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a b s t r a c t

Degradation of diuron in aqueous solution by gas–liquid hybrid discharge was investigated for the first
time. The effect of output power intensity, pH value, Fe2+ concentration, Cu2+ concentration, initial con-
ductivity and air flow rate on the degradation efficiency of diuron was examined. The results showed that
the degradation efficiency of diuron increased with increasing output power intensity and increased with
decreasing pH values. In the presence of Fe2+, the degradation efficiency of diuron increased with increas-

2+
eywords:
iuron
as–liquid hybrid discharge
egradation efficiency
egradation pathway

ing Fe concentration. The degradation efficiency of diuron was decreased during the first 4 min and
increased during the last 10 min with adding of Cu2+. Decreasing the initial conductivity and increasing
the air flow rate were favorable for the degradation of diuron. Degradation of diuron by gas–liquid hybrid
discharge fitted first-order kinetics. The pH value of the solution decreased during the reaction process.
Total organic carbon removal rate increased in the presence of Fe2+ or Cu2+. The generated Cl−1, NH4

+,
NO3

−, oxalic acid, acetic acid and formic acid during the degradation process were also detected. Based
ther
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. Introduction

Diuron is a non-selective herbicide, which is mainly used for
eed eradication. Diuron is highly persistent (one month to one

ear) in the environment [1] and the wide use of diuron in agri-
ulture has led to pollution of the environment. Diuron’s potential
o pollute water is of particular concern. Diuron may contami-
ate the surface water by agricultural runoffs and wastewaters
enerated from diuron manufacturing plants [2]. In Japan, The
etherlands and United Kingdom, diuron is usually detected in

he aquatic environment [3–5]. Furthermore, diuron is a consid-
red priority substance by the European Union Water Framework
irective (Directive 2000/60/EC) [6]. Several advanced oxidation
rocesses (AOPs) such as electrochemical method, photocatalytic
xidation, photo-Fenton and photocatalytic ozonation have been
nvestigated for diuron degradation [7–14].

Recently, another advanced oxidation process called gas–liquid
ybrid discharge has attracted the attention of many researchers
or the application of pollutant degradation in aqueous solution.
n gas–liquid hybrid discharge process, energy is injected into the

queous solution through the plasma channel formed by pulsed
igh-voltage discharge between electrodes [15]. Gas–liquid hybrid
ischarge is demonstrated to initiate a variety of physical and chem-

cal effects in water including UV radiation, shock waves and the

∗ Corresponding author. Tel.: +86 25 83593109; fax: +86 25 83707304.
E-mail address: zzheng@nju.edu.cn (Z. Zheng).
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intermediates, a possible degradation pathway of diuron was proposed.
© 2008 Elsevier B.V. All rights reserved.

ormation of various active species such as radicals (HO•, O•, H•)
nd molecular specials (H2O2, O3) [16–22]. Thus, the degradation
f 4-chlorophenol [15,23], dye [24] and phenol [25] was performed
y gas–liquid hybrid discharge. While the degradation of diuron
n aqueous solution by gas–liquid hybrid discharge has not been
eported in the literature. Therefore, the purpose of the present
ork is to investigate the degradation behavior and degradation
echanism of diuron in aqueous solution by gas–liquid hybrid dis-

harge. At the same time, several factors affecting the degradation
fficiency of diuron are studied.

. Materials and methods

.1. Chemicals

Diuron (analytical standard, purity grade, 99.5%) was purchased
rom Sigma–Aldrich. Methanol used in the analysis was high-
erformance liquid chromatography (HPLC) grade. Other chemicals
ere all analytical grade and used without further purification.

eSO4·7H2O and CuSO4·5H2O were used as the source of Fe2+ and
u2+, respectively. Na2SO4 (0.1 mol L−1) were used to adjust the
onductivity of the solution. H2SO4 and NaOH were used to adjust
he pH value of the solution.
.2. Experimental process

It is shown in Fig. 1 that the experimental apparatus con-
isted of a gas–liquid hybrid discharge reactor and a pulsed high

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zzheng@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.08.085
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with increasing output power intensity. Based on above results, the
oxidation amount of diuron was increased.

