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bstract

The degradation behavior of 2,4-dinitrophenol (DNP) by low-temperature plasma was investigated and the effect of some factors that might
ffect the degradation process was further examined. The results indicated that DNP could be effectively removed from aqueous solution. The
egradation value was 83.6% when the input power was 150 W and 60 s was selected as the discharge time. Increasing the input power increased
he degradation efficiency. The degradation process fitted first-order dynamics and the reduction was mainly caused by the reaction of DNP
ith •OH. The degradation efficiency decreased with the increase of initial concentration at the same discharge time. H2O2 at the concentration
f 0.25% enhanced the degradation process, however, hindered the degradation at 1.00 and 2.00%. The presence of Fe2+ could benefit DNP
egradation. However, the increment in degradation efficiency might be suppressed to some extent at a high concentration level. Cu2+ inhibited the

egradation process within 30 s and enhanced the reduction after 30 s. Furthermore, the increment of Cu2+ concentration could enhance the effect.
little acid environment was conducive to DNP degradation and the pH value became lower with increasing discharge time by low-temperature

lasma.
2007 Published by Elsevier B.V.
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. Introduction

2,4-Dinitrophenol (DNP) is widely used as raw materials
nd intermediates in chemical industries for the manufacture of
esticides [1]. Discharge of DNP into the environment poses sig-
ificant health risks due to its high carcinogenicity [2]. Because
f its high stability and solubility in water, the pollution of
rinking-water reservoirs and the environment by it is a dramatic
roblem recently. The U.S. Environmental Protection Agency
as listed DNP as “priority Pollutant” [2]. It is noteworthy that
he pollution resulting from DNP discharge into the aqueous
nvironment is considered as one of the general problems in the
ye industry in China.

Due to DNP’s high stability and solubility in water, the con-

entional technologies used for the purification of wastewaters
hat contained DNP were not effective [3]. The degradation
rocesses using microorganisms like bacteria were relatively

∗ Corresponding author. Tel.: +86 25 83593109; fax: +86 25 83707304.
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ery slow and inefficient [2]. Hence more studies were being
oncentrated for the development of new methods for DNP
egradation. The advanced oxidation process (AOP) was possi-
ly to be an effective technology for treating DNP in wastewater,
owever, there was some trouble with economics, equipment,
r efficiency [4,5]. Contact glowdischarge electrolysis has been
mployed to destroy DNP in the solution and the results showed
hat this technology was effective for DNP degradation [6].
owadays, low-temperature plasma is widely used in environ-
ental protection field. When the discharge of low-temperature

lasma begins, both physical and chemical processes happen
7]. The former could lead to large quantities of UV light and
ntense shock waves and the later could cause the formations
f chemically active species. This technology that integrates
ight, electronic and chemical oxidation into one process has

collective effect on degrading organic species. The detailed

echanisms are as follows:

1) The role of high-energy electron. When the discharge
begins, high-energy electrons are formed [8]. High-energy

mailto:zzheng@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.10.053
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electrons could react with water in 10−7 s and then a lot of
radicals are produced [9,10].

H2O
e−→•OH + e−

aq + •H + H2O2 + H3O + H2 (1)

At the same time, the following reactions happen and O•
and O3 are also formed [8].

O2
e−→2•O

H2O−→2•OH (2)

O2 + O• → O3 (3)

2) The role of ozone. When the discharge begins, ozone is also
formed. Ozone is of highly solubility in water and reported
to be an effective oxidant. Furthermore, it could remove
pollutants by •OH formed as follows [11,12]:

O3 → O2 + O• (4)

O• + H+ + e → •OH(intheacidmedia) (5)

O3 + H2O2 → •OH + O2 + HO2
• (6)

O3 + HO2
• → •OH + O2 + O2

− (7)

3) The role of UV light. The efficiency of producing •OH in
water only by UV light is very low. But the efficiency is
relatively high in the presence of ozone [12]:

3 + hv + H2O → H2O2 + O2 (8)

2O2 + hv → 2•OH (9)

−
aq and •H are subject to be scavenged by dissolved oxygen in
ater [10] and •OH is the most oxidative radical among these

adicals mentioned above. So, •OH is the main radical that is
esponsible for the degradation of pollutants.

