U.P.B. Sci. Bull., Series B, Vol. 78, Iss. 1, 2016 ISSN 1454-2331

AN EXPERIMENTAL STUDY OF m-XYLENE COMBUSTION
OVER A COMMERCIAL Pt/ALUMINA CATALYST

Corina-Mihaela MANTA', Tonut BANU?*, Georgeta BERCARU®, Grigore
BOZGA"

m-xylene catalytic combustion was investigated in a laboratory set-up, over a
commercial Pt/Alumina catalyst, using concentrations typical for depollution
applications. The operating conditions consisted in temperatures within the interval
120-360 °C, hydrocarbon concentration in the range of 450-1300 ppmv and WHSW
(volume flow rate to catalyst weight ratio) between 0.067 and 0.2 m*kg™s™. In these
conditions was observed a negative reaction order in respect with the m-xylene, a
total m-xylene combustion being obtained at temperatures above 250 °C. A power
law kinetic model was found to adequately correlate the experimental data.
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1. Introduction

The xylene isomers are considered as volatile organic compounds (VOC)
regularly emitted in the exhaust gases of paint factories, production of
semiconductors and production and/or transport of liquid fuels.

The removal of VOC from gaseous effluents is dependent on the pollutant
nature, its concentration and amount of gas effluent. One of the most
recommended methods for VOC’s removal is the catalytic combustion. It has the
advantages of relatively low working temperatures limiting the risk of NOy
formation and the transformation of the organic compounds into less harmful total
oxidation products (CO; and water in the case of hydrocarbons).

Among the materials featuring catalytic activity for VOC’s combustion,
the most important are the supported noble metals [1], some transition non-noble
metals and transition metal oxides, individually or in mixtures [2]. Even being
more expensive, till present the noble metal based catalysts are widely used
commercially, as result of their high specific activity and their resistance to
deactivation. A review of non-halogenated VOC combustion techniques on
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supported Pt, Pd and Rh catalysts was recently published by Liotta [1]. Pt is the
noble metal most frequently used as combustion catalyst because of its higher
activity in most of the VOC combustion reactions [1, 3].

Till present, y-alumina is the noble metal support prevalently used in
commercial applications. Nevertheless, its main shortcoming is an important
sensitivity to water, one of the combustion products. Therefore, less hydrophilic
materials were tested as supports for the combustion catalysts. Pérez-Cadenas et
al. [3-5] and Morales-Torres et al. [6] reported better performances of Pt and Pd
supported on carbonaceous materials, as compared with alumina supported Pt and
Pd, for the combustion of benzene, toluene and xylenes (BTX).

Garetto and Apesteguia [7], Grbic et al. [8] and Padilla-Serrano et al. [9],
studied the influence of Pt dispersion on the activity of the supported Pt catalyst in
xylene isomers combustion. The results demonstrated that the combustion
reaction rate is faster on Pt particles larger than a critical value, decreasing upon
lowering the Pt particle size. This was explained by the stronger Pt—O bonds
formed on smaller Pt particles and lower energy Pt-O bonds, more adequate to
chemical reaction, formed on larger Pt particles.

The objective of this work is the experimental identification of operating
conditions required for the total combustion of m-xylene lean air mixtures over a
commercial Pt/Alumina catalyst and to propose a kinetic model for this process.
At our best knowledge there are not published data regarding this topic.

2. Experimental
a. Materials

Liquid m-xylene of analytical purity (Merck) was used in the combustion
experiments. The catalyst used was 0.5 % wt. Pt/y-alumina, produced by
Engelhard (ESCAT 26).

b.  Experimental set-up

The combustion experiments were carried out in a tubular quartz reactor,
placed in an electrically heated oven provided with temperature control. The
pressure was measured with an electronic manometer and was close to
atmospheric one. The amount of catalyst in all experiments was 0.025 g Pt/y-
alumina diluted with 0.075 g of quartz beads having the same class of dimensions,
in the range of 50 — 250 um. In order to evenly distribute the hydrocarbon flow
rate on cross section and to preheat the reactants, the diluted catalyst bed, having
the height of approximately 5 mm, was loaded in reactor between two layers of
quartz particles. Operating parameters (temperatures, flowrates) were controlled
by electronic devices. The hydrocarbon concentration was achieved by bubbling
an air stream through a vessel filled with liquid m-xylene, and then diluting the
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resulting mixture with the necessary flow of dry air. The attenuation of
concentration perturbation was achieved by introduction a buffer vessel of about
0.5 L before the reactor. The composition at the reactor outlet was measured on-
line by gas chromatography, using a Varian CP-3800 GC equipped with
methanizer, FID and TCD detectors. Further details regarding the experimental
procedure are given by Manta et al. [10]. The experimental set-up is presented in

