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Abstract Combination the non-thermal plasma tech-

nique by photocatalytic oxidation can enhance volatile

organic compounds degradation. In this study, the

decomposition of chloroform vapors in a novel non-ther-

mal plasma reactor as well as an integrated system of this

reactor in conjunction with the photocatalysis process was

investigated. Expanded graphite was used as discharge

electrode of dielectric barrier discharge reactor and the

support of TiO2 and ZnO catalysts as well. Results showed

that chloroform degradation increased in hybrid system.

The non-thermal plasma reactor had high content of NO

and NO2, whereas the concentration of these two pollutants

dropped dramatically in hybrid system; moreover, the

generated ozone from the non-thermal plasma process was

degraded on the photocatalyst and consequently was not

detected in the output gas of the combined system. The

generated organic by-products in non-thermal plasma

process (phosgene and trichloroacetaldehyde) were reoxi-

dized with un-oxidized chloroform in the second stage of

the combined system. This increased the selectivity of CO2

and Cl2.

Keywords Non-thermal plasma � Photocatalytic
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Introduction

In the last 20 years, biologic process, photocatalysis pro-

cess and plasma technology have been considered as

methods for removal of volatile organic compounds

(VOCs) and chlorinated volatile organic compounds

(CVOCs) (Subrahmanyam et al. 2007a, b; Zhu et al. 2008).

Non-thermal (non-equilibrium) plasma (NTP) has been

more taken into account for VOCs degradation because it

creates a very strong radical and oxidant agents degrading

VOC molecules in ambient pressure and temperature

(Magureanu et al. 2007). Plasma reactors have been con-

structed in various designs and models. Dielectric barrier

discharge (DBD) reactor is one of the reactors used in NTP

technology. Dielectric barrier leads to the creation of

micro-discharge that is distributed in the total space and

volume of the reactor (Subrahmanyam et al. 2007a, b).

Application of the NTP technique is limited due to the

formation of harmful by-products such as carbon monox-

ide, ozone and NOx (Subrahmanyam et al. 2007a, b). The

efficiency of the NTP technique can be raised by two

factors: (1) eliminating unwanted by-products; (2) reduc-

tion in energy consumption. It seems that increasing the

residence time of pollutants in plasma reactor without

changing the size of the reactor and transferring the by-

products toward reoxidation are appropriate options for

increasing efficiency (Subrahmanyam et al. 2006). In

recent years, many researchers have investigated the

combination of NTP with photocatalytic oxidation (PCO);

they have reported that this system has a synergistic effect

(Huang and Ye 2009; Lu et al. 2012; Maciuca et al. 2012;

Sun et al. 2007; Thevenet et al. 2007; Zhu et al. 2008). In

this system, the activation of catalyst is attributed to the

light emitted and active species created by the plasma.

Furthermore, the created ozone and chlorine radicals
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(chlorinated compounds) by plasma can also activate the

deactivated sites of the catalyst. In combined system, in

addition to processes of plasma and PCO, because of the

generated ozone, catalytic ozonation and ozone photolysis

(UV/O3) also contribute to pollutant degradation. This

increase of oxidation process leads to an increase in oxi-

dation agents: hydroxyl, proxy and so forth, which as a

whole results in a synergistic effect on organic compounds

removal. In this system, the unoxidized pollutant and

generated by-products resulted from the plasma process

(organic by-products, CO, NOx and ozone) are reoxidized

by the mentioned methods which cause an increase in

removal efficiency of the pollutant and selectivity of CO2

(Huang and Ye 2009; Lu et al. 2012).

The objective of this study was to investigate the effect

of the combined system of PCO with NTP on the removal

of chloroform vapors. For this reason, the effects of plasma

discharge electrode, the applied voltage, the inlet concen-

tration and flow rate on the chloroform removal were

studied. Furthermore, the effects of this system on the

elimination of by-products such as phosgene, trichloroac-

etaldehyde, ozone and NOx were investigated. The research

was conducted from November 2013 to April 2014 in the

laboratory of Hamedan University of Medical Sciences.

Materials and methods

Experimental detail

The experimental setup has been illustrated in Fig. 1. The

chloroform vapors (85, 250 and 500 ppm in air) was intro-

duced into the reactor with flow rates of 0.3, 0.6 and 1.2 L/

min corresponding to gas residence times of 2, 1 and 0.5 s,

respectively. The concentration of chloroform was mea-

sured by a gas chromatograph (GC-2010, Shimadzu, Japan)

equipped with a hydrogen flame ionization detector (FID)

and 25 m long SGE capillary column (fused silica, film

thickness: 0.25 micron, ID: 0.22 mm). In addition to this, a

gas chromatograph/mass spectrometer (Varian, CP-3800,

USA) was used to identify by-products. The ozone and NOx

concentrations were measured by an ozone monitor (EST

1015, USA) and a NOx analyzer (G 750 polytector2),

respectively. The experiments were repeated twice.

