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Oxidative decomposition of a model volatile organic compound (isopropanol, IP) has been carried out
in a catalytic dielectric barrier discharge (DBD) reactor, where modified sintered metal fiber (SMF) filter
was used as the inner electrode. The SMF was modified with Mn and Co oxides by impregnation, fol-
lowed by calcination and the performance of the DBD reactor was tested for the oxidation of IP in the
specific input energy range 160-720]/1 by varying the high voltage and frequency. It has been observed
that SMF modification by MnO, and CoO, not only improved the conversion of isopropanol, but also
increased the selectivity towards total oxidation. MnO, modification showed better performance than
CoOy, which may be attributed to the formation of atomic oxygen by in situ decomposition of ozone. It
has been demonstrated that with MnOy/SMEF it is possible to completely oxidize 100 ppm of isopropanol

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Isopropanol (IP) is widely used as a solvent and cleaning fluid,
especially for dissolving lipophilic contaminants such as oil [1]. The
uses of IP include cleaning electronic devices such as contact pins,
disk heads, the lenses of lasers in optical disc drives. It is also used
to clean LCD and computer monitor screens [1,2]. It is also effec-
tive at removing residual glue from some sticky labels. It can also
be used to remove stains from most fabrics, wood, cotton, etc. Iso-
propyl alcohol vapor is denser than air and is highly flammable. It
should be kept away from heat and flame [2,3]. On mixing with
air or other oxidizers, IP can explode through deflagration. Its
odor threshold has been estimated as 22 ppm and recommended
exposure limit in the work place is 400 ppm. Exposure to higher
concentration of IP may cause health problems like irritation of
eyes, drowsiness, and dizziness. Isopropyl alcohol is oxidized by
the liver into acetone by alcohol dehydrogenase. Symptoms of iso-
propyl alcohol poisoning include flushing, headache, dizziness, CNS
depression, nausea, vomiting, anesthesia, and coma and hence its
abatement if warranted. Excess of isopropanol will be separated
from water and other by-products by distillation. Isopropyl alcohol
and water form an azeotrope and simple distillation gives a mate-
rial which is 87.9% by weight isopropyl alcohol and 12.1% by weight
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water. The usual practice to remove IP from industrial effluent is
by absorption into water by using wet scrubbers followed by dis-
tillation or pervaporation. Thermal oxidation of alcohols needs a
high temperature in the range 600-700 °C, whereas, catalytic oxi-
dation will be carried out in the temperature range 250-350°C
[4,5].

Even though these techniques are promising, at low concentra-
tions (<1000 ppm) these techniques are energetically not favorable
as abatement of dilute VOCs under low concentrations needs con-
tinuous supply of heat energy.

In this context, non-thermal plasma (NTP) generated at atmo-
spheric pressure is an alternate method of choice, mainly due to
ease of operation under ambient conditions [5-18]. At dilute pol-
lutant concentrations, typically less than 1000 ppm, NTP treatment
requires less energy than incineration or thermal-plasma treat-
ment. In many case studies it has been reported to be economical
than raising the temperature of the entire gas stream to tempera-
tures needed for catalytic decomposition (200-500 °C). In NTP, the
electrical energy is primarily utilized for the production of energetic
electrons, leaving the background gas nearly at room temperature
[15-25]. In addition, when operated in air, NTP produces poten-
tially active species like Np™ (A3Y u*), No" (B3] ]u*), 02" (alAg),
0O('D), O(3P), and N(#S) in addition to ozone. The NTP technique
was tested for the destruction of IP with an input energy of 400
and 700]/1, respectively during the destruction of 135 and 400 ppm
of IP [13]. However, formation of a stable secondary product ace-
tone was observed, whose destruction demands still higher energy
(~1100]/1), which is not economical [4]. Hence, decreasing the
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input energy and improving the reactor performance towards total
oxidation of IP is warranted.

