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Catalytic decomposition of ozone: from laboratory fixed bed reactor to design of
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The purpose of the present paper is to demonstrate an approach to establish Kkinetics parameters of ozone
decomposition aimed at being suitable for further application to design monolithic reactors for neutralization of waste
gases. A catalytic system of Ag/anodized alumina/aluminium foil was selected for this purpose. To obtain Kinetic data
close to plug-flow reactor conditions, the catalyst was tested in the form of 2x5 mm sheets loaded randomly in the
reactor. The same amount of catalyst has been rolled to create tubes of circular cross-section (diameter of 2.5 mm) to
resemble a geometrical configuration of a single monolithic channel. Two kinetic equations of first order and partial
order reaction were selected to fit experimental data. Purification of waste gases containing ozone in a monolithic
reactor was simulated by a two-dimensional heterogeneous model accounting for concentration and temperature profiles

inside both the gas phase in the channel and the catalytic active phase.
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INTRODUCTION

The reaction of catalytic decomposition of ozone
is of practical interest for several reasons. Exit gases
from ozonation of wastewater and drinking water,
sterilization, and deodoration contain residual ozone
and because ozone itself is very toxic, these gases
must be neutralized [1]. The catalytic decomposition
of ozone is required for purification of indoor
ventilation air including aircrafts, where ozone peak
levels without catalytic converters exceeds 100 ppb,
with some flights having long periods when these
levels are above 75 ppb [2]. The role of aerosol
particles in depleting the stratospheric ozone layer is
a problem of major importance. There has been long
evidence for a negative correlation between ozone
and aerosols during desert dust outbreaks [3]. In situ
measurements show a significant reduction in ozone
layer under high dust concentrations [4, 5].

Ag-containing catalysts exhibit highest activity
when compared with oxides of Co, Ni, Fe, Mn, Ce,
Cu, Pb, Bi, Sn, Mo, V, and Si [6]. It has been
reported that a silver-based catalyst demonstrate a
remarkable activity and stability even at low tempe-
ratures [7-12]. During the catalytic decomposition
of ozone, a highly reactive oxygen species is
produced that is able to oxidize completely toxic
compounds at room temperature [13]. There is an
increased interest in the complete oxidation of
VOCs (volatile organic compounds) [13-20] and
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CO [21, 22] in waste gases by catalytic ozonation.
Most of the available data in the literature related to
the catalytic decomposition of ozone are based on
testing the catalysts in the form of small particles
(sizes below 1 mm) of irregular shape and, at the same
time, significant results on monolithic (structured)
catalysts are missing.

The aim of the present paper was to demonstrate
an alternative approach to establish kinetic parame-
ters of ozone decomposition that are suitable for
further application to design monolithic reactors.
The active phase of the catalyst (Ag) was supported
on a thin layer of y-alumina obtained by anodizing
an aluminium foil. The catalyst had well defined
geometrical characteristics, which were proper for
operation under plug-flow conditions by testing
catalytic samples in the form of rectangular-shaped
sheets thus ensuring almost perfect mixing around
each catalytic element. For tests in a laminar gas
flow inside a monolithic element, the same catalyst
was examined in the form of a channel of circular
cross-section. A possibility to apply the results of
fixed bed reactor experiments by simulating the
behaviour of a monolithic reactor for ozone-con-
taining waste gas abatement by a two-dimensional
heterogeneous model of monolithic channel is also
considered.

EXPERIMENTAL

The catalytic support was prepared by anodizing
an aluminium foil (thickness of 0.30 mm, 99%
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purity) and rolled to create tubes of circular cross-
section of a 153-mm length and diameter of 2.5 mm
to achieve a geometrical configuration of a single
monolithic channel. Anodizing was applied to
obtain a thin film layer of y-Al,Os, which is suitable
for a catalyst supports for Ag. A scanning electron
micrograph (SEM) of the catalyst revealed an
average thickness of the alumina layer of 15 pm,
while a BET surface area of 14 m%.g ™" was measured
on a Quantachrome Nova 1200 instrument.

A catalytically active phase of 2 wt.% silver,
measured by a Perkin-Elmer atomic absorption
analyser, was deposited on the support by direct
impregnation with an aqueous solution of AgNOs,,
then dried, and calcined at 400°C for 2 h.