The DBD reactor was rectangular cube in shape, with

quartz walls of 2 mm thickness, 150 mm length, 20 mm

height and 10 mm width (Fig. 2). The novelty of the DBD

reactor was that the expanded graphite (EG) acted as the

discharge electrode. The discharge gap was fixed at 15 mm

and discharge length was 50 mm. A copper plate with a

Fig. 1 A schematic diagram of

the experimental setup

Fig. 2 Schematic overview of

DBD–PCO reactor
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length of 50 mm on the top of the reactor acted as the

ground electrode. The EG was connected to a high-voltage

alternating current (AC) (0–30 kV, 52–30,000 Hz) through

a high-voltage wire. Electrical parameters were monitored

by an oscilloscope (Oscilloscope Hameg HM-203-

720 MHz Dual Trace, UK) that was connected to the DBD

reactor through a high-voltage probe (1000–1). The applied

voltages were 15 and 20 kV.

In order to combine photocatalyst with NTP, EG was

replaced with EG-TiO2&ZnO nanocomposite; the EG-

TiO2&ZnO nanocomposite acted as the discharge elec-

trode. The EG-TiO2&ZnO nanocomposite did not act as

the discharge electrode in applied voltages, due to changes

in the electrical properties of EG because of TiO2 and ZnO

coating. Therefore, downstream NTP, the reactor was filled

with EG-TiO2&ZnO nanocomposite (length of 50 mm).

UV radiation was provided by two black light lamps with

wavelength of 253.7 nm (Philips TUV 8 W/G8 T5 Bulb)

placed the sides of the reactor (Fig. 2). In order to avoid

interference from ambient lighting, the reactor was placed

inside a dark chamber.

Synthesis of EG and EG-TiO2&ZnO nanocomposite

By using the thermal shock method, in the range of

1000–1050 �C for 30 s, the expandable graphite (Beijing

invention biology engineering and new materials, China)

was converted to the EG.

The EG-TiO2&ZnO nanocomposite was prepared on the

base of the sol–gel method. Initially, the TiO2 and ZnO sols

were made. TiO2 sol was made by using titanium-n-bu-

toxide as the precursor. 2.04 mL Ti (OBu) 4 diluted with

36.64 mL PrOH as solvent, and the resultant mixture was

stirred at room temperature for 1 h. Acetyl acetone was

added dropwise to the mixed solution under a stirring as

stabilizer, and then, the solution was stirred for 2 h. Next,

the HNO3 aqueous solution was added under stirring

ensuring a pH of the sol–gel solution of about 2. Finally,

the solution was refluxed for 8 h to obtain crystalline

anatase sol (Yan and Chunwei 2006). To prepare ZnO sol,

8.76 g zinc acetate dehydrate in 200 mL of ethanol in a

water bath (50� C) under stirring with a magnetic stirrer

was solved. Then, 5.96 g of triethanolamine was added to

the solution. After one hour, the solution was removed and

ultrasonically treated for 30 min at 40� C (Pal and Sharon

2002). These sols were combined in equal amounts; then,

the EG was added to the combined sol and placed in a dark

location for 2 days; next, the smooth and dried samples

were placed in a furnace with temperature of 400� C for 2 h

for calcination. The synthesized EG-TiO2&ZnO

nanocomposite was characterized by SEM (TESCAN,

MIRA3, USA) and XRD (APD 2000 XRD,

Italy) techniques.

Results and discussion

Characteristics of EG-TiO2&ZnO nanocomposite

XRD analysis was carried out over the 2h range of 2–90�
for the EG-TiO2&ZnO nanocomposite. Figure 3 shows the

XRD patterns of the EG-TiO2&ZnO nanocomposite after

heat treatment at 400� C for 2 h. Major peaks for TiO2

nanoparticles were detected at 2hs of 25.2�, 38.5�, 53.8�,

Fig. 3 XRD patterns of the EG-TiO2&ZnO nanocomposite
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62.6�, 68.7� and 76.0�. They were assigned 101, 112, 105,

204, 116 and 301 diffraction peaks of the anatase TiO2

(JCPDS No. 21-1272). And, for ZnO samples, major peaks

were detected at 2hs of 31.7�, 34.4�, 36.2�, 47.5�, 56.6�,
67.9� and 89.6�. They were assigned 100, 002, 101, 102,

110, 112 and 203 diffraction peaks of the ZnO (JCPDS No.