Recently we reported a novel DBD reactor configuration with a
metallic catalyst made of sintered metal fibres (SMF) also served
as the inner electrode [26,27]. Destruction of various VOCs was
tested over modified SMF electrodes and typical results indicate
that with a suitable modification of SMF with various transition
metal oxides, complete oxidation of VOCs was achieved at low
consumption of energy [26-28]. The designed reactor was ear-
lier tested for the destruction of IPA at a fixed concentration of
250 ppm over MnOy/SMF. However, there is a need to study the
performance of the NTP reactor as a function of IP concentration
in order to exploit the potentials of NTP technique, especially for
lower concentrations. During the present study, performance of the
DBD reactor has been tested for the IPA total oxidation [28]. Influ-
ence of various parameters like the selection of the catalyst, applied
voltage, frequency, concentration of IP and the formation of ozone
on the performance of plasma reactor will be discussed.

2. Experimental
2.1. Materials and methods

Sintered metal fiber filters (SMF, Southwest Screens & Filters SA,
Belgium) made of stainless steel consisting of thin uniform metal
fibers of diameter 30 m, wetness capacity of ~30 wt% and poros-
ity of ~80 wt% were used in the present study. For the preparation
of 3wt% MnOy and CoOy, the SMF was oxidized at 873 K for 3 h, fol-
lowed by impregnation with Co and Mn nitrate aqueous solutions
of desired concentration. Drying at room temperature followed by
calcination in air at 773 K for 5 h resulted in catalytic electrodes of
metal oxide supported on SMF. The CoOx and MnOy/SMF contained
3 wt% of the metal oxide. XPS analysis confirmed the formation of
metal oxides on SMF [26]. Finally, SMF filters were subjected to an
electrical hot press to shape them into cylindrical form giving the
desired discharge gap.

2.2. Plasma reactor

A detailed description of the DBD reactor is reported elsewhere
[26]. Briefly, the dielectric discharge was generated in a cylindri-
cal quartz tube with an inner diameter of 18.5 mm. A silver paste
painted on the outer surface of the quartz tube acted as the outer
electrode, where a modified SMF acts as the inner electrode. The
discharge length was 10 cm and discharge gap was fixed at 3.5 mm
during the destruction of IP. The specific input energy (SIE) in
the range 160-725]/1 was applied by varying the AC high voltage
(12.5-22.5kV) and frequency (200-275 Hz). Conversion of VOC at
each voltage was measured after 30 min. A voltage (V)-charge (Q)
Lissajous method was used to determine the discharge power (W)
in the plasma reactor, where the charge Q (i.e. time integrated cur-
rent) was recorded by measuring the voltage across the capacitor
of 220 nF connected to the ground electrode. The voltage was mea-
sured with a high voltage probe (Luke 80 K-40 HV). The signals of
V and Q were recorded with a digital oscilloscope (Tektronix, TDS
3054) and plotted to get a typical V-Q Lissajous diagram.

2.3. Experimental procedure

The experimental set-up consisted of a motor driven syringe
pump for the introduction of IP, which was mixed with 500 ml/min
(STP) air and was fed into the plasma reactor with a Teflon tube.
IP concentration at the outlet of the reactor was measured with
a gas chromatograph (Varian 450) equipped with a flame ioniza-
tion detector. The formation of CO, and CO was simultaneously
monitored with an infrared gas analyzer (Analyzer instruments

company, India), whereas ozone formed in the plasma reactor was
measured with a UV absorption ozone monitor (API-450 NEMA). As
the volume change due to chemical reactions is negligible, selec-
tivity to CO, and COx was defined as follows:

. Ico]
sco(®) = 311voc], - Vo)

o) — [CO]
>eex(%) = 3qvoc, - voc)

Scox = Sco + Sco,

= x100

x 100

3. Results and discussion
3.1. Performance of DBD reactor during the decomposition of IP

NTP technique is expected to be advantageous especially for
VOC concentration <1000 ppm as it is difficult to maintain adiabatic
conditions under such dilute concentrations. During the present
study, concentration of IP has been changed between 100 and
1000 ppm in order to understand the influence of VOC concentra-
tion on the performance of the reactor. Fig. 1 presents the activity of
various catalytic electrodes during the conversion of 1000 ppm of
IPin the applied voltage range 12.5-22.5 kV that corresponds to the
SIE of 160-295 ]/, respectively. As seen from Fig. 1, conversion of IP

