliths using natural bentonites as raw materials were prepared. The

relatively high surface area of the support allows the incorporation of the active

phases (Mn, Pt and Pt/Mn) directly by wet impregnation. The impregnated phases

show excellent adhesion to the monoliths. The XRD analyses shows only the

diffraction peaks of the support and no metallic platinum or manganese oxides

phases were detected. The addition of Pt to Mn increases the surface Mn3?/Mn4?

ratio in comparison to Mn/B and facilitates the reduction of the manganese

oxide phases. The acidity of the samples decrease in the order: Pt/Mn/B [
Pt/B [ Mn/B [ B.

The catalytic activity in toluene oxidation was in the order Pt/Mn/B [
Pt/B [ Mn/B [ B. In ethanol oxidation, the conversion order was: Pt/Mn/B =

Pt/B [ Mn/B [ B. Although the combustion of ethanol is independent of the

presence of Mn, a favorable synergetic effect between Pt and Mn is important when

toluene is analyzed, together with the increase in the surface Mn3?/Mn4? ratio, and

the increase in the catalysts acidity.

In the VOC mixture, the presence of toluene shifts the curve of ethanol oxidation

towards acetaldehyde to higher temperatures. On the other hand, the presence of

ethanol has a promoting effect on toluene oxidation, attributed to a local heating

effect.
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51. Agüero F, Barbero B, Gambaro L, Cadus L (2009) Appl Catal B 91:108–112

52. Bielanski A, Haber J (1990) Oxygen in catalysis, vol 43. Marcel Dekker, New York

53. Witko M, Haber J, Tokarz R (1993) J Mol Catal 82:457–466

54. Irigoyen B, Juan A, Larrondo S, Amadeo N (2001) J Catal 201:169–182

458 Reac Kinet Mech Cat (2013) 108:443–458

123

Author's personal copy


	Volatile organic compound removal over bentonite-supported Pt, Mn and Pt/Mn monolithic catalysts
	Abstract
	Introduction
	Experimental
	Monoliths preparation
	Catalyst preparation
	Catalyst characterization
	Catalytic oxidation

	Results
	Catalyst characterization
	Catalytic activity
	Catalytic oxidation of individual compounds
	Ethanol--toluene binary mixture


	Conclusions
	Acknowledgments
	References


