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Abstract

A dielectric barrier discharge system with a discharging zone where degradation processes happen is designed to remove 4-
chlorophenol from water. The removal of 4-chlorophenol was influenced by the processing parameters such as gas flow rate, flow
ratio of oxygen and argon, applied voltage and total applied power. Increasing the power or gas flow rates within a certain range
enhanced the removal efficiency. 99% of 4-chlorophenol was removed in 6.5 min at reactor’s efficient point which is set by
adjusting the flow ratio of introduced gases and voltage. The removal percent was about 95% at 5 min of non-thermal plasma
treatment with peak voltage of 10 kV and oxygen and argon flow rate of 20 SCCM and 200 SCCM respectively. Then by
adjusting the flow ratios in order to find the optimum point. At this point the efficiency reached its peak due to excessive
introduction oxygen gas which results in production of more oxidative agents. HPLC and GC-MS analysis have been carried
out in order to investigate the by-products of degradation process. After 6.5 min of treatment at efficient point of degradation
reactor, a 64% decrease in COD index has been indicated.

Keywords Dielectric barrier discharge - Non-thermal atmospheric plasma -4-chlorophenol - AOP - Endocrine disruptors - Plasma

in liquids

Introduction

The environmental pollution by emerging pollutants has been
considered as the most important concerns in the globe and
therefore, the legislation requirements for discharging of in-
dustrial wastewater have becoFfigme stricter [1-3].
Constituting an important category of persistent organic pol-
lutants and some of them being identified as carcinogens and
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environmental endocrine disruptors, Chlorophenols (CPs) are
repeatedly detected in industrial wastewater generated by
manufacturing of plastics, resins, textile, steel and paper [4].
Chlorophenols are pernicious to organisms even at ppb levels
and listed as priority pollutants. Although the advanced oxi-
dation processes have been successfully used to remediate
different organic pollutants or disinfection purposes, they are
commonly require the addition of chemical agents [5—9]. and
the full scale application of other methods such as adsorption
processes require high contact time and limited by the slow
rate of process [10—12]. Meanwhile, the advanced oxidation
processes based on plasma discharges are novel and promis-
ing alternatives. Alongside with newly established efficient
wastewater treatment techniques such as ozonation, carbon
adsorption and photocatalytic generation of oxidants; dis-
charge technique has been of great interest, demonstrating that
it could induce an oxidation process culminating in the effec-
tive degradation of persistent organic contaminants that could
not be eliminated efficiently in order that their toxicity and
bioaccumulation can cease to exist and be mineralized [13,
14].

Duo to CPs resistance to biological and classical physico-
chemical processes, conventional water treatment techniques

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40201-019-00433-3&domain=pdf
mailto:b-shokri@sbu.ac.ir

1186

J Environ Health Sci Engineer (2019) 17:1185-1194

are proved to be ineffective in degradation and hence miner-
alization of these persistent pollutants. Therefore, Advanced
Oxidation Processes (AOPs) have been proposed as a prom-
ising method for CPs eradication since these processes can
generate highly reactive species (e.g. hydroxyl radical) lead-
ing to mineralization of persistent organic pollutants to carbon
dioxide and water [15]. AOPs frequently are conventional
techniques that are developed and optimized either by modi-
fication of their treatment process (e.g. increasing surface con-
tact) or combining two or more oxidation process in order to
employ their synergistic effects. For the conventional ozona-
tion treatment, ozone is the oxidative species introduced into
the degradation reactor in which degradation of persistent or-
ganic pollutants can be carried out solely by direct ozonation.
Moreover, in order to escalate degradation efficiency, conven-
tional ozonation has been combined with UV, H,0,, Fenton
and TiO, photocatalytic oxidation [16—18]. Plasma also can
be a source of UV emission which can be utilized to enhance
degradability of photocatalysts while employing synergistic
effects of them [19, 20]. In addition, in order to prevent main
drawbacks of photocatalysts such as recombination of e- and
h+, which hampers photocatalytic reaction process, noble
metal Pt-doped TiO, has been proposed and investigated to
increase catalytic reactions to enhance degradation of persis-
tent contaminants [21].

