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In this study, the catalytic effect of TiO,-ZnO/GAC coupled with non-thermal plasma was investigated on the by-
products distribution of decomposition of chlorinated VOCs in gas streams. The effect of specific input energy,
and initial gas composition was examined in a corona discharge reactor energized by a high frequency pulsed
power supply. Detected by-products for catalytic NTP at 750 J L™ included CO, CO,, Cl,, trichloroacetaldehyde,
as well as trichlorobenzaldehyde with chloroform feeding, while they were dominated by CO, CO,, and lower
abundance of trichlorobenzaldehyde and Cl, with chlorobenzene introduction. Some of the by-products such as
0O,, NO, NO,, and COCl, disappeared totally over TiO,-ZnO/GAC. Furthermore, the amount of heavy products
such as trichlorobenzaldehyde decreased significantly in favor of small molecules such as CO, CO,, and Cl, with
the hybrid process. The selectivity towards CO, soared up to 77% over the catalyst at 750 J L™ and 100 ppm of

chlorobenzene.
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INTRODUCTION

Chlorinated volatile organic compounds (CVOCs) are
a group of hazardous atmospheric emissions that can
harm both human and environment!. According to the
International Agency for Research of Cancer, some of
these compounds have been classified in the group of
possibly carcinogenic to human?. They are also a major
threat to global warming®. Several legislations and limit
values have been recently established in many countries
including developing countries** in order to restrict the
release of these hazardous compounds into atmosphere,
and using more efficient technologies has therefore be-
come obligatory. Based on the literature, non-thermal
plasma (NTP) can effectively decompose CVOCs in a
gas medium®’. However, due to the formation of many
harmful by-products employing this technique alone lies
into several limitations. Instead, a NTP-catalysis hybrid
process has been recently suggested, believing that it
leads to both higher removal efficiency, and much better
by-products distribution®®. Nevertheless, searching to find
a suitable catalyst which shows the best catalytic activity
and also by-products selectivity in combination with NTP
is still going on'®. When CVOCs are decomposed, the
ideal products are CO,, H,0, HC], as well as Cl,. But,
incomplete destruction of CVOCs may lead to some
undesirable by-products which can be more toxic than
the original compounds® ™. The mechanisms of CVOCs
degradation and the identification of by-products are
of paramount importance, since this information can
be used in better designing of the NTP processes and
particularly choosing appropriate catalyst. In recent years,
the mechanism of VOCs decomposition has attracted
some interest'> 3, although little and rare attention
has been paid to NTP-assisted technique and CVOCs.

Based on the literature, if metal oxide nanoparticles are
used in mixtures, their catalytic activity will be improved
considerably'. Impregnation of semiconductor catalysts
on adsorbents can also lead to increase the catalytic
performance significantly'®. The higher reaction rates
resulting from the above-mentioned points can be in
favor of less harmful by-products due to the destruc-
tion of initial hazardous intermediates generated inside
the plasma reactor' ', In the present study, therefore,
TiO, and ZnO nanoparticles were coated on GAC as a
substrate to obtain such results. In addition, the effect of
these catalysts coupled with plasma process was investi-
gated on the chloroform and chlorobenzene conversion
which has rarely been reported in scientific literature'® 1.
Special attention was given to the mechanism of CVOCs
decomposition and their by-products distribution using
GC/MS and direct reading instruments data.

EXPERIMENTAL

Experimental apparatus

A schematic diagram of the experimental set-up is
shown in Figure 1. It is seen from the figure that nor-
mal air was passed through an air filter using an air
compressor to be cleaned and dried. This air was then
flowed through a chamber and mixed with the injected
liquids. Afterwards, the polluted gas was fed into the
reactors. The background gas temperature was kept at
40°C employing a temperature controller to vaporize the
volatile liquids effectively. JMS SP-510 (Japan) syringe
pumps were used for liquids to be injected into the gas
stream, and a favorable concentration of the pollutants
(100-700 ppm) was provided. The gas flow rate was
controlled using two needle valves and kept constant
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Figure 1. Schematic diagram of the experimental set-up

in the range of 0.2-1 L min™. Finally, a small chamber
and some direct reading instruments were placed in-line
for the gas to be analyzed.