Fig. 1. There are studies in the literature reporting that kinetics of benzene
combustion over 0.5 % Pt/Alumina catalysts with particle sizes below 500um is
not influenced by the particle diameter [11]. Given that benzene is more reactive
than xylenes [12], it was admitted that our experimental results are obtained in
conditions free from internal diffusion. The chromatograph calibration was
performed using a calibration mixture with known compositions of CH4, CO, CO,
and N, provided by Messer. The m-xylene concentration in the reaction mixture
was determined from a multi-point calibration procedure, based on m-xylene
concentrations calculated at total conversions from the resulting CO,.

Our results are presented as light-off curves (conversion-temperature
evolutions), similar with the majority of catalytic combustion studies. The m-
xylene conversion was calculated based on the inlet and outlet concentration
measurements. A value of one for the m-xylene selectivity transformation to CO,
was also determined from experimental measurements for all the experiments. No
catalyst deactivation was evidenced during the experimental work.

3. Results and discussions

In order to stabilize the catalytic activity, the catalyst was conditioned after
its first loading in the reactor for about 25 h under air flow at 400 °C, and further
for about 20 h in a steam of air with m-xylene. The possible catalytic effects of
different parts present in the reactor were assessed by performing combustion
experiments in the absence of the catalyst. No noticeable effect of the reactor
internals on the combustion results were found on the working domain.

The reproducibility of the experimental light-off curves was assessed by
performing several experiments in similar operating conditions. The data obtained
for a total flowrate of 200 mL min™ and hydrocarbon concentration of 1200 ppmv
are given in Fig. 2. The results presented in this figure are showing a good
reproductibility of the experimental results on the working domain.

Several conversion-temperature curves were recorded for different m-
xylene feed concentrations. The influence of the hydrocarbon feed concentration
is shown in

Fig. 3, where a decrease of the m-xylene conversion by increasing its feed
concentration can be observed (negative reaction order in respect to m-xylene).
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This influence can be explained by the competitive adsorption of both
hydrocarbon and oxygen molecules on the active sites of Pt catalyst.

aromatic hydrocarbons a
— : S
¥ air-hydrocarbons mixture
reaction products
hydrogen
5
O O
O O
O ELY O I 16
[Rve— § e
15 17

flow —

verification

. P : VARIAN
1. air COMPIESSAr ¢ pressure regulator CP-3800 GC
: drvmg column 9. 10. thermocouple
. particles filter 11 thermal insulation /- Bvdrogen tank |_’
. air flowmeter N1. needle valve

12. catalvst bed gas
. rotameter 13. fritted disc exhanst
. bubbling vessel 14 15 vahes

7. thermostat

h s b

=3

16. pressure reducer

Fig. 1. Experimental set-up for catalytic combustion
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Fig. 2. Reproducibility of m-xylene combustion (feed flowrate of 200 mL min™)



An experimental study of m-xylene combustion over a commercial Pt/Alumina catalyst 115

The m-xylene adsorption is enhanced by the m electrons existing in the
aromatic ring. As observed from the experimental results, the hindrance effect
induced by the m-xylene adsorption is amplified by increasing its concentration.
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Fig. 3. The influence of m-xylene feed concentration

The m-electrons of m-xylene molecule aromatic ring are favoring its
adsorption on the Pt crystallites surface. The results reported by Diehl et al. [13]
and Golodets [14] are suggesting that the adsorbed m-xylene molecule on Pt
consist in m-complexes, oriented in parallel with the metal surface. As in the case
of olefins, the next elementary surface stage could be the reaction of these -
coordinated species to produce di-c species, further undergoing the break of C-C
bond and reacting with the adsorbed oxygen.