In order to compare the reaction rates in the gas–liquid hybrid
discharge reactor, the experimental data were fitted by the follow-
Fig. 1. Schematic diagram of the experimental apparatus.

oltage power supply. The gas–liquid hybrid discharge reactor,
hich contained a needle-plate electrode, was 50 mm in inner
iameter and 100 mm in height. The positive electrode was a
ollow stainless steel injection needle of 0.7 mm in diameter and
he negative electrode was a stainless steel square of 4 cm2 in
he area. The distance between positive electrode and negative
lectrode was 10 mm. The air was bubbled through the needle. The
as–liquid hybrid discharge reactor was cooled by cooling water.
he power was supplied by a pulsed high voltage source (Hefei
ingdong Technology Co., Ltd., China), which could be operated
t an adjustable amplitude voltage. The intensity of discharge in
he reactor could be denoted by the output power intensity. All
amples were prepared in water purified by a Millipore Milli-Q
ystem. For every experiment, 100 mL solution was added into
he reactor. Phosphate buffered solution was used to examine the
ffect of pH value on the degradation efficiency of diuron.

.3. Analysis

The concentration of diuron was analyzed by a HPLC system
Agilent, USA, 1200 Series) equipped with Hypersil ODS HPLC
olumn (250 mm × 4.6 mm i.d., 5 �m, Agilent, USA), a multiple
avelength UV diode array detector and an auto sampler con-

rolling under a Chemstation data acquisition system. The eluent
onsisted of 70% methanol and 30% water, and the flow rate was
.0 mL min−1. The column temperature was kept at 30 ◦C. The
egradation efficiency of diuron was calculated from the following
q. (1):

=
(

C0 − Ct

C0

)
× 100% (1)

here � was the degradation efficiency of diuron (%), Ct was
he residual concentration of diuron after discharge treatment
mmol L−1) and C0 was the initial concentration of diuron before
ischarge treatment (mmol L−1).

Total organic carbon (TOC) was determined on a Shimadzu
000A TOC analyzer. pH value of the solution was measured by

pH monitor (Shanghai Kangyi Instrument Co., Ltd., China, PHS-

C). The conductivity of the solution was measured by a DDS-11 AW
onductivity meter. Cl− and NO3

− were detected by ion chromatog-
aphy (IC) (ICS-1000, anions column ASRS-ULTRAII, 4 mm). The
luent was NaOH (30 mmol L−1) and the flow rate was 1.0 mL min−1.

F
(
r

aterials 164 (2009) 838–846 839

esster’s reagent colorimetric method was used for the determina-
ion of NH4

+ [26]. Phenanthroline spectrophotometry was used to
etermine the concentration of Fe2+ in the solution [26]. The con-
entration of H2O2 was determined spectrophotometrically [27].
cetic acid, formic acid and oxalic acid were also detected by

on chromatography (IC) (ICS-1000, anions column ASRS-ULTRAII,
mm). The eluent was KOH (0.8 mmol L−1) and the flow rate was
.0 mL min−1.

The identification of diuron and its degradation products was
erformed by liquid chromatography–mass spectrometer (LC–MS)
ThermoQuestLCQ Duo, USA) with ZORBAX Rx-C18 HPLC column
150 mm × 2.1 mm i.d., 5 �m, Agilent, USA). 10 �L of solution after
reatment was injected automatically into the LC–MS system. The
luent consisted of 60% methanol and 40% water, and the flow rate
as 0.2 mL min−1. The other LC conditions were the same as the

onditions used in determining diuron concentration. MS condi-
ions were as follows: the electrospray ionization interface was
elected. The capillary temperature was set to 275 ◦C with a voltage
f 19.00 V. The spray voltage was 5000 V and the sheath gas flow
ate was 18 arb. The spectra were acquired in the negative ion scan
ode, over the m/z range from 50 to 600.

. Results and discussion

.1. The factors affecting the degradation efficiency of diuron

.1.1. Effect of output power intensity on the degradation
fficiency of diuron

It is shown in Fig. 2 that the degradation efficiency of diuron
ncreased with increasing output power intensity. For example, the
egradation efficiency of diuron was 65.5% after 4 min of reaction
ime in the case of 35 W. While at the same discharge time the
egradation efficiencies of diuron were 73.5 and 89.2% under the
ondition of 45 and 60 W, respectively. The reason was that the
ischarge intensity increased with increasing output power inten-
ity which has been injected into the reactor, thus, the intensity
f UV radiation and shock waves increased. Simultaneously, the
mount of the active species (HO•, O•, H•, H2O2, O3) also increased
ig. 2. Effect of output power intensity on the degradation efficiency of diuron
C0 = 0.1 mmol L−1, initial conductivity = 9.2 �S cm−1, initial pH value = 6.20, air flow
ate = 0.50 m3 h−1).
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ig. 3. Effect of pH value on the degradation efficiency of diuron (phosphate
uffered) (C0 = 0.1 mmol L−1, initial conductivity = 440.0 �S cm−1, output power

ntensity = 45 W, air flow rate = 0.50 m3 h−1).