Along with multitudinous of AOPs proposed to escalate
degradation, electrical discharge technologies such as glow
discharge and dielectric barrier discharge have been regarded
as promising processes. Applications of Dielectric barrier dis-
charge plasma (DBD) vary within a broad range from ozone
generation and surface treatment to wastewater treatment and
fuel reforming [22, 23]. The two electrodes comprising a
DBD system are separated by a dielectric layer that limits
charge particles movement, hence, micro discharges known
as plasma streams can be distributed uniformly between the
two electrodes. Reactive oxidant species are mainly Oz and
hydroxyl radical which are generated by plasma discharges,
leading to effective elimination of pollutants. In a Non-
Thermal Plasma (NTP) DBD system, Perchloroethylene
(PCE) degradation investigation has been carried out in within
two stainless steel electrodes with a quartz dielectric barrier
between them. Optical emission spectroscopy illustrated that
Oe, He and OH are responsible for oxidation processes leading
to degradation of PCE [24]. The elimination of PCE was about
80% at optimized reaction time after 3 min. In a dual discharge
zone reactor which is comprised of two coaxial quartz tubes,
two stainless steel disk electrodes and one stainless steel mesh
electrode with water flowing as thin film to be treated by NTP,
an elimination of 94% Methyl Orange in 80 mg/L concentra-
tion of 4 L solution was observed in 80 min [25]. Veterinary
antibiotics (e.g. lincomycin, enrofloxacin) with initial concen-
tration of 5 mg/L were degraded by a DBD system using gas
air and O, as working gas diffused into solution [26]. Energy
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requirement for degradation of 60% of 5 mg/L antibiotic so-
lution was between the range of 0.26-1.49 kJ/mg while for
90% the energy requirement was 0.36 to 2.06 kJ/mg.

Wang et al. developed a spraying DBD system to decolor-
ize indigo carmine aqueous solution which was used as a
grounded spraying water electrode [27]. When the air gaps
were 30 mm and the voltage was 30 kV, the decoloration
percent was about 95% at 18 min. Methyl violet 5SBN (MV-
5BN) was effectively decolorized by a DBD plasma plume
array [28].

In this paper, the degradation of 4-chlorophenol (4CP) was
investigated in a DBD system that utilizes stainless steel elec-
trodes and quartz glass as dielectric barrier. The process of
4CP removal and degradation is undergone in discharge zone.
When voltage is introduced into reactor, NTP is generated
between coaxial cylindrical electrodes where degrading zone
is located. Treated by NTP, 4CP is effectively degraded and
wastewater was half mineralized when processed at optimum
set of parameters. The effects of multiple treatment variables
including applied voltage and power, gas flow rates and ratio
of flows and duration of treatment were studied. Quantitative
and qualitative assessments of reactive oxidant species re-
sponsible for degradation process were also carried out. By-
products generated as result of 4CP degradation process were
also identified by HPLC and GC-MS techniques, which were
illustrated as in-toxic and not persistent. Furthermore, quanti-
tative comparison of two Advanced Oxidation Processes
(AOP), ozonation and NTP, was drawn to illustrate designed
reactor’s effectiveness and potential. This contribution dis-
tinctly revolves around the effect of fed gases in efficiency
of degradation process. Various ratios of argon and oxygen
flow rates have been fed through the discharge zone in order
to establish the optimum point at which generation rate of
active species is maximum, leading to maximum degradation
efficiency. Besides, active species are detected qualitatively in
the discharge zone during the treatment and the role hydroxyl
radicals in degradation process is specifically corroborated.

