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INTRODUCTION

Matter exhibits four fundamental states viz. solid, liquid,
gas and plasma, which depends on heat or energy addition [1].
Plasma, a characteristic fourth state of matter, is an ionized gas.
According to the early studies, a plasma state can easily be
attained in a gas-discharge tube, containing a gas with two-
parallel metal electrodes. Under this condition, few inert gas
molecules were ionized in the gas tube, which led to the form-
ation of electron-ion pairs [2]. In an electric field, free electrons
rapidly move toward an anode, causing the formation of a small
background current of up to 10-6 ampere. When the voltage
increases, primary electrons move further towards the anode,
and from the applied electric field receive kinetic energy. The
collision and subsequent reaction of primary electrons with inert
gas atoms leads to the formation of secondary electron-ion pairs
[3]. Plasma was employed as a dielectric barrier discharge (DBD)
for developing industrial ozonators and DBD was used for
environmental purposes and in industrial and medicinal appli-
cations [4]. The DBD reactor comprises two (planar) parallel
electrodes, which are separated using a dielectric barrier. To
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construct the dielectric barrier, one or both electrode/s can be
coated with a dielectric material, such as quartz, silica, ceramic
materials and mica. Quartz glass is most commonly used as
the dielectric material [5].

Atmospheric pressure DBD current and a classical gas
discharge exhibit similar characteristics. Because one electrode
of DBD is coated and commenced by applying an AC-powered
voltage to the anode (high-voltage electrode) [6]. Positive ions
balance the electron density of plasma, making it electrically
neutral [7,8]. Plasmas can produce a large number of chemically
active and energetic species, such as ions, electrons, free radicals
and atoms, which are in excited states. The •OH radicals and
oxygen atoms produced during atmospheric air discharge play
a crucial role in oxidation. Thus, plasma technology is widely
used, especially, to treat wastewater containing recalcitrant
organic compounds. Moreover, plasma is considered as a clean
technology, which does not require additional chemicals [9,10].
Furthermore, cold plasma can be used to enhance dissolved
oxygen amount, eliminate the odour from wastewater and reduce
the chemical oxygen demand. However, cold plasma can lead
to undesirable production of nitrite and nitrate. Cold plasma
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treatment presents with other limitations of conductivity increase
and pH reduction.

Due to environmental concerns, nitro-aromatic compounds
present in wastewater must be eliminated through treatment
before its discharge into rivers and/or oceans [11-14]. Apart
from traditional treatments, for the degradation of nitro-aromatic
compounds, such as 2,4,6-trinitrophenol (TNP), present in
wastewater, advanced oxidation processes (AOPs) have received
considerable attention [9,10]. Among AOPs, atmospheric air-
cold plasma with reactive species, including •OH, •O, •H, O3

and H2O2, has been obtained as most effective method for the
degradation of nitro-aromatic compounds present in wastewater,
and the wastewater obtained after treatment with plasma DBD
was non-toxic [15-24]. The decomposition of TNP achieved
using DBD is similar to that achieved using APOs, which is
considerably complicated and proceeds through numerous
intermediate stages. Thus, obtaining an accurate kinetic rate
of TNP decomposition is difficult. In this study, several experi-
ments were conducted to establish a kinetic equation for the
decomposition rate of TNP, depending on its initial concen-
tration. The decomposition reaction rate for the initial concen-
tration of TNP did not depend on degradation intermediates
obtained in the plasma reactor. Such a kinetic equation can be
used in a treatment model on various scales.

EXPERIMENTAL

Analytical purity grade of solvents, chemicals and 2,4,6-
trinitrophenol were obtained from Merck, U.S.A. and used
without further purification. All the solutions were prepared
prior to carrying out experiments and kept at room temperature.
HPLC Model HP 1100 using diode-array detector  Agilent
(U.S.A.), Spectrophotometer UV-Vis Agilent 8453 (U.S.A.)
and DR/890 Colorimeter, HACH was used for COD analysis.

Air cold plasma DBD reactor: The reactor comprises a
high voltage pulse generator attached to an electrode system
with water thin layer. A pump was employed to supply air (2-
4 L/min) inside and outside the quartz tube of plasma chambers
for enhancing ozone generation and ozone dissolution in water.
A metering pump was utilized for circulating wastewater at a
speed of 1.2 L/min in the reactor to increase the degradation
efficiency of TNP.