The degradation behavior of DNP by low-temperature plasma
as not yet been studied and it was possibly different from that by
ontact glowdischarge electrolysis. The purpose of the present

tudy was to investigate the possibility of DNP degradation from
queous solution by low-temperature plasma. Furthermore, the
egradation processes of DNP in the presence of H2O2, Fe2+

nd Cu2+ were also examined.

t
v
N
t

Fig. 1. Scheme of the expe
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. Experimental

.1. Experimental apparatus

The experimental apparatus was bought from Nanjing Suman
lectronics Co., Ltd., PR China and shown in Fig. 1. It consisted
f a reaction cell (DBD-50) and a power supplier (CTP-2000 K)
hat could provide a steady voltage of 100 V. The reaction cell,
hich was between the high voltage electrode and ground elec-

rode, consisted of two parts. The upper part of the reaction tank
as a little bigger than the lower part. The lower part was used to

ontain the solution, which was 84 mm in inner diameter, 88 mm
n outer diameter and 6 mm in height. The reaction tank was put
n the center of the two electrodes. The power was supplied by an
C source, which could be operated at an adjustable amplitude
oltage. The intensity of discharge in the reaction tank could be
enoted by the input power, which was calculated by the average
oltage and current of the AC power. The dielectric barrier was
ade of quartz.

.2. Chemicals and reagents

DNP was obtained from Shanghai Chemicals Factory and
sed without further purification. Methanol used in the analysis
as HPLC grade. All chemicals were of reagent grade with
urity higher than 99%.

.3. Sample preparation

DNP solution at initial concentration of 0.025 mmol L−1 was
sed to test the effect of input power, 2-propanol, tert-butanol,
2O2, Fe2+, Cu2+ and initial pH value on the degradation and to

xamine the change of pH value by low-temperature plasma. The
nput power of 150 W was employed to investigate the effect of
-propanol, tert-butanol, DNP initial concentration, H2O2, Fe2+,
u2+ and initial pH value on the degradation and to determine
he change of pH value by low-temperature plasma. The pH
alue of the solutions was adjusted using HCl (0.01 mol L−1) or
aOH (0.01 mol L−1) solution. All the samples were treated at

he voltage of 100 V.

rimental apparatus.



5 rdous Materials 154 (2008) 506–512

2

(
m
m
U
a
b
m
m
T
t
e

η

w
u
i
b
P

3

3
l

d
i
s
f
6
p
c
t

Table 1
Kinetic coefficients of the first-order dynamics for DNP degradation at different
input powers

Output power (W) k (s−1) R S.D. N P

90 0.0191 0.9954 0.0436 7 <0.0001
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oxidizing media [3]. The possible mechanism of DNP degra-
dation by low-temperature plasma was proposed and shown in
08 J. Zhang et al. / Journal of Haza

.4. Analysis

DNP concentration was determined using a HPLC system
Agilent, USA, 1200 Series high-performance liquid chro-
atography) equipped with Hypersil ODS HPLC column (250
m × 4.6 mm i.d., 5 �m, Agilent, USA), a multiple wavelength
V diode array detector and an auto sampler controlling under
Chemstation data acquisition system. 5.0 �L of DNP solution
efore and after being treated at a given time was injected auto-
atically into the HPLC system. The eluent consisted of 70%
ethanol and 30% water and the flow rate was 1.0 mL min−1.
he determination wavelength was set at 360 nm and the column

emperature was kept at 30 ◦C. The degradation efficiency for
ach sample was calculated from the following Eq. (10):

=
(

(C0 − Ct)

C0

)
× 100% (10)

here η was DNP degradation efficiency (%); Ct was DNP resid-
al concentration at a given time t (mmol L−1); C0 was DNP
nitial concentration (mmol L−1). The pH value was measured
y pH monitor (Shanghai Kangyi Instrument Co., Ltd. China,
HS-2C).

. Results and discussion

.1. Effect of the input power on DNP degradation by
ow-temperature plasma

Fig. 2 showed the change of DNP degradation values with
ifferent input powers using low-temperature plasma. It was
ndicated that DNP could be effectively removed from aqueous
olution by low-temperature plasma and increasing input power
avored the degradation process. When the discharge time was
0 s, 67.7, 80.6 and 83.6% of DNP was removed when the input

owers were 90, 120 and 150 W, respectively. As the degradation
urves in Fig. 2 appeared to be exponential, an attempt was made
o apply the data to the integral rate equation for the first-order

Fig. 2. Change of DNP degradation values with different input powers.