ng equation (Eq. (2)):

n
C0

Ct
= kt (2)

here C0, Ct and k were the initial concentration of diuron before
ischarge treatment (mmol L−1), the residual concentration of
iuron after discharge treatment (mmol L−1) and the rate constant
min−1), respectively. When ln(C0/Ct) was plotted versus time, a
ood correlation was obtained for every set of data, which indicated
hat the degradation of diuron by gas–liquid hybrid discharge fitted
rst-order kinetics. The rate constant was 0.2448 min−1 in the case
f 35 W. While in the case of 45 and 60 W, the rate constants were
.2774 and 0.4785 min−1, respectively.

.1.2. Effect of pH value on the degradation efficiency of diuron
It is shown in Fig. 3 that the degradation efficiency of diuron

as strongly affected by the pH value of the aqueous solution and
as higher under acidic conditions. For example, the degradation

fficiency of diuron reached 91.2% after 8 min of reaction time at
H value of 3.0, which was about two times greater than the degra-
ation efficiency of diuron obtained at pH value of 10.0.

It was reported that the major active species, which were use-
ul for the degradation of organic pollutants by pulsed discharge,
ere HO• and H2O2 [17]. And the direct HO• attack on many organic

ompounds was known to be strongly affected by pH. Under acidic
onditions, more HO• radicals were produced and H2O2 decom-
osition was inhibited, thus the degradation efficiency of diuron
as increased. While under alkaline conditions the generated HO•

n the discharge reacted with carbonate ions immediately, which
ecreased the amount of HO• substantially [28]. Thus the degra-
ation efficiency of diuron was decreased. The carbonate ions
ere derived from the breakdown of diuron and the degradation

ntermediates of diuron during the discharge process. It could be
nferred from the above analyses that concentration of hydroxyl
adicals is playing an important role in diuron degradation effi-
iency.

.1.3. Effect of Fe2+ and Cu2+ on the degradation efficiency of
iuron
In the previous work it was found that the presence of Fe2+

ould improve the degradation efficiency of organic contaminants
nder the condition of pulsed discharge [29,30]. In the present
ork, degradation of diuron by gas–liquid hybrid discharge was

onducted in the presence of Fe2+. It is shown in Fig. 4 that the

1
C
i
t
t

ig. 4. Effect of Fe2+ concentration on the degradation efficiency of diuron
C0 = 0.1 mmol L−1, initial conductivity = 360.0 �S cm−1, initial pH value = 6.20, out-
ut power intensity = 45 W, air flow rate = 0.50 m3 h−1).

egradation efficiency of diuron increased dramatically in the pres-
nce of Fe2+ and also increased with increasing Fe2+ concentration
nder the same experimental conditions. The degradation effi-
iency of diuron was 58.5% after 4 min of reaction time in the
bsence of Fe2+. While at the same discharge time, the degradation
fficiencies of diuron were 79.4, 91.6 and 94.6% in the presence of
e2+ at a concentration of 0.2, 0.6 and 2.0 mmol L−1, respectively.
he degradation efficiency enhancement in the presence of Fe2+

ould be explained by the following equations [31–33]:

e2+ + H2O2 → Fe(OH)2+ + HO• (3)

e(OH)2+ + H2O2 → Fe2+ + HO2
• + H2O (4)

e(OH)2+ hv−→HO• + Fe2+ (5)

In general, H2O2 was produced under the condition of gas–liquid
ybrid discharge [17]. The oxidizing ability of the generated H2O2
as enhanced by the production of HO• from the classical Fenton

eaction in the presence of Fe2+ [31]. At the same time, the degrada-
ion process was accelerated by the reduction of Fe(OH)2+ species
34,35]. Therefore, the oxidation amount of diuron was increased.

pH value was one of the important parameters that influence
he Fenton reaction. It has established that the optimum pH value
or Fenton reaction was 2.8 [34,35]. While in the present work, the
H value of the solution decreased rapidly and kept around 2.8.
he pH value of 2.8 was just the optimum pH value for Fenton reac-
ion. Therefore further pH adjustment was not conducted in the
resence of Fe2+. Previous studies showed that higher Fe2+ concen-
ration inhibited the degradation efficiency of organic substance
ecause of the competition between Fe2+ and organic substance
or HO•. The reaction was as follows [36]:

e2+ + HO• → Fe3+ + OH− (6)

owever, in the present study the inhibition effect was not
bserved.