Dielectric barrier discharge provides an electrical dis-
charge between two electrodes separated through the insulating
dielectric barrier [25,26]. Discharge was performed on a system
of two coaxial electrodes that were separated using a thin insu-
lating layer. In this study, a plasma DBD reactor comprising
two electrodes, namely a grounded-central electrode (21 mm
diameter) of inox steel and an outer copper electrode (HV)
wrapped around the quartz tube (32 mm diameter) was used.
The two coaxial electrodes were fixed on a Teflon insulated base.
The plastic base was drilled for removing water from the plasma
reactor. The voltage of insulating glass tubes was always high
to obtain electrical sparks, which spread around the pipe evenly
without pipe breakdown. A high voltage source (approximately
> 10 kV) was connected the electrodes. DBD-cold plasma was
obtained between a water layer and the inner surface of tube,
because of sparks discharged in air between the outer surface
of water layer and inside glass tube.

Atmospheric air cold plasma DBD treatment: A water
sample was supplied to an inner electrode, which then flowed
downward on the outer surface of a pipe wall and formed a
0.5 to 1 mm thin film (dependant of selected pump velocity).
When the two electrodes were adjusted to obtain a sufficiently
high voltage (approximately > 10 kV), DBD plasma was formed
in the reactor chamber. Thus, DBD air-cold plasma with ozone,
UV and other reactive reagents, such as •H, •OH, H2O2 was
formed [13,27,28]. The aforementioned active components are
considerably strong oxidizing agents for degrading pollutants
present in wastewater. Fig. 1 presents the shapes of plasma
DBD obtained from the atmospheric air-cold-plasma reactor.
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Fig. 1. Schematics of batch reactor configuration for plasma treatment

To enhance the efficiency of TNP decomposition, the waste-
water samples were circulated. After an adequate time, the
samples were removed from the reactor for HPLC analysis. In
addition to analyze a decrease in the TNP concentration, external
factors such as applied voltage and the effect of initial concen-
tration of TNP on the decomposition efficiency were determined
to establish kinetic equations for decomposition.

Determination of TNP concentration: A HPLC instru-
ment was employed to determine the TNP concentration in the
samples. The parameters of HPLC instrument comprised as:
Detector: diode array; column of Hypersil C18 (200 × 4 mm);
Mobile phase of acetonitrile/water: 65/35 (v/v); Pressure: 280
bar; pH = 7.

Procedure: A solution (5 µL) was taken from the reactor
for HPLC analysis. Determine the retention time (tR), peak
height and peak area for calculating the TNP percentage remain-
ing in the samples. The main parameters used for the HPLC
analysis were measurement signal: 360 nm; flow rate: 0.35
mL/min; sample pump volume: 5.0 µL; retention time (tR): 4
min. A calibration curve was used to determine the TNP concen-
tration.

Determination of COD index: The COD of sample was
determined using the HACH COD DR/890 (USA) device accor-
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ding to ISO 6060:1989: Water quality determination of COD.
The determination was performed according to instructions
provided with the device.

RESULTS AND DISCUSSION

Kinetics of degradation of 2,4,6-trinitrophenol

Degradation rate of TNP versus varying initial TNP
concentration: Experimental conditions used for the analysis
were as follows: applied power, voltage, wastewater circulation
rate and sample pH were 16 mA, 19 kV, 415 mL/min, 3.2,
respectively. The initial concentrations of TNP used were 91.02,
135.3 and 210.17 mg/L. A mean degradation rate of TNP  was
calculated after 30 min of treatment. Plasma DBD increased
with an increase in the TNP concentration (Table-1).

TABLE-1 
DEGRADATION MEAN RATE OF TNP AT  

DIFFERENTIAL CONCENTRATIONS AFTER 30 min 

Initial TNP concentration (mg/L) 0 91.02 135.3 210.17 

TNP degradation rate (mg/L min) 0 1.35 1.71 2.01 

 
Initially, the decomposition rate of TNP increased with an

increase in the TNP concentration (Fig. 2). However, the mean
rate of decomposition was not proportional to TNP concentra-
tions. The mean rate of TNP degradation was measured after a
30 min of the reaction, which revealed an increase in the degra-
dation rate of TNP with the increasing initial concentration of
TNP. Under the experimental conditions, initial concentrations
of TNP of < 210.17 mg/L provided an effective degradation.
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Fig. 2. TNP decomposition rate with initial TNP concentration (mg/L)

Fig. 3 indicates that the relationship between the reciprocal
rate (−1/R) and reciprocal initial concentration of TNP (1/CTNP)
is a linear function of  -1/R = f 1/CTNP of y = 39.678x + 0.3009
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Fig. 3. Dependence curve of (–1/R) on (1/CTNP)

and R2 = 0.9957 or corresponding to the degradation rate of
the empirical equation as follows:

TNP

TNP

0.0252C
R

1 0.0076C
− =

+
This expression is comparable to reported study [19],

where the degradation kinetics of p-nitrophenol through Fenton
reaction was studied.