Reagents

All the chemicals used (analytical grade), were pur-
chased from Merck (Germany) except for tetra-n-butyl
titanate which was supplied from Fluka (Switzerland).

Catalyst preparation

The catalysts were prepared using dip-coating tech-
nique which was performed by a sol-gel process at low
temperature of 75°C. The detailed procedure for TiO,
sol preparation is given in Ref.®. The ZnO sol was
also prepared as follows: after dissolving 8.76 g of zinc
acetate dehydrate in 200 ml of ethanol, the resultant
was stirred in a water bath at 50°C, followed by adding
5.96 g of tri-ethanol amine and continued to stir for 1 h.
Afterwards, the mixture was placed under vibration and
heat treatment for 0.5 h at 40°C. For ZnO/GAC to be
obtained, 6 g of GAC was added to the resultant ZnO
sol, and then vibrated, filtered, dried, and followed by
calcination for 4 h at 300°C. 3 g of this ZnO/GAC was
then added to 100 ml of TiO, sol, and allowed to vibrate
for 0.5 h. After filtration, drying, and calcination for 2 h
at 400°C, TiO,-ZnO/GAC was resulted.

Plasma and catalyst reactors

A pin-to-plate corona discharge reactor made up of
quartz formed as a rectangular tube with 20x15x200
mm dimensions was used as plasma source. The reactor
also consisted of 6 stainless steel needles as discharge
electrodes and an aluminum foil as a single ground
electrode. The electrodes were placed at a distance of
7 mm from each other. The applied electric current was
divided equally between 6 discharge needles using a
resistance box. The reactor was designed to form small
tunnels near pin electrodes, so that the air was allowed
to pass as close as possible to the discharge zone, and
as a result the reactor volume became smaller and
calculated to be 20 ml. A cylindrical quartz tube with
15%100 mm dimensions, locating immediately after the
NTP reactor, was also employed as catalyst reactor.
Catalyst particles were prevented to escape using two
stainless steel meshes with some amounts of glass wool
positioned at both ends of the tube. 3 g of catalyst was
used for each experiment.

Power supply system and electrical measurements

A high voltage and frequency pulsed transformer (Ef-
fective voltage = 6-16 kV, effective current = 0-15 mA,
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effective frequency = 1-18 kHz) was connected to the
discharge electrodes to generate NTP. Negative and
positive pulses were applied to the discharge electro-
des with a rising and duration time of 200 ns and 2 uS
respectively. Typical voltage and current waveforms is
shown in Figure 2. The voltage and current delivered into
the Plasma reactor were measured using an oscilloscope
(HAMEG HM 203-7 Germany). A high voltage probe
(1000:1) was employed for voltage measurements. The
current was also measured applying a resistor (R = 502)
and a cable which was connected to the oscilloscope.
Specific input energy (SIE) as an indicator of the ener-
gy delivered to the reactor was calculated as expressed
in Eq. 1. Integrating the voltage and current products
in one pulse duration gives the energy consumed in a
pulse time, which can then be multiplied by the pulse
frequency to obtain the discharge power in a second.
Afterwards, this discharge power was divided by the gas
flow rate, yielding SIE.

S[E(J/) _ U‘ V(t)xI(t) dt[| (%ulse) X Pulsefrequency(P”lse S)
L Gasflowrate (L/g)

Due to the beneficial effect of pulse repetition frequen-
cy which was determined in our pretests, SIE was varied
by only changing the voltage amplitude and frequency
was set at its maximum value during all experiments.

(D

(1)