Materials and methods
Materials and solution

The synthetic effluent was prepared with distilled water and 4-
chlorophenol. 4-chlorophenol was purchased from Merck®
with concentration of 99% suitable for analysis. Stock solu-
tion of 100 mg/L concentration was prepared by adding liquid
4-chlorophenol in 40 C to distilled water and solving in water
in a heat bath set at 40 C using a magnetic stirrer. Oxygen and
argon gases were fed from two steel cylinders (both 99.999%
concentration suitable for analysis) to the discharging zone
and gas flow meters were used to control the flow rate.
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Experimental setup

The schematic diagram of the DBD system is depicted in
Fig.1. a. It consists ef a homemade high voltage power supply
and a coaxial cylindrical reactor with a discharging zone in
which degradation is undergone. Before any treatment and
introduction of gases, 50 mL of 4-chlorophenol solution was
poured into the reactor between the two coaxial electrodes
where discharges were to be produced. Afterward, the gases
were introduced to the discharge zone and bubbles of the fed
gases were observed in the discharge zone and the high volt-
age power supply was set to a particular voltage value. The
peak voltage was set in a corresponding frequency, however,
before any discharge took place the power supply svas tried to
maximize the voltage until first discharges happened. After
first discharge and generation of streamers, the peak voltage
was set and controlled in order to investigate its role on deg-
radation efficiency. Trying to find the most efficient point on
which the reactor performs effectively with least power con-
sumption, the degradation of 4-chlorophenol was found to be
most efficacious at 10 KV peak voltage, then the peak voltage

Fig. 1 a) The schematic of the

was fixed for evaluating other parameters and their roles in the
efficiency of the reactor. Furthermore, frequency of the high
voltage power supply was constant in 50 kHz during all the
study. After wastewater treatment by reactor, samples were
taken out the reactor for material analysis. The applied volt-
age, current and its other characteristics were recorded by a
digital oscilloscope (Tektronix, DPO3012) with a high voltage
probe (Tektronix, P6015) and a current probe (Tektronix,
TCP202). Figure 2 shows the typical waveforms of the ap-
plied voltage and current.

The structure of the reactor is also shown in Fig.1. b. The
ground electrode is a stainless-steel mesh enclosed on outer
surface of the quartz discharge barrier. The high voltage elec-
trode is a hollow stainless-steel rode through which fed gases
introduced to reactor from the top of the reactor after their
flows were fixed and their ratio were set. The high voltage
electrode was connected to a high voltage power supply and
the ground electrode was connected to ground wire of labora-
tory. The length and gap of the discharging zone was 300 mm
and 4 mm respectively. The bubbling fed gases were intro-
duced to the discharging zone from the bottom of the high

DBD system b) designed reactor
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Fig. 2 The waveform of voltage and current input into the reactor by the
power

voltage electrode where they appeared as bubbles due to the
several small holes carved in the bottom which serve as gas
diffuser.

Material analysis and plasma characterization
methods

The initial concentration of 4-chlorophenol was adjusted and
its concentration after each experiment was all identified by a
Brucker 450 GC equipped by FID Varian capillary CP-Sil
5CB (30 mx 0.25 mm x1 pm) column. The by-products and
the effect of plasma treatment on the solution were identified
by a Knauer HPLC equipped with a 2800 Smartline photo-
diode array UV-Vis detector and a Waters Spherisorb 5 pm
ODS2 Cyg column (5 pmx 4.6 mmx 250 mm). The injection
volume of the sample was 10 uL and the flow rate of eluent
was 1.0 mL/min. The compounds were eluted with a binary
system of acetonitrile—water. The mobile phase gradient was
initially 30% acetonitrile, increasing linearly to 80% during
20 min. The detector wavelength was set at 280 nm. To iden-
tify compounds the retention time was compared with stan-
dard (fz= 11.12 min). The error for HPLC analyses was not
more than 1%.

In order to investigate and identify by-products of treated
wastewater, a ThermoQuest-Finnigan Trace MS Quadrupole
GC-MS with 70 eV ionization energy equipped with Agilent
J&W DB-5 ms capillary column was used. In addition, to
measure the effectiveness of the designed reactor in mineral-
ization of wastewater, COD analysis using Aqualytic AL 125
thermoreactor equipped with AL 250 photometer has been
performed.