When 0.0076CTNP << 1 or CTNP << 131.579 mg/L, the
degradation rate of TNP obtained after 30 min of reaction was
proportional to the initial concentration, which was consistent
with the experimental data (Fig. 3) from 0 to <135.3 mg/L.

Kinetics of TNP degradation in air cold plasma DBD
reactor: The degradation kinetics of TNP were determined
using three initial concentrations of TNP (91.02, 135.3 and
210.17 mg/L) and the reaction time varied from 30 to 120
min. The degradation kinetics of TNP in plasma DBD reactor
obeyed the rate expression of pseudo-first-order reaction
(Fig. 4).

From these equations, the half time of TNP degradation
at different intial concentrations occurred in the plasma reactor
were t1/2 (91.03 mg/L) = 31.7 min; t1/2 (153.3 mg/L) = 39.4 min and t1/2

(210.17 mg/L) = 53.9 min.
By using the degradation rate equations of TNP, degra-

dation reactions occurred in the plasma DBD reactor can be
simplified, which obeyed the kinetics of the pseudo-first-order
reaction.

TNP + Reactive reagents → Products

d(TNP)
k[TNP][Reactive reagents]

dt
− =

or app

d(TNP)
k [TNP]

dt
− =

where, kapp = k[reactive reagents].
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Fig. 4. Degradation kinetics of TNP at initial concentration of (a) 91.03 mg/L, (b) 135.3 mg/L and (c) 210.17 mg/L
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In this case, kapp depended on the ratio of reactive-reagent
amount and initial concentrations of TNP. This conclusion is
in accordance with the experimental results. The established
kinetic equations of TNP degradation can be used to predict
the TNP concentration remaining in plasma DBD reactors at
any interval of treatment time.

Influence of applied power source on TNP degrada-
tion: For experiment, CTNP and wastewater circulation rate were
135.3 mg/L and 415 mL/min, respectively with a varying-
power source. The degradation efficiency (H%) of TNP was
calculated based on the following expression:

o t

o

TNP TNP

TNP

C C
H (%) 100

C

−
= ×

The experimental data (Table-2) indicated that with an
increase in the applied power from 16 to 21 kV, the TNP degra-
dation rate and degradation efficiency increased (Fig. 5), since
more reactive species were produced at a higher voltage leading
to an increase in degradation.
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Fig. 5. Degradation efficiency  (H%) of TNP with varying power sources

Mineralization of TNP: The mineralization of TNP was
determined according to the decrease in COD values and TNP
concentration obtained after treatment in the plasma DBD
reactor at a voltage of 19 kV and I of 16 mA. The experimental
results (Fig. 6) indicated that after 240 min of treatment, TNP
present in the samples was nearly completely degraded,
whereas 134 mg of O2, corresponding to 57% COD treated.
This finding indicated that the TNP degradation occurred in
several steps and in the first step, TNP was transformed into
other compounds.

TABLE-2 
INFLUENCE OF POWER SOURCE ON TNP DEGRADATION, CTNP = 135.30 mg/L 

I = 10 mA, U = 16 kV I = 16 mA, U = 19 kV I = 22 mA, U = 21 kV Time 
(min) Ct  (mg/L) H (%) R (mg/L min) Ct  (mg/L) H (%) R (mg/L min) Ct  (mg/L) H (%) R (mg/L min) 

0 135.30 – – 135.30 – – 135.30 – – 
30 109.01 19.43 0.88 84.20 37.77 1.70 41.86 69,21 3.11 
60 89.20 34.07 0.66 50.19 62.90 1.13 11,65 91,54 1.01 
90 68.59 49.31 0,69 25.08 81.47 0.84 2,11 98.59 0.32 
120 52.82 60.96 0.53 13.05 90.36 0.40 0,70 99.63 0.05 
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Conclusion

In this study, atmospheric air-cold plasma with dielectric
barrier reactor was developed to investigate the degradation
of picric acid (2,4,6-trinitrophenol, TNP) in water. The plasma
reactor comprises a power source varying in a range of 16-21
kV with two coaxial electrodes separated using Quartz glass-
dielectric barrier.  The effect of initial concentrations of TNP
ranged between 91.02 and 210.17 mg/L on the degradation
efficiency and the reaction time was investigated to determine
the kinetics of TNP degradation. Under experimental conditions,
TNP degradation obeyed the rate kinetics of the pseudo-first-
order reaction. A decrease in the COD values and TNP concen-
tration revealed that TNP degradation occurred in plasma DBD
reactor proceeds through several steps, and the first step may
be the transformation of TNP into other intermediate compounds.
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