Figure 2. Typical voltage and current waveforms at applied
voltage of 9 kV

Gas analysis

The influent and effluent gas were analyzed before
and after the catalytic plasma process by using a Varian
3800 GC equipped with a Saturn 2200 mass spectroscopy
system (GC/MS). The GC was also equipped with a SGE
capillary column with the inner diameter of 0.22 mm,
film diameter of 0.25 wm, and length of 25 m. For each
experiment, one ml of gas was sampled. NO and NO,
were monitored employing a NO, meter (G750 polytector,
Germany). CO and CO, were also detected applying CO
(SGA91, U.K.) and CO, (Testo535, Germany) analyzers.
In order to measure low and high concentrations of
ozone, a direct reading instrument (EST-1510, USA) and
KI titration technique were used respectively. The tem-
perature and humidity of the system were also recorded
utilizing a thermohygrometer (Testoterm, GmbH & Co.,
Germany). Hydrogen chloride was also quantified using
HCI gas detector tubes. Our indicator for degradation
rate of contaminated compounds was removal efficiency
(RE) which was calculated as shown in equation 2.
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[CrocC]
RE(%)=(1-——=24)x 100 2
(%) =( [CVOC]m) 2
Where, CVOC,_,, and CVOC, indicate the steady state
concentration of CVOCs at the outlet and inlet of the
hybrid system, respectively. Then, CO, selectivity (Sco,)
is given as follows:

[CO,]
S, %) = 100 3
conttrgrm (76) [chloroform],, x RE 8 )
co
SCOZ (chlorobenzene') (%) = 6([ [ : ] X 100 (4)

chlorobenzene),, x RE)

RESULTS AND DISCUSSION

Catalyst properties

the catalysts were subjected to XRD analysis over
the 2theta range of 10-80°. Figure 3 shows the X-ray
diffractograms of nanocomposites. As Figure 3 shows,
besides the anatase and the species ascribed to the
support, no rutile and brookite phases were observed,
implying the TiO,anatase/GAC composite formation.
It is also shown in Figure 3 that a fairly high peak
was detected at 20 = 26.4 which can be related to the
GAC itself. This most intense peak of the template
overlapped strongly the anatase TiO, refractogram at
20 of 25.1. Furthermore, all diffraction peaks of ZnO
correspond to the standard diffraction pattern (Fig. 3).

GAC
)
TiO2-ZnO/GAC

10 20 30 40 50 60 70 80
20 (Degrees)

Figure 3. X-ray diffractograms of nanoparticles prepared by
sol-gel technique supported on GAC (a) GAC itself,
and (b) TiO,-ZnO/GAC

(@)
Figure 4. Top view morphology of catalysts prepared by sol-gel process (a) GAC, and (b) TiO,-ZnO/GAC

It is also seen in Figure 3 that the intensity of zinc oxide
peaks decreases resulting from the decreased amount of
ZnO particles. The larger ZnO particles being coated
by the finer TiO, nanocrystals may be the reason. SEM
observations confirmed the nano size of the prepared
particles as Figure 4 represents. The larger size of ZnO
particles can be easily noticed in the figure. Agglomera-
tion can be a possible reason'®. A non-uniform structure
with a lot of large cavities is obvious for GAC before
impregnation (Fig. 4). After impregnation, however,
most of the holes were covered by a thin layer of TiO,
and ZnO formed over the surface, and a smoother and
more even surface was obtained. SEM images also show
that the quantity of TiO, particles is much higher than
that of ZnO and the catalyst is affected by TiO, much
more than ZnO particles. These phenomena may be the
consequence of smaller size and crystallinity structure of
TiO, nanoparticles®.

Removal efficiency results

The voltage amplitude was changed from 6-16 kV and
consequently the SIE was varied between 110-1500 J L.
Table 1 presents the experimental results of the NTP
alone and catalytic NTP on the CVOCs degradation as
a function of SIE. It is evident from Table 1 that incre-
asing SIE contributes to removal efficiency enhancing.
Contrary to our expectations, chloroform was oxidized
much better than chlorobenzene. The reason is not
clearly known, but the difference in the energy needed
for the conversion of the two chemicals may due to the
difference in the initial dissociative reactions and also the
difference in the subsequent chain reactions. The effect
of catalyst is obviously significant from Table 1. It can be
seen from Table 1 that the introduction of TiO,-ZnO/
GAC contributes to the dramatic enhancement of the
removal efficiency. It also indicates that TiO,-ZnO/GAC
is extremely activated when an excited gas consisting of a
huge amount of ozone is passing through the catalyst bed.