In addition, Optical Emission Spectroscopy (OES) was
used to examine the excited high energy species in the plasma
matrix. In order to identify excited species during NTP treat-
ment, the optical spectra probe, located in front of NTP
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reactor, detected plasma emission’s wavelengths ranging from
200 to 1100 nm by an optical spectrometer (Avantes Ava
Spec-3648).

Results and discussion

Degradation kinetics of 4-chlorophenol in different
peak voltage

In the DBD system, peak voltage is one of the key parameters
affecting mostly the input power. Figure 3 shows the 4-
chlorophenol degradation at various peak voltages.
Meanwhile, the oxygen and argon flow rates were fixed at
20 SCCM and 200 SCCM respectively. The degradation rate
increases quickly by increasing peak voltage from 8 kV to
14 kV, which intuitively is deducted. Only 71% of 4-
chlorophenol was removed in 5 min with peak voltage 8 kV
while 97% was removed in same duration with 14 kV peak
voltage. In general, increasing peak voltage results in an in-
crease in the input energy which generates more and stronger
streamers. Peak voltages of 8 kV, 10 kV, 12 kV and 14 kV
correspond with input energy of 400 W, 500 W, 600 W, 700 W
respectively due to constant 50 mA current. Weak corona
spots are observed at 8 kV voltage with few streamers, while
illuminating corona accompanied by multitudinous streamers
having more diameters were observed. Stronger corona means
more formation of active species [29]. Hence, the contaminant
degradation rate could be accelerated by increasing peak volt-
age in certain range. In the present setup, it was difficult to
heighten the peak voltage above 14 kV. However, increasing
applied voltage leads overheating of aqueous solution and
reactor parts, which results in instability of reactor. Aside from
energy consumption, overheating plays a limiting role in
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Fig. 3 The removal of 4-chlorophenol at various peak voltages (Oxygen
and Argon flow rate 20 SCCM and 200 SCCM respectively)
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exerting voltages above 10 kV to reactor. Hence, the optimum
voltage indeed is determined to be 10 kV from both energy
consumption and stability perspective.

The k, (s ), defined as degradation kinetic rate constant in
first-order kinetic expression in Eq. (2) which In (C/C,) versus
time (s) is plotted to calculate degradation rate of 4-
chlorophenol:

ll’lg—; = —kt (1 )

The degradation action was demonstrated using a first-
order expression. The actual degradation kinetic rate was es-
timated from the slope of In (C/C,)) versus time (s) plot. Least-
squares regression values (%) of the degradation rate constant
data for 4-chlorophenol removal (r* > 0.9867) shows a proper
fit between In (C./C,) and time. Based on Table (1) Kinetic of
4-chlorophenol degradation in peak voltage of (14 kV) was
the highest and equal to 0.013 s™".

peak voltage (kv) first-order degradation kinetic shH R?

8 0.0047 0.9627
10 0.0065 0.9842
12 0.0081 0.9743
14 0.0135 0.9867

Optimization of oxygen and argon flow rate

Figure 4 shows the removal of 4-chlorophenol at two different
flow rate ratios of oxygen and argon while applied peak volt-
age is fixed at 10 kV. It was observed that the removal rate was
improved by increasing oxygen gas flow rate from 20 SCCM
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Fig. 4 Effect of fed gases flow ratio on the conversion of 4-chlorophenol
(Flow Ratio a: Oxygen 50 SCCM and argon 170 SCCM; Flow Ratio b:
Oxygen 20 SCCM and argon 200 SCCM)