F

F
p

20 0.0271 0.9888 0.0968 7 <0.0001
50 0.0295 0.9980 0.0446 7 <0.0001

eaction Eq. (11).

n

(
C0

Ct

)
= kt (11)

here k denoted the rate constant (s−1). The parameters of the
rst-order reaction at different input powers were obtained and
hown in Table 1. The results indicated that good correlation
as obtained for each set of data and the degradation of DNP
y low-temperature plasma fitted first-order kinetics.

Hydroxyl radical, produced in the discharge process, had a
trong electrophilic character and was mainly responsible for
NP degradation. Hydroxyl radical firstly attacked one of the

arbon atoms of the aromatic ring with highest electron density
3]. When both of –OH substituent and –NO2 substituent were
resent, the electrophilic attack would occur preferentially in
rtho position with respect to phenolic –OH group [3], resulting
n dinitro catechol. Dinitro o-benzoquinone was the product of
he reaction between dinitro catechol and •OH. In turn, dinitro
-benzoquinone might be subjected to be further attacked by
OH and the aromatic ring opened. At the same time, a series
f aliphatic acids, oxalic acid, formic acid and acetic acid were
ormed. These acids could further react with •OH and CO2 and

2O were produced. The –NO2 group could be easily removed
y direct attack of •OH and NO3

− was further formed in the
ig. 3.

ig. 3. The proposed mechanism of DNP degradation by low-temperature
lasma.
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ig. 4. Effect of 2-propanol and tert-butanol as additives on DNP degradation.

.2. Effect of 2-propanol and tert-butanol on DNP
egradation by low-temperature plasma

Generally, it was impossible that there was only one pollutant
n the wastewater. Therefore, it was necessary to study the effect
f other compounds existing in DNP solution. Here, 2-propanol
nd tert-butanol were chosen as the model radical scavengers to
tudy their effect on DNP degradation behavior.

Fig. 4 showed the effect of 2-propanol and tert-butanol on
NP degradation by low-temperature plasma. It could be con-

luded from Fig. 4 that DNP concentration decreased with
ncrease of discharge time in the absence and presence of 2-
ropanol and tert-butanol. At the same discharge time, DNP
egradation value in the absence of 2-propanol and tert-butanol
as higher than that in the presence of them. When 15 mmol L−1

-propanol and tert-butanol of 100 and 300 mg L−1 were added
nto DNP solution and 60 s was selected as the discharge time,
he removal efficiencies were 12.4, 52.2 and 40.0%, respec-
ively. Furthermore, When 60 mmol L−1 2-propanol was added,
NP concentration was almost changeless with increase of

ischarge time. This indicated that the increase of 2-propanol
nd tert-butanol would result in the decrease of the degrada-
ion values and they had a strong inhibition effect on DNP
egradation. Furthermore, the effect of them on rate constants

l

i

Fig. 5. Effect of the initial concentration on DNP degradation.

shown in Fig. 4) was similar with the effect on the degra-
ation efficiencies. As we knew, •OH could be scavenged by
-propanol quickly: •OH + 2-propanol → (CH3)2

•COH + H2O
rate constant was 1.9 × 1010 mol L−1 S−1) [13]. How-
ver, tert-butanol could scavenge •OH by the reaction:
OH + tert-butanol → •CH2C(CH3)2OH + H2O (rate constant
as 6.0 × 108 mol L−1 S−1) [13]. Both (CH3)2

•COH and
CH2C(CH3)2OH were inert radicals [14]. The great inhibi-
ion effect of 2-propanol and tert-butanol also suggested that
OH was the most responsible oxidant for DNP degradation by
ow-temperature plasma.

.3. Effect of the initial concentration on DNP degradation
y low-temperature plasma

Fig. 5 showed the effect of the initial concentration on DNP
egradation by low-temperature plasma. As shown in Fig. 5, the
egradation value decreased with the increasing of initial con-
entration at the same discharge time. It was indicated that the
nitial concentration greatly affected DNP degradation behavior.

hen DNP initial concentration was 0.012 mmol L−1, the rate
onstant was 0.0391 s−1 and DNP degradation efficiency was
9.4% when 60 s was chosen as the discharge time. However,
hen the initial concentrations were 0.025 and 0.050 mmol L−1,

he rate constants were 0.0295 and 0.0259 s−1, respectively.
hen 60 s was the discharge time, removal efficiencies of 83.6

nd 79.9% were achieved at the initial concentrations of 0.025
nd 0.050 mmol L−1, respectively. It might be the reason that
he degradation amount of DNP was affected by input power
f low-temperature plasma. Therefore, under invariable input
ower, the degradation rate decreased when the initial concen-
ration increased. Furthermore, the degradation rate decreased
argely after the discharge time of 20 s.