CO and CO, selectivity

The production of many organic and non-organic
compounds is a known fact in all conversion processes
particularly with NTPs. In the present study the distri-
bution and quantity of various by-products was deter-
mined through direct measurements. Table 2 represents
non-organic products detected during the present study.
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Table 1. Chloroform and chlorobenzene removal rate with NTP alone and catalytic NTP as a function of SIE

Removal efficiency [%]
SIEMJLT] Chloroform Chlorobenzene
NTP Catalytic NTP NTP Catalytic NTP

110 21.0 74.5 12.9 49.0
240 29.6 79.5 20.2 57.0
300 40.3 85.6 30.0 66.0
400 50.8 90.9 36.7 76.0
550 60.5 98.2 43.2 83.4
750 73.1 99.3 52.7 91.1

Table 2. Typical non-organic by-products detected during this

work

Chemical Molecular .
By-product formula weight Toxicity
Ozone O3 48 Irritant
Nitrogen oxide NO 30 Irritant
Nitrogen .
dioxide NO, 46 Irritant
Carbon .
monoxide CcO 28 Asphyxiant
Carbon dioxide CO, 44 Asphyxiant
Water H,O 18 -

These are typical by-products observed with most of NTP
studies'®?!. The main by-products i.e. CO and CO, (CO,)
are shown in Figure 5 at energy density of 750 J L™ and
100 ppm of pollutants. As Figure 5 represents, applying
the NTP-alone process, the COx yield was around 60%
with chloroform feeding, implying that the products were
dominated by CO and CO,. It means also that about 40%
of the removed chloroform appeared as chlorinated and
other organic intermediates. When catalyst is present, the
concentration of CO, and subsequently CO, increased.
From these results, a very high ability of CO removal
can be concluded for the catalyst. This effect can be
associated with NOx removal as represented in reaction
(1)®, and will be discussed further in the next section.

2NO +2CO — N, +2C0, (1)

With chlorobenzene, however, some changes occurred
and the level of carbon containing products i.e. CO, and
CO, was higher as compared to the same conditions
with chloroform. Figure 5 also shows the COx selecti-
vity under the conditions where chlorobenzene fed into
the reactor. It is clear from the figure that the COx
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Figure 5. The selectivity towards CO, CO,, and CO, with the
effect of catalyst (SIE = 750 J L', and 100 ppm of
CVOCs)

concentration increased over the catalyst, soaring up to
77%. Furthermore, in the presence of catalyst similar
observations were made as obtained for chloroform with
regard to CO and CO, selectivity, where the selectivity
towards the former decreased and increased for the
latter. These findings may be supported by the study of
Marotta et al., in which they declared CiHs* and C,Hy*
as the predominant positive ions resulted from the initial
fragmentation of chlorobenzene®. These initial products
can be further decomposed into CO, CO,, as well as
H,O after reaction with active species generated inside
NTP reactor and also over catalysts due to ozone dis-
sociation. As will be discussed in the following sections,
apart from the residuals of chlorobenzene itself, only
two major chlorinated by-products were detected after
chlorobenzene conversion in this work, indicating that the
chlorobenzene decomposition products were dominated
by COx. If the concentration of by-products other than
COx is negligible, the COx selectivity could represent
carbon balance. As Figure 5 shows, in the presence of
TiO2-ZnO/GAC about 65% of chloroform and 77% of
chlorobenzene carbons were oxidized to COx. Some of
the by-products such as TCBA, TCAA, etc. were qu-
antitatively undetectable using our analysis equipment.
Therefore, the exact value of carbon balance cannot be
calculated. However, any carbon missing can be attributed
to the hydrocarbon retention by the adsorption ability of
the catalyst substrate and also to the indistinguishable
C containing black soot particles suspended in a water
impinger trap positioned downstream of the reactors.