to 50 SCCM while decreasing argon gas flow rate from 200
SCCM to 170 SCCM. During 3 min of treatment, the removal
was 58% and 78% at 20 SCCM oxygen flow rate and 50
SCCM argon flow rate, respectively. There were negligible
variations on the removal rate by further increasing the oxy-
gen flow rate ratio; however, different gas flow rate means a
different amount of gas molecules are passing through the
discharge zone at the same time. As the oxygen gas flow rate
is increased in a certain range and ratio, more oxygen gas
molecules will pass through the DBD discharging reactor,
culminating in more dissociation of gas molecules at the same
interval. As a result, more radicals are formed (either atomic
oxygen or its products such as hydroxyl radical), which results
in more oxidation and decontamination of 4-chlorophenol ei-
ther by breaking the aromatic ring and mineralization or re-
placing CI atom which renders chlorophenols toxic [30].
Meanwhile, it was observed that degradation of 4-
chlorophenols was accelerated during the first minutes of deg-
radation and the overall degradation was not so. This could be
attributed to saturation of both energy and active species.
Active species formed by streamers cause more damage to
the persistent organic molecules when concentrations are high
due to more collision between radicals and organic molecules.
Collisions plummeted when a majority of molecules were
degraded; besides, direct collision of streamers and corona
with contaminants was decreased. What is more, increasing
the oxygen flow rate more than 50 SCCM was shown to be
ineffective to degradation rate, which can be attributed to ei-
ther the limit of applied energy in the discharge field or satu-
ration of radicals. Considering all the aforementioned factors,
the oxygen and argon gas flow rates of 50 SCCM and 170
SCCM corresponding to flow ratio of 5:17 respectively were
suggested in the following experiments. Fig. 4 demonstrates
the effect of oxygen and argon flow rate on the removal rate
against time. In other studies, using a NTP reactor and
employing synergistic effects of Fe** and H,0, catalysts, over
95% of 4CP was removed using H,O, catalyst applying
150 W at 17 kV into DBD system [31]. In these studies, cat-
alysts and chemical compound (e.g. iron sulfate) must be
added to solution before any treatment, which imposes limi-
tation when scaling up for industrial purposes is planned.
Besides, after plasma treatment solution must be left for hours
in order that catalysts’ maximum efficiency can be reached.

Comparison between ozonation and NTP reactor

Demonstrating proposed NTP DBD reactor’s effectiveness
and potential, a comparison between this advanced oxidation
process of contaminant removal and a conventional facility
was drawn. Concentration of 4-chlorophenol was set
100 mg/L for both ozonation and DBD samples. The proc-
essed samples both had 50 mL volume. Ozone was bubbled
into 4CP solution using ozone generator (ANSEROS, COM-
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AD-01-OEM) generating 5 g/h ozone. DBD reactor was set at
its optimum removal point with 10 KV applied voltage and 50
SCCM and 170 SCCM of oxygen and argon fed gases respec-
tively. Fig. 5 shows the removal of 4CP against time. As it is
shown, while the whole 4CP was removed from sample after
6 min when DBD reactor was exploited, the complete removal
4CP using ozonation technique was not achieved during
20 min of treatment and 47% removal was recorded. This
exemplarily shows the effectiveness of NTP reactor in remov-
al of persistent organic pollutant 4CP. In a catalytic degrada-
tion system exploiting ozone and ultra-small 3-FeOOH nano-
rods catalysts removal rate of 99% and 67% was achieved
after 40 min and 2 | min in the presence of combined ozone
and catalyst and ozone only, respectively. [32]

The role of active species

The plasma discharge was characterized using optical emis-
sion spectroscopy (OES). During water treatment time, the
optical spectra emitted from plasma were recorded in wave-
length range between 180 to 500 nm simultaneously using
optical spectrometer. Each observed peak individually has
been corresponded to a reference peak in order to detect each
active species dwelling in discharge zone during the treatment.
From Fig. 6, it can be seen that small peaks of ‘OH were
recorded at 295-320 nm and corresponded with previous ob-
servations [33]. Emissions from N2 and excited species of N2
exhibited distinct peaks in the UV region and were the highest
peaks recorded [34]. As expected, the atmospheric discharge
is an effective source of reactive nitrogen oxygen species
(RNOS). NO and oxygen based oxidative species were ob-
served due to discharge in atmospheric pressure and oxygen
fed gas. Argon was also detected in spectrum since it was fed
through discharge zone. Radical species such as superoxides
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2
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S 40
o 36
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Fig. 5 Comparison between conversion rate of ozonation and NTP
treatment
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Fig. 6 Optical Emission Spectrum (OES) of the dielectric barrier
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and hydroxyl radicals are short-lived whereas hydrogen per-
oxide is relatively more stable even up to 24 h. Such active
species play a key role in the degradation of 4CP.