70-2551).

SEM observations confirmed the results of the XRD

analysis. It was found that both TiO2 and ZnO particles had

been coated on the surface of EG. Figure 4 represents the

SEM images of both bare EG (a) and EG, which was

loaded by TiO2 and ZnO (b). It is clearly seen that the EG

had a porous structure, and spacing of the interlayers of EG

flakes was high (Fig. 4a).

The differences in morphology could be clearly

observed by comparing Fig. 4a and b. After coating and

calcination, it was clearly seen that the EG structure had

changed and broken up to small fragments. Moreover, it

was found that the TiO2 and ZnO particles had a nanosize

and were well spread on the surface of the EG layers.

These changes reduced the electrical properties of the EG.

Destruction of chloroform

Figure 5a shows the efficiency of chloroform decompo-

sition in DBD reactor (the error was less than ±3.4 %).

The results showed that it increased by increasing voltage

from 15 to 20 kV. In addition, other studies have reported

that the efficiency increases when there is an increase in

applied voltage which is because of active species and

collision increase with pollutant resulting in an increase in

removal efficiency (Kwong et al. 2008; Liang et al. 2013;

Mista and Kacprzyk 2008; Oh et al. 2009). In NTP pro-

cess, linear decrease in removal of dichloromethane and

benzene has been reported by increasing inlet concentra-

tion (Abd Allah et al. 2013; Karuppiah et al. 2012a, b, c).

Inlet concentration increase requires more active species

for degradation (Abd Allah et al. 2013). The findings of

this study showed that removal efficiency enhanced by

increasing the inlet concentration (Fig. 5a). The removal

efficiency at concentration of 85 ppm, flow rate of 0.3 L/

min and applied voltage of 20 kV was 70 %, which went

up by 4 and 6 %, respectively, for concentrations of 250

and 500 ppm.

Removal efficiency difference between this study and

other works could be owing to the applied reactor; in this

study because of using the EG as discharge electrode, the

distance between the discharge electrode and ground was

15 mm, and in view of the fact that the EG was porous,

the discharge gape can be considered 20 mm. In com-

parison with past studies, the discharge gape was very

larger (Agnihotri et al. 2004; Guaitella et al. 2006;

Karuppiah et al. 2012a, b, c). Thus, in view of being

larger the area of electrical discharge, at low concentra-

tions, the probability of collision between the generated

active species and pollutant molecules is low which

increases by increasing concentration and then the effi-

ciency goes up. Further studies are needed to deal with

possible disadvantages of this new reactor such as gra-

phite oxidation at high temperature or reduction in elec-

trical field power.

In this study, the effect of flow rate on the removal

efficiency was also investigated. Figure 5a shows chloro-

form removal efficiency at the flow rates of 0.3, 0.6 and

1.2 L/min that correspond to residence times of 2, 1 and

0.5 s, respectively. By increasing the flow rate from 0.3 to

0.6 and 1.2 L/min, at applied voltage of 15 kV, on the

average 16 and 19 % decrease in efficiency, respectively,

Fig. 4 SEM micrographs: a bare EG, b EG-TiO2&ZnO nanocomposite
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was seen; and, at applied voltage of 20 kV, respectively,

the efficiency decreased by 7 and 22 %. Abd Allah et al.

(2013) illustrated that increased residence time raised

chlorinated VOC removal efficiency in plasma process. An

increase in residence time of gas components in plasma

leads to the formation of more active species in unit vol-

ume of plasma.

Figure 5b shows chloroform removal efficiency in

NTP–PCO system (the error was less than ±3.4 %).

Comparison of Fig. 5a and b shows that more increase in

efficiency (22 %) took place at the applied voltage of

15 kV and ultraviolet irradiation of 5 min. In view of the

fact that low applied voltage and UV irradiation time

resulted in a decrease in generation of active species for

oxidation in NTP and PCO processes, this removal effi-

ciency increase was because of the fact that at the voltage

of 20 kV much concentration of chloroform was decom-

posed in NTP and lower content of the pollutant was

transformed to the PCO process. Best performance of

photocatalysis process is usually at high concentrations of

pollutant (Lu et al. 2012).

By-products

The application of NTP for VOCs abatement suffers from

many weaknesses, i.e., incomplete oxidation with emission

of harmful by-products such as O3 and NOx (Vanden-

broucke et al. 2011). The NTP process breaks down oxygen

molecules into oxygen radicals; the oxygen radicals com-

bine with oxygen molecules to create ozone as described in

Eqs. (1) and (2) (Abedi et al. 2015; Kwong et al. 2008;

Liang et al. 2013; Mista and Kacprzyk 2008).
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eþ O2 ! eþ O� þ O� ð1Þ
O� þ O2 þM ! O3 þM ð2Þ

M component is needed to absorb the extra energy. In

the case of air, this component is oxygen or nitrogen

molecules (Liang et al. 2013).