Ozone

Among the other products represented in Table 2, O,
appears to have a crucial role in two-stage NTP-catalysis
processes'™ 25 As Figure 6 shows, the amount of ozone
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Figure 6. Ozone concentration as a major by-product of NTP
process and the effect of catalysts on its destruction
(SIE = 750 J L%, and 100 ppm of CVOCs)
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is obviously high with NTP-alone process and reached up
to 350 and 320 ppm at 750 J L™ with chloroform and
chlorobenzene, respectively. This discrepancy is also seen
with increasing the energy density as shown in Figure 7.
Partially lower quantity of ozone with chlorobenzene fe-
eding indicates that the gas composition inside the NTP
reactor can influence the formation of ozone and some
other compounds. A heavier molecule of chlorobenzene
is the reason in our view. More energy is consumed to
decompose larger molecules and hence the energy density
become different, resulting in decreased level of energy
delivered to oxygen molecules to produce O,. Further-
more, NO, quantity was rather lower in the presence of
chlorobenzene, indicating that less active N or O species
were generated, although with no significant statistical
difference with chloroform introduction cases. As Figu-
re 7 shows, ozone was totally removed in the presence
of catalyst. The temperature in the gas effluent did not
exceed 312 K with both NTP-alone and catalytic NTP,
and hence destruction by heat may not be the reason.
Furthermore, some amounts of ozone and also NO
remained unchanged with TiO,/GAC, and ZnO/GAC
alone. Therefore, the synergy between TiO, and ZnO
can be considered as an effective factor in causing these
positive results. However, unlike the findings of Karup-
piah et al., when chloroform injected into the reactor,
an appreciable ozone destruction activity was also found
for TiO,/GAC in the present study?®. Karuppiah et al.
reported that the ozone molecule cannot be degraded
by TiO,, and considered other catalysts such as MnOx to
have such effect instead. Nevertheless, during this study,
a significant decline was observed for ozone concentration
after NTP-TiO,/GAC treatment of chloroform, although
without total removal. The observations made with ZnO/
GAC integration did not show favorable results in terms
of O, concentrations. For instance, with chloroform
feeding, the level of O; was still around 90 ppm. It can
be concluded from these points that the removal of both
initial and intermediate contaminants can be improved
by the higher catalyst ability for O, destruction, because,
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Figure 7. The effect of initial gas feeding on ozone formation
with NTP and the hybrid process as a function of
SIE

the amount of NO was also considerable downstream
of the ZnO/GAC.

NO and NO,

NO, and NO, were also detected as by-products du-
ring this study. The concentration of these compounds
were considerably high after plasma treatment, and as
represented in Figure 8, the amount soared up to ca. 60
and 42 ppm inside the plasma reactor at 750 J L™ for
NO and NO, respectively. Figure 8§ also shows that when
the catalysts combined with the NTP, the concentration
of NO and NO, decreased significantly except with the
ZnO/GAC. This implies the ability of catalysts TiO,/
GAC and TiO,-ZnO/GAC for NOx abatement. The de-
composition of NOx has been investigated over various
catalysts in several previous works??’. From the results
of these works, one may conclude that the presence of
partially oxidized hydrocarbons can strongly cause NOx
to participate in several redox reactions, leading to the
final N, formation and also further decomposition of
hydrocarbon itself to CO, and H,0* %

NO,+HC — HC +2NO (2)

oxidized
HC, .. ..+2NO—N,+H,0+ CO, 3)

TCBA (C;H,ClL;0) and TCE (C,HCl;) may have this
role in the present study, since their concentration also
decreased noticeably downstream of the catalysts. NO
can even undergo a reaction with CO to give N, and
CO, as expressed in reaction (1)?2. This could be one of
the reaction pathways in this study because CO was also
removed significantly after catalysis treatment.

60 - Chloroform Chlorobenzene

] [ | NTP alone

L NTP+TiO2GAC
50 - | B NTP+ZnO/GAC

NTP+Ti02-Zn0/GAC

B
o
L

hJ
o
L

Concentration [ppm]
w
o
'l

=
o
1

! ok

NO NO2

Figure 8. NOx concentration with NTP and the effect of
catalysts on it (SIE = 750 J L', and 100 ppm of
CVOCs)

Figures 9 and 10 show the NO and NO, concentrations
generated in the plasma reactor as a function of input
energy. It is clear from the Figures that both of these
products disappeared over TiO,-ZnO/GAC regardless of
the SIE used. Figure 10 also shows that at input powers
less than 450 J L™, no NO, was observed even with NTP
alone. At these lower input energies, the NO, removal by
the pathway represents in reactions (2, 3) may be more
pronounced. Due to the partially high ozone production
at these SIEs (Fig. 7), the existence of O radicals can
generally be considered. Therefore, the lack of NO,
can be ruled out, since in the presence of O°, there is
a possibility of some reactions as the following®*
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N,+0" > NO+N* @)
N*+0, > NO+0O* 5)
NO+0O, - NO, +0, (6)
NO,+0" - NO+O0, @)

Despite these points, Mok et al. recognized NO as an
intermediate product that will be oxidized immediately
through reaction (6) and some other routes, resulting
in NO,'.