4. Development of a kinetic model

The stoichiometry of m-xylene combustion process is described by the
overall chemical equation:

CgHyo +%o2 — A ,8C0, +5H,0 (1)

Several kinetic models are used in the literature to describe VOCs
combustion over Pt/Alumina catalysts. Preliminary kinetic investigation and
conceptual design studies are usually based on power law expressions. Because of
the high excess of oxygen in the reaction mixture, its concentration was
considered constant along the catalyst bed and equal to the one in air.

The rate expression is given by the relation:
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E
ra =k (T)p; k(T)=koe RT 2)

In order to diminish the correlation between the pre-exponential factor and
the activation energy, the rate constant was re-written in the equivalent form [15]:

k=k(Ta)exp(§zj; 7=—-— 3)

where T, is the average working temperature, calculated as arithmetic average of
the experimental values.

In this study, a pseudo-homogenous model was used to describe the
process in the experimental catalytic reactor, assuming the plug flow behavior in
the gas phase and considering the catalyst bed isothermal at the measured
temperature (a hypothesis justified by the high degree of catalyst dilution).

The balance equation for the hydrocarbon in the gas phase is:

9y me0, &0 4
dm

&, - reaction extent; m — the mass of catalyst contacted by the reaction mixture.

The physical properties of the reaction mixture were calculated using data
and relations published in the literature by Froment and Bischoff [16] and Reid et
al. [17] respectively.

The kinetic parameters (Ko, E and n) were estimated using the classical
least-squares method, using the “Isqcurvefit” function implemented in Matlab®
programming environment. The error function was written in terms of relative
errors in the conversion predictions:

N (X -X . ’
] (X)=Z(—°;< J 5)

i=1 e,

Xei, Xei - calculated and experimental values of m-xylene conversion
corresponding to the measurement i.

In order to insure that the kinetic parameters were calculated based on
experimental data free from the influence of the physical steps, m-xylene
conversion values below 0.4 were used in the estimation. The estimated
parameters along with their confidence intervals and the correlation coefficient are
given in Table 1. The relatively close confidence intervals of parameter estimates
and relatively high correlation coefficient (r02=0.957), indicate that the proposed
power law kinetic model provide a good agreement between the calculated and
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experimental conversion values on the estimation interval (conversions below
0.4). As it can be observed from Table 1, a negative reaction order was
determined, value in agreement with the experimental observations.

The comparison of the theoretical and experimental light-off curves
presented in

Fig. 4 is evidencing a good adequacy of the proposed kinetic model
predictions with the experimental results, especially for conversions up to 40 %.

The goodness of fit for the proposed kinetic model can be also revealed by
the parity diagram, presented in

Fig. 5, showing the calculated m-xylene conversion values versus the
experimental ones.

The diagram presented in Fig. 5 is divided in two zones, the first one
consisting in conversion values used in the estimation, and the second including
values not involved in the estimation calculations.
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Fig. 4. Comparison of calculated and experimental light-off curves

Table 1
Kinetic parameters values and their corresponding confidence intervals
Parameter Value Measurement
unit
Ko 6.269-10"°(10.028) | kmol kg s bar

1.251-10*(1£0.0043) | cal mol’
n -0.05(1+0.102) -
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r02=0.957, J=3.95-10
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Fig. 5. Parity diagram

The second region reveals a significant underestimation of conversion
values by the reactor model considered. This can represent the effect of an axial
temperature gradient arising along the catalyst bed, or significant gas to particle
temperature gradients, at m-xylene conversions higher than 50 %.

5. Conclusions

The catalytic combustion of m-xylene over 0.5% wt. Pt/Alumina
commercial catalyst, particularly for VOCs removal applications, is featuring a
negative reaction order with respect to hydrocarbon concentration, because of a
competition with oxygen for Pt active sites. The experiments evidenced that the
complete combustion of m-xylene in air at concentrations between 450 and 1300
ppmv, at space velocities between 0.067 and 0.2 m® kg™ s™' can be accomplished
at temperatures above 250 °C. No significant carbon monoxide concentrations
were observed in the working interval, the Pt insuring total m-xylene combustion
to carbon dioxide and water. The results are useful for the analysis and design of
the catalytic reactors for combustion of VOCs mixtures containing m-xylene
vapour, specific for depollution applications.