HPLC analysis

Using HPLC equipped with UV-Vis spectrophotometer, not
only were the evidences for removal of 4CP in optimum point
of reactor given, but it was also confirmed that 4CP was de-
graded due to the change in UV adsorption of molecule.
Figure 7 shows the HPLC chromatogram for 4CP solution
before and after the NTP treatment. The red and black trajec-
tories indicate the solution chromatogram before and after the
treatment, respectively, at optimum point. The chromatogram
illustrates two peaks for pre-treatment solution, the first relates
to moving phase used for indicating the chemicals while the
second peak relates to 4CP. The post-treatment chromato-
graphic trajectory shows 3 peaks, among which the peak cor-
responding to ¢z = 8.04 min is related to by-product resulted
from NTP treatment of the solution. Evaluating the under peak
areas of 7z =10.89 min peak, which was related to 4CP in
solution, the results of GC analysis for concentration of 4CP
were precisely confirmed. Furthermore, UV-Vis detector of
HPLC column illustrated the degradation of 4CP by
confirming opening of its benzene ring.

Photocatalytic disassociation of the C-Cl bond in 4CP has
been reported using graphite and graphene oxide activated
with the UV lamp [35]. The reactions initiated by OH radical
are the main stage in the C-Cl bond cleavage of 4CP, with
subsequent decomposition of the intermediate ion or radical.
It is important to consider the bond at 280 nm, which defines
the generation of intermediate compounds, in the progression
of 4-chlorophenol degradation. In Fig.8 the UV-Vis spectrum
corresponding to ¢z = 8.04 min is shown. Comparing two
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280 nm absorption peaks of pre and post-treatment solution, it
was apparent that this peak is intact, indicating no generation
of C-Cl containing by-products. Moreover, the 225 nm peak
was diminished considerably after NTP treatment, suggesting
that 4CP’s benzene ring was opened. What is more, formation
of another peak at 202 nm was attributed to generation of
maleic acid as the final by-product of 4CP degradation [36].

GC-MS analysis

In order to investigate degradation pathways of 4CP during
NTP treatment, Gas chromatography equipped with mass
spectrometer analysis has been carried out. After treatment
of 4CP there were produced several kinds of intermediates a
majority of which were transient (i.e. were degraded after

Wavelength: 244.99 nm - Amplitude: 21.864 mAL
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1000
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250 300 350

nm

mAU

-10
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Minutes

short period of time). [37] However, although the main pur-
pose of the reactor was to mineralize persistent organic pol-
lutant 4CP, persistent by-products remained in the treated so-
lution. Distinguishing between transient and persistent by-
products, the analyzed sample was taken from optimally treat-
ed solution of 4CP after 3 min of treatment. As it is shown in
Fig. 9, two major peaks were observed in the chromatogram.
The second peak (¢ =39.21 min) was attributed to 4CP rem-
nant in the solution while the first peak (¢ =39.12 min) was
related to another persistent organic pollutant detected as 2,3-
dihydrofuran. The second peak was observed in the initial
sample of 4CP. Furthermore, Fig. 9 shows the first peak’s
(tg =39.12 min) mass spectra and closest analogue of this
mass spectra pattern which was interpreted as 2,3-
dihydrofuran by the library. Although the detected by-
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Fig. 8 UV-Vis spectrum corresponding to 4CP (left) and corresponding to tg = 8.04 min peak in chromatogram (right)
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product found to be a persistent organic pollutant, it was not
reported as an endocrine disruptor since it does not contain
chlorine atoms attached to benzene ring [38]; thus, it is con-
cluded that endocrine disruption characteristic of treated solu-
tion ceased to exist. In an assessment of by-products resulted
from 4-chlorophenol, several kinds of opened benzene ring