The following experimental conditions were
applied to obtain kinetic data. A catalyst sample (12
cm?) was tested in the form of 2x5 mm sheets, then
loaded randomly in the reactor (quartz glass tube,
i.d. 5.5 mm), and mixed with a-alumina spherical
particles of 0.6-0.7-mm size. The pressure drop was
measured to be below 1 kPa and it was disregarded.
Radial concentration profiles and axial dispersion
effects were also neglected.

Ozone was synthesized in a flow of oxygen
(99.7%) using an ozone generator with silent
discharge and coaxial electrodes. The inlet concen-
tration of ozone was varied from 0.04 to 0.17
mol.m=. Ozone concentration was measured by an
Ozomat GM ozone analyser (Anseros, Germany).
The reaction temperature was varied from —40 to
+40°C and was kept with an accuracy of £0.5°C by

means of a thermostat with a mixture of acetone and
dry ice (carbon dioxide, T =-78°C).

RESULTS

The decomposition of ozone on an Ag/anodized
alumina catalyst loaded in the reactor in the form of
2x5 mm sheets proceeds at a measurable rate at a
temperature below —40°C (Fig. 1). Further, analysis
of catalyst behaviour was extended by investigation
of reaction kinetics. To calculate kinetic parameters
both inlet concentration of the ozone and gas hourly
space velocity (GHSV) were varied.

Data on conversion-temperature dependencies
were used to fit Kinetic parameters by applying the
method described by Duprat [23] and Harriot [24].
The results are presented in Table 1. Details on the
calculation procedure were published elsewhere [25].
In brief, it consists of a direct integration of the reac-
tion rate based on data on temperature-conversion
curves by using a one-dimensional pseudo-homoge-
neous model of plug-flow isothermal reactor. The
residual squared sum (RSS) between experimental
data and model predictions was minimized (an
optimization criterion) and the square of correlation
coefficient (R2) was calculated and used as a
measure of model applicability. Values for the
effectiveness factor of first-order kinetics and slab
geometry were calculated by Thiele modulus [26,
27]. Calculations showed that at temperatures above
—10°C, where resistance due to internal diffusion
plays a significant role, the decrease of the
effectiveness factor could not be neglected.
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Fig. 1. Measured conversions of ozone decomposition over Ag/anodized Al-catalyst tested
under conditions of plug-flow reactor and single monolithic channel with circular cross-
section: comparison with model prediction.
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Table 1.

Model Ko E.. m RSS R
First order kinetics:
I’a:kPOS 2.25E+12 52.0 1,7 0.988
Power-law kinetics:
ra:kPoT 2.25E+12 527 095 1.6 0.989

k = Ko.exp(—Eo/RT); E, kd.mol™; k,, mol.s *.m~.atm ™™,

In general the heterogeneous catalytic decompo-
sition of ozone can be presented by the following
scheme [28]:

03+() —850, +0, @

0, +6,—2 () +20, 2)

rzzﬂ_po A3)
k,+k, ™

Obviously, equation (3) applies for a first-order
reaction (stoichiometric equation is 203 — 302).
However, the present experimental results show an
increased conversion value at a lower inlet concen-
tration of ozone, i.e. the observed reaction order is
somewhat lower than unity. A similar observation
has been reported by Oyama and Li [29]. These
authors proposed a simple rate expression of global
kinetics: a power rate law dependence on ozone
partial pressure that was linear over several orders
of magnitude of ozone partial pressure change,
r= kP0'94.

Results of fixed bed reactor tests were applied to
simulate the behaviour of a monolithic reactor for

T =25 °C; ozone: 0.12 mol/m® in air; GHSV = 40 000 h™

D=2.5mm;L=153 mm

T

inlet

D=2.5mm; L =390 mm

= 40 °C; ozone: 0.13 mol/m’® in air; GHSV = 15700 h™

abatement of waste gases containing ozone. A two-
dimensional heterogeneous model of monolithic
channel was used to simulate ozone decomposition
in a monolithic reactor. The basic principles of the
model have been described in detail by Belfiore [28]
and Nauman [29]. A single channel model was the
subject of mathematical description. A finite differ-
ence method was applied and the corresponding
computational code was written by using a standard
Excel® (Microsoft) program. Verification of the
model was performed by a comparative calculation
with the corresponding analytical solutions for
certain boundary cases.