An experimental study of m-xylene combustion over a commercial Pt/Alumina catalyst 119

Acknowledgement

The work has been funded by the Sectorial Operational Program Human
Resources Development 2007-2013 of the Ministry of European Funds through
the Financial Agreement POSDRU/159/1.5/5/132395.

REFERENCES
1. L.F. Liotta, Catalytic oxidation of volatile organic compounds on supported noble metals,
Applied Catalysis B: Environmental, vol. 100, 2010, pp. 403-412
2. S. Tanasoi, et al., Transition metal-containing mixed oxides catalysts derived from LDH

precursors for short-chain hydrocarbons oxidation, Applied Catalysis A: General, vol. 395,
2011, pp. 78-86

3. A.F. Pérez-Cadenas, et al., Pd and Pt catalysts supported on carbon-coated monoliths for
low-temperature combustion of xylenes, Carbon, vol. 44, 2006, pp. 2463-2468
4, A.F. Pérez-Cadenas, et al., Carbon-based monolithic supports for palladium catalysts: The

role of the porosity in the gas-phase total combustion of m-xylene, Applied Catalysis B:
Environmental, vol. 77, 2008, pp. 272-277

5. A.F. Perez-Cadenas, S. Morales-Torres, F.J. Maldonado-Hodar, and F. Carrasco-Marin,
Carbon-based monoliths for the catalytic elimination of benzene, toluene and m-xylene,
Applied Catalysis A: General, vol. 366, 2009, pp. 282-287

6. S. Morales-Torres, et al., Palladium and platinum catalysts supported on carbon nanofiber
coated monoliths for low-temperature combustion of BTX, Applied Catalysis B:
Environmental, vol. 89, 2009, pp. 411-419

7. T.F. Garetto and C.R. Apesteguia, Structure sensitivity and in situ activation of benzene
combustion on Pt/Al,O; catalysts, Applied Catalysis B: Environmental, vol. 32, 2001, pp.
83-94

8. B. Grbic, N. Radic, and A. Terlecki-Baricevic, Kinetics of deep oxidation of n-hexane and
toluene over Pt/Al1203 catalysts, Applied Catalysis B: Environmental, vol. 50, 2004, pp.
161-166

9. M.N. Padilla-Serrano, F.J. Maldonado-Hodar, and C. Moreno-Castilla, Influence of Pt
particle size on catalytic combustion of xylenes [lon carbon aerogel-supported Pt catalysts,
Applied Catalysis B: Environmental, vol. 61, 2005, pp. 253-258

10. C.M. Manta, G. Bozga, G. Bercaru, and S.C. Bildea, A Study of White-Spirit Vapor
Combustion on Pt/Al,O; Catalyst, Chemical Engineering & Technology, vol. 34, 2011, pp.
1739-1744

11.  S. Ordobfiez, et al., Kinetics of the deep oxidation of benzene, toluene, n-hexane and their
binary mixtures over a platinum on v-alumina catalyst, Applied Catalysis B:
Environmental, vol. 38, 2002, pp. 139-149

12.  AF. Pérez-Cadenas, S. Morales-Torres, F.J. Maldonado-Hddar, and F. Carrasco-Marin,
Carbon-based monoliths for the catalytic elimination of benzene, toluene and m-xylene,
Applied Catalysis A: General vol. 366, 2009, pp. 282-287

13.  F. Diehl, et al., Catalytic oxidation of heavy hydrocarbons over Pt/A1203. Influence of the
structure of the molecule on its reactivity, Applied Catalysis B: Environmental, vol. 95,
2010, pp.217-227



120 Corina-Mihaela Manta, Ionut Banu, Georgeta Bercaru, Grigore Bozga

14.  G.l. Golodets, Heterogeneous catalytic reactions involving molecular oxygen, Elsevier,
1983

15. J.P. Puaux, I. Banu, I. Nagy, and G. Bozga, A study of L-lactide ring-opening
polymerization kinetics, Macromolecular Symposia, vol. 259, 2007, pp. 318-326

16.  G.F. Froment and K.B. Bischoff, Chemical reactor analysis and design, Wiley, 1990

17.  R.C. Reid, J.M. Prausnitz, and B.E. Poling, The properties of gases and liquids, McGraw-
Hill Book Company, 1987.