SE (m

160 195 235 265 295
a 100 ) ) ) L L
A
90 - -
/..
/./’
80 - =
B~ [-m—smF
e —#— Co/SMF
F 70 4 ,/ —&— Mn/SMF
H
£ 60
o
A
* /
=
40 - L
30 T T T T T T T T T
125 150 17.5 200 225
Voliage &V)
SE (M
180 185 235 285 255

b 100 L L
=

I S CasuF

| O Euasur

Salectivity (%)

125 150 175 200 225
valape (V)

Fig. 1. (a) Influence of SMF modification and SIE on the conversion of IP (SIE
160-295]/1 and 1000 ppm of IP). (b) Influence of SMF modification and SIE on selec-
tivity to COx and CO, (SIE 160-295]/1 and 1000 ppm of IP).
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increases with increasing SIE over all the electrodes from ~40% at
165 J/1to more than 90% at 295 J/1. Also, as seen from Fig. 1 SMF mod-
ification with transition metal oxides has not shown any significant
influence. This may be due to the quick deactivation of the catalyst
by polymeric products formed in the reaction, which is in agree-
ment with the earlier observation during the abatement of IP [28].

During the decomposition of any VOC, the desired products are
CO, and H;,0, i.e. total oxidation. However, as the NTP abatement of
VOCs may lead to undesired and sometimes toxic by-products like
CO, in general, the selectivity to CO, is not 100%. During the present
study as no other hydrocarbon except IP was detected at the out-
let, COx selectivity also represents the carbon balance. Figure 1b
presents the COx (CO+CO,) selectivity and also the carbon bal-
ance. The selectivity to COx was close to 60% with all catalysts
and was never 100%. But with increasing SIE, the COy selectivity
also increases and reached 100% at 295]/1. Hence, for 1000 ppm
of IP in the SIE range of the present study, the SMF catalytic elec-
trodes showed poor carbon balance and considerable amount of
carbon was deposited on the walls of the reactors. However, as
seen from Fig. 1b, SMF modification with CoOx and MnOy resulted
higher COy selectivity. Fig. 1b also presents the CO, selectivity. As
seen from Fig. 1b, the selectivity to CO, also followed a similar
trend to that of CO, where SMF electrode showed ~20% selectiv-
ity at 160]/1, whereas, CoOx and MnO, modified SMF electrodes
showed 30% selectivity. With increasing SIE, CoOx and MnOx mod-
ified electrodes showed higher selectivity, whereas, SMF showed a
maximum of 40% even at 295]/1.

During the destruction of 1000 ppm of IP, conversion and CO,
selectivity were not 100%, which may be due to high concentration
of IP (Fig. 1a and b). In order to understand the influence of inlet
concentration, IP concentration has been varied between 1000 and
100 ppm. Fig. 2 presents the performance of the catalytic DBD reac-
tor for destruction of 500 ppm of IP. As seen from Fig. 2a, decreasing
IP concentration from 1000 ppm to 500 ppm did not show any sig-
nificant change in conversion. However, as seen from Fig. 2a SMF
modification with CoOx and MnOy showed slightly better conver-
sion than unmodified SMF, whereas, at 1000 ppm, all the electrodes
showed nearly same activity. Hence, the absence of the catalytic
effect at 1000 ppm of IP may be due to quick deactivation of the
catalyst. For 500 of IP the activity of the studied catalysts followed
the trend MnOx/SMF > CoOx/SMF > SMF.

As seen earlier that with decreasing VOC concentration, selec-
tivity to CO, increases. In order to confirm this observation VOC
concentration was further decreased to 250 ppm. Fig. 3a and b
presents the influence of the applied voltage on the conversion
of 250 ppm of IP. As seen from Fig. 3a, SMF catalyst showed poor
activity throughout the range of SIE. At 160 J/l SMF shows ~60% con-
version that increased to 100% at 295 /1, whereas, with CoOy and
MnOy/SMF electrodes, 100% conversion of IP was observed even at
235]/1. This better activity of modified electrodes may be due to the
formation of strong oxidant atomic oxygen.