Chlorinated by-products

The production of chlorinated by-products is inevitable
during the decomposition of CVOC:s inside a NTP reactor
due to the generation of Cl° radicals. As a result, this
issue has been highlighted by some researchers as a main
drawback of destruction of CVOCs by NTP technology,
since the decomposition of these compounds in an oxygen
rich environment such as air can lead to the formation
of products such as phosgene which are even more toxic
than the original compounds* **. According to Indarto
et al. and also Foglein et al., phosgene can be formed
by the reaction between chlorine containing molecules

and single O or radical O as the following® **:
CHCI, +0—> COCL, + HCI ®)
CHCI; + 0" - COoClL, + H* 9)
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Phosgene is a high toxic compound and is not accep-
table in the gas effluent due to environmental and occu-
pational limit values. Catalyst incorporation can control
the formation of phosgene and we noticed in the present
study that when the catalyst was integrated, phosgene
peaks were disappeared totally from mass spectrograms.
The catalyst effect and the mechanism responsible for
diminishing the selectivity level towards phosgene in not
clearly known. It can be supposed that the presence of
catalyst leads to a relatively higher quantities of reactive
radicals such as O, OH", CI’, etc., which decompose
COC(l, totally and leave it as an intermediate product.
Some of the decomposition pathways resulting from
the reaction between COCI, and active radicals can be
written as the following™:

COCl, +CI" = COCI" +Cl, (10)
COCL, +H" — COCI" + HCI (11)
COClL, +0" - CO, +Cl, (12)

Due to the ozone destruction ability of the catalyst as
mentioned above, the production of extremely higher
level of O° radicals can be appreciated. As a result,
the selectivity towards CO, and Cl, increases over the
catalyst, according to the reaction (12). As far as the
decomposition of chlorinated compounds containing
more chlorine atoms such as chloroform is concerned,
selectivity towards COCL, and Cl, is more pronounced®

CHCI, + 0" — COCl, + HCI (13)

CCl,+0" — CO+ClL,+CI" (14)

In our experiments, with chloroform feeding both
reactions (13) and (14) seem to play a significant role,
since a high abundance was recorded for both compo-
unds in mass spectrograms. In the presence of catalyst,
however, reaction (14) appears to accelerate due to the
higher concentration observed for Cl,. Another reason
may be resulted from the improved process of COCl,
dissociation due to being attacked by more active radicals
or excited molecules provided over the catalyst surface
as expressed in reactions (10), (11) and also (15)*:

COCL, +M — CO + CL,+ M" (15)

According to previous works, besides phosgene, several
other by-products can be generated® *”. They are repre-
sented in Table 3, along with some of their properties.
As can be seen from Table 3, HCI, CCl,, Cl,, dichloro-
acetylchloride (DCAC), trichloroacetaldehyde (TCAA),
as well as COCI, were the predominant chlorinated
by-products of NTP treatment. Some other compounds
were also noticed by Futamora et al. and Evans et al.*® ¥
as represented in Table 3. Two products were observed
during our tests that have not been reported by the
previous works (trichlorobenzaldehyde (TCBA), and
trichloroethylene (TCE)). The former is a heavy aldehyde
compound, and although aldehydes are generally accepted
to be water soluble, but the solubility of TCBA is not
exactly known. The latter is a well-known air pollutant
and has been the subject of decomposition by NTP itself
in several cases*®#'. Contrary to the previous works, no
CCl,, DCAC, as well as methyl chloride were detected
during the present study. Furthermore, the products
detected by Futamora et al. were also not seen during
our experiments. In addition, due to the difficulties of
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Table 3. Major chlorinated by-products detected during this work and previous studies