.4. Effect of H2O2 as the additive on DNP degradation by

ow-temperature plasma

H2O2 could enhance the degradation of diphenylamine by
ncreasing the concentration of •OH [15]. In order to test the
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Fig. 6. Effect of H2O2 as the additive on DNP degradation.

ffect of H2O2 on DNP degradation by low-temperature plasma,
2O2 was added at different concentrations of 0.25, 1.00 and
.00% and the results were shown in Fig. 6. It was indicated
hat the degradation value in the presence or absence of H2O2
mproved with increasing discharge time and H2O2 enhanced
NP degradation at the concentration of 0.25%, however, hin-
ered the degradation at 1.00 and 2.00%. When 60 s was the
ischarge time and H2O2 was added at the concentration of 0,
.25, 1.00 and 2.00%, the degradation values were 83.6, 85.8,
5.4 and 36.4%, respectively. The same conclusion could be
btained from the change of rate constant when H2O2 was added
t different concentrations. The rate constants in the presence of
2O2 at the concentrations of 0, 0.25, 1.00 and 2.00% were
.0295, 0.0344, 0.0097 and 0.0071 s−1, respectively. This result
ndicated that DNP degradation by low-temperature plasma
ould be enhanced when H2O2 was added at the appropriate
oncentration of 0.25%. It might be the reason that when H2O2
as added at the concentration of 0.25%, •OH was formed
y the decomposition of H2O2 (shown in Eq. (9)) [16] and
hen •OH concentration increased. So, the degradation process
as enhanced. But, when H2O2 was added at 1.00 and 2.00%,

he hydroxyl radicals generated produced hydroperoxyl radicals
HO2

•) in the presence of a local excess of H2O2 [17,18].

.5. Effect of Fe2+ as the additive on DNP degradation by
ow-temperature plasma

Fe2+ had an evidently catalytic effect and the effect was
ore remarkable when the concentration of Fe2+ was higher [6].
he effect of Fe2+ as the additive on DNP degradation by low-

emperature plasma was also tested and shown in Fig. 7. It was
ndicated that the degradation value in the presence or absence of
e2+ improved with increasing the discharge time and Fe2+ bene-
ted the degradation at the concentration of 30 mg L−1, however,

he enhancement effect was reduced when Fe2+ was added at

20 mg L−1. Total disappearance of DNP was achieved at 10 s
hen Fe2+ was added at the concentration of 30 mg L−1. But
nly 39.7% of DNP disappeared at the same discharge time when
e2+ was added at 120 mg L−1. The rate constant changed from

a
e
8
w

Fig. 7. Effect of Fe2+ as the additive on DNP degradation.

.0295 to 0.0643 s−1 when Fe2+ was in the absence and in the
resence at a concentration of 120 mg L−1. These results indi-
ated that DNP degradation by low-temperature plasma could
e largely enhanced when Fe2+ was added at the appropriate
oncentration of 30 mg L−1. In any case, Fe2+ enhanced DNP
egradation process by low-temperature plasma. The reason was
s follows [19,20]:

e2+ + H2O2 → Fe3+ + •OH + OH− (12)

e2+ + •OH → Fe3+ + OH− (13)

e2+ + OH− → Fe(OH)2+ (14)

e(OH)2+ + hv → Fe2+ + •OH (15)

OH + H2O2 → H2O + HO2
• (16)

The addition of Fe2+ as catalyst enhanced the oxidizing power
f H2O2 because of the production of •OH in the solution
shown in Eq. (12)). Furthermore, the regeneration of Fe2+ from
dditional reduction of Fe(OH)2+ benefited the production of
OH (shown in Eq. (15)) and, hence, DNP degradation process
as enhanced. When the concentration of Fe2+ was high, the

eactions (shown in Eq. (13) and (16)) were enhanced and the
nhancement effect was accordingly weakened.