Selectivity to the COx has been shown in Fig. 3b. As seen from
Fig. 3b, for 250 ppm of IP ~ 100% selectivity to COx was observed at
235]/1, whereas under the same conditions, for 500 and 1000 ppm
of IP, selectivity to CO, was only around 90%. Hence, during the
destruction of 250 ppm of IP, SIE of 235]/1 is required in order
to avoid carbon deposit. CoOx and MnOx/SMF showed better COyx
selectivity than unmodified SMF, which is in agreement with the
earlier observations. It is worth mentioning that at 235 J/I, CoOx and
MnOy/SMF showed 100% conversion. Interestingly, with increas-
ing SIE, the CO, selectivity increases over the catalytic electrodes
under the study. SMF showed ~40% selectivity to CO, at 295]/1,
whereas MnOy/SMF showed around 45% CO, selectivity even at
160]/1 and reached 80% at 295]/1. A similar trend was observed
on other CoOx/SMF electrode. Hence, selectivity towards total oxi-
dation of IP increases with metal oxide modified electrodes. The
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Fig. 2. (a) Influence of SMF modification and SIE on the conversion of IP (SIE
160-295]/1 and 500 ppm of IP). (b) Influence of SMF modification and SIE on selec-
tivity to CO, and CO, (SIE 160-295]/1 and 500 ppm of IP).

MnOx/SMF showed better performance towards total oxidation
compared to CoOy/SMF.

As seen from the earlier studies, NTP reactor shows bet-
ter performance with decreasing VOC concentration. In order to
ensure this observation, IP concentration was further decreased to
100 ppm. As seen from Fig. 4, SMF electrode, conversion increases
with increasing applied voltage and reaches ~100% only at 295]/1,
whereas, CoOy and MnOy/SMF showed better activity over SMF
throughout the SIE range of the present study. Both these cat-
alytic electrodes showed close to 100% conversion at SIE higher
than 195]/1. It is worth mentioning that 195]/1 is nearly equal to
heating a liter of gas to ~200°C.

Fig. 4b represents the selectivity to COyx during destruction
of 100 ppm of IP. Selectivity to COx increases with increasing
voltage and reached 100% (no carbon deposit) on CoOx and
MnOy ~ 195]/1, whereas it was higher than 235 ]/l over SMF. Fig. 4b
also presents CO, selectivity over various catalysts during destruc-
tion of 100 ppm of IP. As seen from Fig. 4b, SMF showed only ~50%
selectivity to CO, at 295]/1, whereas 90% selectivity to CO, was
observed over MnOy/SMF at 195]/1 (15 kV). It is worth mentioning
that with MnO/SMF catalyst, at 195]/1, the conversion was ~100%
(Fig.4a)and there was no polymeric carbon deposit (Fig. 4b). Hence,
the DBD reactor with catalytic SMF electrode showed remarkable
activity during the destruction of IP.
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Fig. 3. (a) Influence of SMF modification and SIE on the conversion of IP (SIE
160-295]J/1 and 250 ppm of IP). (b) Influence of SMF modification and SIE on selec-
tivity to COx and CO, (SIE 160-295]/1 and 250 ppm of IP).

3.2. Influence of applied voltage and frequency on the
performance of MnOx/SMF catalytic electrode during the
destruction of 100 ppm of isopropanol

From the above studies it is clear that SMF modification by metal
oxides mainly resulted in higher performance of the DBD reactor
and among Co and Mn oxides, MnOy modification showed best per-
formance over other electrodes during the destruction of IP in the
SIE range 160-295]/1, which was applied by varying the voltage
between 12.5 and 22.5kV at a fixed frequency of 200 Hz. However,
SIE can also be varied by changing both voltage and frequency. Fur-
ther studies were aimed at achieving the total oxidation of 100 ppm
of IP over MnOy catalytic electrode in the SIE range 160-725]/1 by
changing the applied voltage between 12.5 and 22.5kV and fre-
quency in the range 200-275 Hz. Fig. 5a presents the conversion
of 100 ppm of IP as a function of SIE over MnOy/SMF electrode. As
seen from Fig. 5a, at 200 Hz, ~100% conversion was achieved at a
SIE>195]/1 (15kV) and increasing frequency to 250 Hz and 275 Hz
has not shown any significant change in the conversion as ~100%
conversion was obtained at SIE > 200]/1.