The amount of the generated ozone from the NTP process

was low (about 40–42 ppm). This low amount of ozone can

be attributed to the applied voltage and porous structure of

the discharge electrode. Ozone has a very strong oxidizing

capability; in the presence of ozone, zeolite andmany porous

materials may act as a catalyst owing to ion exchange and

other chemical features, which consequently degrade ozone

to atomic and molecular oxygen (Kwong et al. 2008). At

voltages above 15 kV due to generation of excess high-en-

ergy electrons, the created ozone is decomposed by collision

to these excess high-energy electrons and generates radical

and molecular oxygen and hence the ozone concentration

falls (Liang et al. 2013).

When PCO was added downstream the NTP system,

there were various advanced oxidation processes (AOPs)

including UV/TiO2, O3/UV and O3/TiO2. Ozone, unwanted
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by-product of plasma, is a strong oxidant agent. It is uti-

lized as the oxidant precursor by PCO and improved

removal efficiency and durability of photocatalyst (Huang

and Ye 2009). In PCO process, ozone is decomposed to

atomic and molecular oxygen by UV irradiation or catalyst

as Eq. (3).

O3 �!hvorcatalyst
O2 þ O� ð3Þ

In this study, this low amount of the produced ozone in

NTP process was degraded in PCO by TiO2 and ZnO

catalysts as well as UV radiation, so that in the output of

the NTP–PCO system ozone was not detected.

In NTP, the generation of NO is inevitable in the pres-

ence of O2 and N2; NO can be easily oxidized to NO2 by

proxy radicals or ozone (Oh et al. 2009). The generation of

NO and its conversion to NO2 can be written as Eqs. (4–7)

(Pekárek 2003).

eþ N2 ! N� þ N� þ e ð4Þ
N� þ O2 ! NOþ O� ð5Þ
N� þ O3 ! NOþ O2 ð6Þ
NOþ O3 ! NO2 þ O2 ð7Þ

Figure 6a shows the created NO and NO2 in NTP

process (the error was less than ±5.2 %). As can be seen, it

was as a function of applied voltage and flow rate; the

concentrations of NO and NO2 increased by increasing the

applied voltage. This increase can be attributed to increase

in the number of free electrons resulting in collision

increase and creation of NO and NO2.

Photo-decomposition, photo-oxidation and photo-selec-

tive catalytic reduction (photo-SCR) are methods that have

been presented for photocatalytic degradation of NOx in

literature. The photo-decomposition process occurs via

reaction on the photocatalyst surface and it is focused on

increasing the toward N2 production. In Photo-selective

catalytic reduction (photo-SCR) method, NOx reduction

happens in the presence of a reducing agent such as NH3 or

hydrocarbons under light irradiation. This process occurs

on a photocatalyst surface and transfers NOx into harmless

gaseous compounds, such as N2. The aim of photo-oxida-

tion is to transform NO into HNO3 through the formation

of HNO2 and NO2 (Maggos et al. 2007).

Figure 6b shows the output amount of NO and NO2

from the NTP–PCO system (the error was less than

±4.8 %). As can be clearly seen, high concentrations of the

produced NO and NO2 in NTP process were removed by

PCO (Fig. 6a, b). NOx removal efficiency in PCO process

was a function of flow rate and initial concentration.

The efficiency was 100 % at the flow rate of 0.3 L/min;

by increasing the flow rate, it decreased to 22 % at the flow

rate of 1.2 L/min (Fig. 7). This decrease in efficiency was

owing to residence time decrease in reactor as well as space

velocity increase of pollutants. At lower flow rates, the

residence time of NOx in the reactor was higher, so the

collision probability of NOx with the active species was

higher and therefore the removal efficiency was higher.

Moreover, increase in inlet concentration led to saturation

of the catalyst active sites and hence reduced removal

efficiency. Devahasdin et al. (2003) reported that NOx

removal efficiency increased with increasing residence

time and decreasing inlet concentration.

In any case of the all experiments, a sample was injected

to GC–MS for by-product detection; the results showed

that the output gas from the NTP process contained chlo-

roform, phosgene, trichloroacetaldehyde, chlorine and

carbon dioxide (Fig. 8a). In view of high probability of

HCl creation and lack of its detection by GC–MS, the
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output gas was analyzed by HCl detector tube and showed

this compound was created by chloroform degradation.