Chemical Water Molecular -
By-product formula solubility weight Toxicity m/z (GC/MS) Reference
Hydrogen chloride HCI Very high 36.4 Corrosive 36 4;16; 35; 46;This work
Carbon tetrachloride ccl, Low 153 Pamaging to the 47-82-117 %35
4; 15; 16; 34-36; 46;This
Chlorine Clz High 70.9 Irritant 35-70-74 work
Dichloroacetylchloride Reacts with . 35-48-63-76-83-87- 15
(DCAC) C,H:CI,0 water 147.4 Corrosive 11
Trichloroacetaldehyde . . 35-47-82-11-118- 15:This work
(TCAA) CCI;CHO High 147.4 Toxic for CNS 148
Phosgene COCl, Very low 98.9 Irritant 35-63-98 15;16; 34; 36; 46,This work
) Damaging to liver, 4
Methyl chloride CH,CI Low 50.4 kidney, and CNS 15-35-47-50
Trichlorobenzaldehyde . 74-77-84-97-109- This work
(TCBA) C7/HsCl50 Unknown 209.4 Corrosive 144-179-207-224 s wo
Trichloroethylene Toxic for CNS, and 35-47-60-95-99- This work
(TCE) C2HCls Low 1313 kidney 130-134
. Damaging to eye, 39
Formyle chloride CHOCI Insoluble 64.4 skin, CNS -
. 35-47-60-83-95-
Pentachloroethane ClsCoH Low 202.2 Toxie f°g£r']\js' and | 147.121.130-165- &
171
Dichloroacetonitrile Cl,C,HN Insoluble 109.9 Irritant 35-38-47-74-82-86 38
35-47-59-82-94-
Tetrachloroethylene Cl,C, High 165.8 Irritant 129-133-164-166- 38
170
Chloroacetylene CIC,H Low 60.4 Irritant 25-35-47-60 38

HCI detection by GC/MS in the presence of other chlo-
rinated molecules resulting from the interferences with
other compounds such as Cl,, TCAA, TCE, and even
COCL*, we noticed no spectrogram for HCI during our
tests. However, HCI can be produced through several
reaction pathways resulting from direct decomposition
of CVOC:s as given by reactions (7), (9), and also from
dissociation of intermediates® ':

HCOCI +CI* — CICO® + HCI (16)

Production of HCI can particularly be appreciated
with the hybrid system. As previously mentioned (re-
action 11), HCI can be a probable consequence of
destruction of COCI, which was totally removed with
the hybrid TiO,-ZnO/NTP during the present study. In
this respect, effluent gas analysis employing several HCI
detector tubes revealed a high concentration of hydrogen
chloride. HCI generation may be even more concerned
when a hydrogen-rich substance such as toluene is added
to the reactor. Addition of methane-like compounds is
recommended where CVOCs contain more chlorine
than hydrogen atoms'.

The initial gas feeding can dramatically influence the
by-products distribution. In our study we noticed that
with chloroform introduction a high concentration of
COCl, appeared with NTP-alone process. Furthermore,
the amount of Cl, was also considerable with chloro-
form feeding. These findings can be well supported
by the observations of Marotta et al.”. They reported
that the negative species due to CHCI, dissociation are
dominated by CI” ions either alone or in combination
with background molecules such as H,O. However, with
chlorobenzene, the concentration of TCBA was more
noticeable, followed by some amounts of Cl, and TCAA.
Some heavy products were also appeared with chloroform
in our study including TCAA, and TCE. Furthermore,
some amounts of solid products were detected with both
contaminants during the present study. This was observed

from an impinger trap located downstream of the set-up
system and was supported by the study of Kovac et al.**
and Vandenbroucke et al.'.

Due to the better effect of TiO,-ZnO/GAC compared to
TiO,/GAC and ZnO/GAC, we investigated the influence
of its hybrid with NTP to realize what happened with
by-products distribution. Typical chlorinated by-products
detected during our experiments with or without catalyst
are shown in Table 4. In the present of TiO,-ZnO/GAC,
as we observed, COCI, was removed totally. Furthermore,
in the case of chloroform, the concentration of TCBA
and TCE decreased and the amount of TCAA, HCI, and
Cl, soared up significantly instead. With chlorobenzene,
however, TCBA (the main by-product) declined in favor
of Cl,, CO, and CO,. A high concentration of HCI was
also obtained with chlorobenzene feeding.