Fig. 5b also presents the selectivity profile of the CO and CO,
during the destruction of 100 ppm of IP as a function of SIE. As
no other hydrocarbon except IP was observed at the outlet, the
selectivity to solid deposits can be estimated as (100 — Sco, ) %. As
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Fig. 4. (a) Influence of SMF modification and SIE on the conversion of IP (SIE
160-295]/1 and 100 ppm of IP). (b) Influence of SMF modification and SIE on selec-
tivity to COx and CO; (SIE 160-295]/1 and 100 ppm of IP).

seen from Fig. 5b, increasing both voltage and frequency leads to a
higher selectivity to COy, but also increases SIE. At any frequency,
nearly 100% selectivity to COx (without solid deposit) was achieved
at voltage higher 15.0kV. Fig. 4b also represents the selectivity to
CO,, which also increases with increasing SIE. When SIE was varied
in the range 160-295 /1, a maximum of 100% selectivity to CO, was
achieved at 195]/1 (200Hz, 15kV). With increasing frequency to
250 Hz, nearly the same selectivity was observed. Hence, with the
novel DBD reactor presented in this work, it is possible to oxidize
completely 100 ppm of IP at SIE > 200 J/1.

3.3. Discussion

As seen from the above presented results, combination of cata-
lyst with plasma showed improved performance. In general, the
efficiency of NTP technique can be envisaged based on either
reducing power consumption, and/or suppressing the undesired
by-product formation. Among the alternatives to improve the effi-
ciency of the plasma catalytic approach, increasing the residence
time of VOCs in the plasma zone without changing the reactor
size appears to be a promising approach. A combination of het-
erogeneous catalyst and non-thermal plasma seems to be the best
choice, where increasing residence time of the adsorbate molecules
in the plasma zone improves selectivity towards total oxidation. In
practice, a catalyst may be combined with NTP in two ways: by
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introducing the catalyst in the discharge zone (In-plasma catalytic
reactor, IPCR) or by placing the catalyst after the discharge zone
(Post-plasma catalytic reactor, PPCR). The better performance of
the plasma catalytic technique has been reported with the catalyst
placed downstream to the discharge zone, mainly due to the oxidiz-
ing properties of long lived species like ozone. However, a synergy
between NTP and catalysts is expected when the catalyst is placed
in the discharge zone. Most of the chemically active species gen-
erated in the plasma are short-lived and cannot reach the catalyst
surface in downstream configuration.

It is known that non-thermal plasma produces ozone from
air by the ionization of oxygen molecules. Even though there is
no direct correlation between the amount of ozone formed in
the NTP reactor to its efficiency, nevertheless, the oxidation of
various hydrocarbons in catalytic plasma reactor may be due to
the decomposition of ozone on the catalyst surface leading to
the formation of strong oxidizing species, mainly atomic oxygen
[28-30]. During the present study, in the presence of 100 ppm of
IP, ~900 ppm of ozone was observed, which decreases to 500 and
350 ppm with CoOx and MnOy/SMF, respectively. MnOx/SMF cat-
alytic electrode showed better performance during the destruction
of IP compared to CoOx/SMF and SMF. This observation can be
explained based on the ozone decomposition efficiency as reported
elsewhere [29]. MnOy/SMF seems to be the active electrode in
ozone decomposition. This suggests the formation of reactive
oxygen species on MnOy/SMF catalytic electrode at low energy con-
sumption, which may be responsible for the higher performance

observed. The solid polymeric deposit may contain oxygenated
functional groups as observed in the case of toluene oxidation
[27].

4. Conclusions

Catalytic abatement of isopropanol (IP) in air was carried out
in a DBD reactor with a catalytic SMF electrodes. Surface mod-
ification of SMF electrode with oxides of Co and Mn improved
the total oxidation of IP forming only CO, and H,0. The com-
plete destruction of 100 ppm of IPA to COx and H,0 was achieved
with a specific input energy (SIE) as low as ~200]/1. Among the
catalyst studied, 3 wt% MnOy/SMF showed the best performance,
where complete oxidation was achieved at SIE ~200]/1. It has been
proposed that in situ decomposition of ozone on MnO/SMF leads
to the formation of reactive oxygen species, which are respon-
sible for the observed higher activity of the MnOx/SMF catalytic
electrode.
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