The most probably and commonly accepted pathway for

degradation of VOCs in NTP process is collision pathway,

in which high-energy electrons contact with elements

existing in the gas flow and create active radicals, ions and

species which are oxide VOCs (Kalpathi 2005). Regarding

the ingredient of the input gas to the plasma reactor, some

of reactions of electron collision may be written as follows:

eþ O2 ! eþ O� þ O� ð8Þ
eþ H2O ! H� þ OH� ð9Þ
eþ CHCl3 ! CHCl2 þ Cl� ð10Þ

In view of the presence of radicals of oxygen and

chlorine, a few pathways of chloroform destruction can be

written as follows (Bakar et al. 2010; F}oglein et al. 2005;

Indarto et al. 2006):

CHCl3 þ O� ! COCl2 þ HCl ð11Þ
COCl2 þ O� ! CO2 þ Cl2 ð12Þ
COCl2 þ Cl� ! COCl� þ Cl2 ð13Þ
COCl� þ CHCl3 ! CHCOCl�2 ð14Þ

CHCOCl�2 þ Cl� ! C2HCl3O ð15Þ
CHCl3 þ Cl� ! CCl3 þ HCl ð16Þ

Comparison of Fig. 8a and b shows that most part of the

created organic by-products in plasma reactor were

oxidized in combined system and their concentration

decreased in the effluent. For example, phosgene, one of

the generated by-products in plasma reactor, is formed

Fig. 8 GC–MS chromatogram: a GC–MS chromatogram for non-thermal plasma process, b GC–MS chromatogram for combined process
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because of the reaction between chloroform and atomic or

radical oxygen (Eq. 11). Phosgene has high toxicity which

is not acceptable in effluent. In combined system, because

of the created ozone and additional oxidation process:

ozone/photocatalysis and catalytic ozonation, there are

more active radicals such as proxy, hydroxyl and chlorine,

which can convert phosgene to low-toxic products like CO2

and Cl2 (Eqs. 17–20) (Bakar et al. 2010; Lee et al. 1996).

COCl2 þ hv ! COþ 2Cl� ð17Þ
COCl2 þ Cl� ! COCl� þ Cl2 ð18Þ
COCl2 þ H� ! COCl� þ HCl ð19Þ
COCl2 þ O� ! CO2 þ Cl2 ð20Þ

Similar to phosgene, trichloroacetaldehyde is also

oxidized in combined system; following pathways for

photocatalytic destruction of trichloroacetaldehyde have

been reported (Driessen et al. 1998; Fan and Yates 1996).

C2HCl3Oþ O�
2 ! COCl2 þ COþ CO2 þ HCl

þ CHCl3ðtraceÞ ð21Þ

C2HCl3Oþ 1

2
O2 ! COCl2 þ HClþ CO ð22Þ

Besides oxidation of the created organic by-products,

un-oxidized chloroform is reoxidized in combined system

(Eqs. 23–27) (Bakar et al. 2010).

CHCl3 þ hv ! CHCl2 þ Cl� ð23Þ
CHCl2 þ OH� ! CH2Clþ OCl ð24Þ
CH2Clþ H� ! CH3Cl ð25Þ
CHCl3 þ OH� ! H2Oþ CCl3 ð26Þ
CHCl3 þ Cl� ! CCl3 þ HCl ð27Þ

As can be clearly seen in Fig. 8a, b, reoxidation of the

generated organic by-products in combined system

decreased their contents and increased the selectivity of

CO2 and Cl2.

Conclusion

In this study, the decomposition of chloroform vapors in a

NTP reactor as well as a combined system of this reactor in

conjunction with photocatalyst was investigated. The

findings showed that the efficiency decreased by increasing

flow rate, which was because of the fact that residence time

decreased. However, by increasing the inlet concentration

in NTP system higher efficiency was seen, because the

reactor had larger discharge gap. Analysis of the output gas

showed that the NTP system had high concentration of NO

and NO2, but in combined system the concentration of

these two pollutants dropped dramatically. NOx removal

efficiency for the PCO system was a function of flow rate

and it increased when flow rate increased. The content of

effluent ozone from the DBD reactor was little and constant

which might be on account of the EG in the reactor, which

acted as a catalyst in the presence of ozone and degraded

ozone. The generated ozone from the NTP system was

degraded in PCO and consequently was not detected in

output gas of the combined system. The generated organic

by-products in NTP process were: phosgene and

trichloroacetaldehyde, which were reoxidized with un-ox-

idized chloroform in the second stage of the combined

system. This increased the selectivity of CO2 and Cl2.

Based on these results, the combined system is preferred

due to higher removal efficiency, complete mineralization

and lower harmful by-products.
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