The chlorine balance value of 100% was not achievable
even with the hybrid system. In the case of chloroform
conversion at the highest applied SIE and downstream of
the NTP-catalyst, the Cl, and HCl selectivity were calcula-
ted to be 47% and 24%, respectively. For chlorobenzene
degradation and under the same conditions, however,
the values were obtained 55% and 19% respectively.
Other chlorinated by-products were not quantified, but
due to a very low abundance of these undistinguished
products on mass spectrograms, they are estimated to
form only a few percent of end products.

Several works on CVOCs removal by NTP techno-
logy reported different selectivity towards chlorinated
by-products? ¥ #, Oda et al. tried to decompose TCE
and found DCAC and TCAA as main products with
both NTP alone and hybrid process's. They reported
that increasing the NTP power influenced TCAA for-
mation positively and was associated with the decline of
this chlorinated by-product. They also implied that the
TCAA production may not be affected by the MnOx
catalyst. However, we noticed that the hybrid process
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Table 4. Chlorinated by-products detected during this work with and without catalyst

By-product NTP-alone Catalytic NTP
chloroform chlorobenzene chloroform chlorobenzene

Hydrogen chloride v v v v
Chlorine v v v v
Trichloroacetaldehyde 4 - v v
Phosgene v v — _
Trichlorobenzaldehyde v 4 v v
Trichloroethylene v - - —

affected efficiently the production of TCAA, and raising
the plasma power (NTP-alone) yielded more TCAA and
other by-products formation due to further dissociation of
initial CVOCs. Magureanu et al investigated the conversion
of TCE in a DBD reactor and found some heavy hydro-
carbons including decanal and nonanal as probable end
products®, while such compounds were noticed neither
by other studies nor by the present work. However, they
reported Cl,, and HCI as predominant final products which
can be in good agreement with the current work. These
authors also discussed the effect of MnO, on by-products
formation and found it to have a beneficial effect on total
removal of compounds like DCAC and TCAC. No work
was found in the literature on the hybrid catalytic plasma
for chloroform and chlorobenzene conversion. However,
the removal of these compounds has been investigated by
the NTP-alone process in few studies'® 445 Mok et al.
decomposed chloroform using two kinds of NTP reactors
i.e. DBD and packed bed and noted the existence of some
species such as Cl,O, HOCI, NCI, etc. as part of the final
products in the effluent gas'é. The production of these
compounds has never been mentioned in previous works.
Despite this, the authors reported Cl,, HCI, and COCl,
as main by-products and no heavy molecule was detected
by them as end product. But, due to the low chlorine
balance that they informed in their study, the presence
of some heavy molecules could be also considered. No
chlorinated by-product was reported by Sivachandiran et
al. in their study on chlorobenzene destruction performed
applying two configurations of DBD*, and also by Snyder
et al using a coaxial DBD reactor®.

In accordance with the all above-mentioned, one can
conclude that even with the hybrid catalytic NTP, the
production of some unwanted chlorinated by-products is
inevitable. Among these by-products, Cl,, and HCI are
desirable and less harmful®*’. They are water-soluble and
can be removed totally using a wet scrubber downstream
of the convertor system. Since the solubility of TCAA is
high, it may also be a favorable product, while TCBA may
not be a desirable one. Addition of hydrogen containing
compounds may be suggested to shift the reactions towards
HCI and Cl,. Combining a suitable catalyst for further
decomposition of TCBA and some other heavy products
may also be the subject of future works.

CONCLUSION

TiO,, ZnO, and mixture of TiO,-ZnO impregnated on
GAC prepared by sol-gel technique were coupled with
NTP in order to investigate their catalytic activity on the
by-product distribution of chloroform and chlorobenzene.
The formation of harmful chlorinated by-products was
decreased significantly with the hybrid technique. NO,
NO,, Os;, and COCI, were removed totally, and CO,

and H,O soared up considerably instead. The amount of
some hazardous compounds such as CO, and trichloro-
acetaldehyde was still high even with catalyst integration.
However, trichlorobenzaldehyde and trichloroethylene
were further decomposed significantly with the hybrid
process. The initial gas composition has a noteworthy
influence on the by-products distribution and higher amo-
unts of CO, were obtained with chlorobenzene feeding.
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