.6. Effect of Cu2+ as the additive on DNP degradation by
ow-temperature plasma

The degradation curves of DNP by low-temperature plasma
n the absence and presence of Cu2+ were plotted in Fig. 8. It was
evealed that Cu2+ inhibited the degradation process within 30 s
nd enhanced the reduction after 30 s. Furthermore, the incre-
ent of Cu2+ concentration could enhance the effect. When 20 s
as the discharge time and Cu2+ was in the absence and in the
resence at 30 and 120 mg L−1, DNP degradation values were
0.7, 44.6 and 39.8%, respectively. But when 50 s was selected

s the discharge time and Cu2+ was in the absence and in the pres-
nce at 30 and 120 mg L−1, the degradation values were 77.3,
3.2 and 88.1%, respectively. The most appropriate explanation
as that within 30 s, the octahedron complex containing Cu2+
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Fig. 8. Effect of Cu2+ as the additive on DNP degradation.

nd DNP was produced and the reaction probability of DNP and
OH was reduced [21]. So, the degradation process was hin-
ered. The concentrations of the complex and DNP decreased
ith increment of the discharge time and Cu2+ was released from

he complex. Cu2+ accelerated DNP degradation process after
0 s by low-temperature plasma (shown in Eq. (17) and (18))
22].

u2+ + H2O2 → (Cu2+OOH−)+ + H+ (17)

Cu2+OOH−)+ → Cu+ + •OH + 1/2O2 (18)

.7. Effect of initial pH value on DNP degradation by
ow-temperature plasma

The pH values of the different wastewaters are different, and
t influences the oxidation processes for the removal of pollu-
ants. Similarly, the pH value plays an important role in DNP

egradation. Fig. 9 showed the effect of initial pH value on DNP
egradation by low-temperature plasma. The results showed that
he degradation process was enhanced at initial pH value of 4.57.
t initial pH value of 4.57, a reduction of 83.6% was achieved at

Fig. 9. Effect of initial pH value on DNP degradation.
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ig. 10. Change of pH value of DNP solution by low-temperature plasma.

0 s. While at the same discharge time and at initial pH values of
.00 and 10.00, the degradation efficiencies were only 48.2 and
2.0%, respectively. So, the change of initial pH value resulted
n a marked change of the degradation efficiency. When the ini-
ial pH value was 4.57, the rate constant was 0.0295 s−1, while
nitial pH values were 3.00 and 10.00, the rate constants were
nly 0.0116 and 0.0223 s−1, respectively. This may be presumed
hat more •OH was produced from low-temperature plasma than

2O2 in a little acid condition, and the former was more active
han H2O2. However, as a result of forming of a hydrogen bond
nside DNP molecule, DNP degradation rate was slower under

ore acid conditions [6]. While in an alkaline solution, HO2
•

on would be decomposed by the discharge, which scavenged
OH [15]. An innovative finding that DNP degradation process
tted first-order kinetics irrespective of change of the initial pH
alues, which indicated that the change of initial pH value did
ot lead to the change in the degradation kinetics.

.8. Change of pH value of DNP solution by
ow-temperature plasma

Fig. 10 showed the change of pH value of DNP solution by
ow-temperature plasma. The results showed that the pH value
ecreased with increasing discharge time due to lots of H3O+

nd acid substances produced during the degradation process.

. Conclusions

DNP could be effectively removed from aqueous solution by
ow-temperature plasma. The degradation efficiency was 83.6%
hen the input power was 150 W and 60 s was selected as the
ischarge time. DNP degradation process by low-temperature
lasma fitted first-order dynamics. The great inhibition effect of
ert-butanol and 2-propanol on DNP degradation was achieved,
emonstrating that the degradation was mainly caused by the

eaction of DNP with •OH.

DNP degradation efficiency decreased with the increase of
nitial concentration at the same discharge time. H2O2 as the
dditive enhanced the degradation process at the concentration
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f 0.25%, however, hindered the degradation at 1.00 and 2.00%.
e2+ benefited the degradation at 30 mg L−1, however, the
nhancement effect was weakened when Fe2+ was added at
20 mg L−1. Cu2+ inhibited the degradation process within 30 s
nd enhanced the reduction after 30 s. Furthermore, the incre-
ent of Cu2+ concentration could enhance the effect.
The pH value could affect the removal efficiency and the

egradation process was enhanced in a little acid condition. The
H value became lower with increasing discharge time by low-
emperature plasma. Based on the experimental results above,
ow-temperature plasma was an effective method to decompose
NP.
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