Figure 2 shows results of experiments with the
monolithic element and calculations using the
Kinetics parameters as given in Table 1. Channel
dimensions were selected in a way that channel area
be the same as for a tested sample in a fixed bed
reactor in the form of rectangular shaped sheets. The
results are related to calculated conversion and
temperature profiles inside the monolithic channel
using data on first-order reactions at different
channel dimensions (diameter and channel length),
gas-hourly space velocities, inlet ozone concentra-
tions, and data on an isothermal or adiabatic reactor
operation. Furthermore, it was of practical interest
to calculate the necessary amount of catalyst to
achieve a specified degree of waste gas purification
(e.g., if 98% of containing ozone is to be decom-
posed or to simulate the process in monoliths at a
different channel/aspect ratio). For the purpose,
experimental results acquired by means of an
isothermal laboratory reactor (Fig. 2a) were used to
simulate the abatement of methane containing gases
under adiabatic conditions (Fig. 2b).

Isothermal operation

Active layer tickness: 1.5.10°m

D
o

Conversion, % a

adiabatic operation

Conversion, % b

Fig. 2. Experimental (a) and calculated (b) conversion profiles inside the monolithic
channel at a different channel length using the obtained data on first-order kinetics.
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The proposed experimental approach can also be
used to collect data on a detailed reaction mechanism
by applying the co-called transient response method,
first developed by Kobayashi [30]. It is based on
analysis of the response of the catalytic system
when a fast step-wise change of reaction parameters
is applied.

CONCLUSION

Based on experimental results and performed
calculations one may conclude that the reaction of
catalytic decomposition of ozone was investigated
under proper experimental conditions and data on
further application to design structured (monolithic)
reactors for abatement of ozone in waste gases could
be provided.
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KATAJIMTUYHO PA3JIAAHE HA O30H — OT JIABOPATOPEH PEAKTOP C HEHIOJIBVJKEH
CJIOU KbM OPA3SMEPABAHE HA MOHOJIMTEH AAMABATEH PEAKTOP

Auwur. Un. Hatinenos

Hucmumym no obwa u neopeanuyna xumus, bvizapcka akademus na naykume,
ya. ,,Akao. I'. Bonues*, 6n. 11, 1113 Cogus, Fvaeapus

Ilocrpnnna Ha 29 centemBpu 2015 r.; Ilpepaborena Ha 28 okromBpu 2015 1.
(Pe3srome)

Ilenta Ha HacTosmiaTa paboTa € Ja Ce MOKaXKEe BB3MOKHOCTTA 3a ONPEACISIHC HA KHUHCTHYHHTE MapaMeTpH Ha
peakuusaTa Ha KaTaIMTUYHO pasjaraHe Ha O30H C Orje] MOCIeABAIl0 UM NPUIIOKEHUE MPH Opa3MepsBAaHETO Ha
MOHOJIMTHH PEaKTOpPH 3a O0C3BpexkIaHe Ha OTHaIbuHU Ta3oBe. Karanutuunata cucrtemMa Ag/aHonupaH
aNyMUHHN/QTyMHHIEBO (oo O¢ m30paHa 3a HACTOSIIOTO M3CIIEBAHE. 3a MOJlyyaBaHEe HAa JaHHU 32 KAMHCTHKATA MPH
YCIIOBHS B peakTopa, OJHM3KHU J0 PSKUM Ha HIICATHO U3MECTBAHE, KaTalIM3aTOPBT O€ TeCTBaH MO (popMara Ha JICHTH C
pasMepu 2x5 mm, 3apefeHu B HEMOAPEAeH BUJ B KaTAIUTUYHHS peakTop. OT CHIIOTO KOJIWYECTBO KaTanu3aTtop Osxa
n3paboTeHN W TPHOHHM E€IEeMEHTH C KPBIJIO CEYeHHE C IUAMETBp 2.5 MM ¢ men noOnmkaBaHE IO T€OMETPHYHHTE
XapaKTePUCTHKH Ha COUHWYCH KaHAI OT MOHOJUTCH KATaIUTHYCH eJEMEHT. 3a M3YUCISABAaHC HA KUHCTUIHHUTE
mapaMeTpu Osxa MoaOpaHW JBE ypaBHEHHSA: OT IBPBH H OT APOOCH TMOPSOBK CHOpsMO 030HAa. OUYHCTBaHETO Ha
OTIAABYHA Ta30BE, CHIBPIKAIIN 030H, O CHMYJIHPAHO Upe3 IBYMEPCH XETEPOTeHEH MOJEN Ha PeakTop, MPeABIDKIAI]
KOHIICHTPAIIHOHHUS U TEMIIEpaTypHHS PO KaKTO B Ta30Ba (as3a, Taka ChIIO U B aKTHBHATA (pa3a Ha KaTanm3aropa.
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