Fig. 10 4-CP degradation pass
ways schematic
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and organic molecules were reported, all of which did not
possess chlorine atom attached to benzene ring. [39]
Intermediate by-products were assessed at the optimum
conditions of this study. At this study up to 96% 4-CP degra-
dation was achieved. GC-MS examination was used to iden-
tify the 4-CP degradation by-products in DBD set up. The
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main compounds during 4-CP degradation were aromatic
structure such as Hydroquinone, 1, 4-Benzoquinone, 4-
chlorocatechol, and 2,3-dihydrofuran, along with aliphatic
acids such as, 2, 4-Hexadiene-1-OL, 1-Hexanone, oxalic acid,
maleic acid, acetic acid and formic acid. The most important
reason for the decomposition of organic pollutants in DBD set
up is formation of OH- and O free radicals in the plasma
environment. Figure 10 shows the anticipated pathway of 4-
CP degradation. As can be seen, first, free radicals (superoxide
and hydroxyl) attack to 4-CP and remove chlorine (Cl) atom
from the 4-CP molecule and produce hydroquinone. Then
hydroquinone dehydrogenation led to the 1, 4-Benzoquinone
generation. Regarding that extra amounts of free radicals
existed in the DBD reactor, 1, 4-Benzoquinone ring
decomposed and converted to the aliphatic acids such as
oxalic, maleic, acetic and formic acid. Finally, if enough con-
tact time is provided for this setup, complete mineralization
possibly will happen and aliphatic acids excess degradation
will lead to H,O and CO, molecules production in DBD
reactor.

Mineralization of 4-chlorophenol evaluated by COD

The COD analysis was carried out in order to assess the total
quantity of oxygen-consuming substances during the com-
plete chemical breakdown of organic substances in water.
Table. 1 illustrates mineralization of 4CP achieved by NTP
treatment after 6.5 min under optimal conditions mentioned
above corresponding to 99% removal of 4CP. It can be ob-
served that NTP degradation process eliminates 64% of or-
ganic matter. In addition, it is worthy of indicate that organic
elimination achieved by other degradation research was 25%
after 15 min treatment [40]. In another reactor designed to
eliminate pharmaceutical compound an elimination of 56%
was achieved after 120 min of treatment [25].

Conclusions

Degradation of 4-chlorophenol in solution of 100 mg/L is
achieved employing non-thermal plasma generated by a
DBD system in 3 min at peak voltage of 10 kV at optimum
condition of 50 SCCM and 170 SCCM of feeding oxygen and
argon gases respectively. 95% of 4-chlorophenol was

Table 1 COD index of pre-treatment and post-treatment solution indi-
cating concentration of total organic matters

Analyzed Solution COD index (a.u.) Solution Concentration

(mg/L)
Pre-treatment 353 100
Post-treatment 128 36

removed after 5 min of treatment in DBD reactor at optimum
point. It was shown that degradation of 4CP depends on ap-
plied voltage and flow rate of fed gases, which determines the
optimum point at which degradation is most efficient and
effective. A comparison was drawn between proposed AOP
reactor and ozonation concluding excellence and effectiveness
of proposed process. Carrying out OES, the role of different
active species such as hydroxyl radical generated by NTP in
degradation of 4CP was investigated.

Furthermore, performing HPLC and GC-MS analysis to
detect by-products resulted from degradation process in reac-
tor, it was illustrated that detected by-products do not exhibit
endocrine disruption characteristics. Finally, it was illustrated
that 4CP solution is mineralized due to 64% reduction in COD
index of solution after NTP treatment in 6.5 min at optimum
conditions.

Based on presented results and discussions, it can be cor-
roborated that the proposed reactor poses as potential water
purifier specifically designed for persistent organic pollutants
decontamination in aqueous media. The reactor is highly effi-
cacious at removing 4CP, albeit being complicated in terms of
characterization and optimization of the discharge process.
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