Cu2+ also had the potential to react with H2O2 and produce
O•. It is shown in Fig. 5 that the adding of Cu2+ decreased

he degradation efficiency of diuron during the first 4 min and
ncreased the degradation efficiency of diuron during the last

0 min. Furthermore, the inhibition effect increased with increasing
u2+ concentration and the stimulation effect also increased with

ncreasing Cu2+ concentration. It was very clear that Fe2+ had bet-
er catalytic performance compared with Cu2+. It is shown in Fig. 6
hat the residual H2O2 concentration with Fe2+ or Cu2+ was lower
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degradation efficiency of diuron increased with increasing the air

3 −1
ig. 5. Effect of Cu2+ concentration on the degradation efficiency of diuron
C0 = 0.1 mmol L−1, initial conductivity = 360.0 �S cm−1, initial pH value = 6.20, out-
ut power intensity = 45 W, air flow rate = 0.50 m3 h−1).

han that in the gas–liquid hybrid discharge process without metal
ons. The lower concentration of residual H2O2 in the presence of
e2+ was probably due to the consumption by Fe2+ and Fe(OH)2+

Eqs. (3) and (4)), which produced a larger amount of reactive rad-
cals (HO• and HO2

•) and subsequently increased the degradation
fficiency of diuron. While in the presence of Cu2+, the produced
2O2 and Cu2+ were reacted to form (Cu2+OOH)+ octahedron com-
lex (Eq. (7)), which decreased the concentration of residual H2O2
nd subsequently decreased the degradation efficiency of diuron
37,38].

u2+ + H2O2 → (Cu2+OOH)+ + H+ (7)

ith increasing the discharge time, HO• was produced from the
enerated octahedron complex (Eq. (8)) [37,38]. Therefore, the
egradation efficiency of diuron was increased.

Cu2+OOH)
+ → Cu+ + HO• + 1

2 O2 (8)

2+
urthermore, it is shown in Fig. 6 that the concentration of Fe
ecreased with increasing reaction time. The reason might be that
e2+ was oxidized to Fe3+ by the generated H2O2 and the introduced
2 when air was bubbled into the reactor.

ig. 6. Fe2+ and residual H2O2 concentrations during the reaction process
C0 = 0.1 mmol L−1, initial conductivity = 360.0 �S cm−1, initial pH value = 6.20, out-
ut power intensity = 45 W, air flow rate = 0.50 m3 h−1).

fl
e
a
t

F
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p

ig. 7. Effect of initial conductivity on the degradation efficiency of diuron
C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, air flow
ate = 0.50 m3 h−1).

.1.4. Effect of initial conductivity on the degradation efficiency of
iuron

Conductivity was an important parameter that influences the
ischarge mode and radical intensity [39,40]. It is shown in Fig. 7
hat the degradation efficiency of diuron decreased with increasing
he conductivity under the same experimental conditions. The dis-
harge mode changed from spark discharge to spark-streamer, and
hen the discharge mode changed from spark-streamer to corona
ischarge with increasing conductivity. At the same time, the con-
uctivity of the diuron solution increased during the discharge
rocess. The increase of liquid conductivity and change of dis-
harge mode resulted in the slow diuron degradation trend after
0 min of reaction time, which was consistent with previous work
39,40].

.1.5. Effect of air flow rate on the degradation efficiency of diuron
The air flow rate was one of the important parameters that affect

he degradation efficiency of diuron. It is shown in Fig. 8 that the
ow rate from 0.05 to 0.50 m h . For example, the degradation
fficiency of diuron reached 97.6% after 14 min of reaction time at an
ir flow rate of 0.50 m3 h−1, which was about two times greater than
he degradation efficiency of diuron obtained at an air flow rate of

ig. 8. Effect of air flow rate on the degradation efficiency of diuron
C0 = 0.1 mmol L−1, initial conductivity = 9.2 �S cm−1, initial pH value = 6.20, output
ower intensity = 45 W).
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the solution. While the TOC removal rate was 57.6% within 14 min
in the presence of Fe2+ with the concentration of 0.6 mmol L−1, and
the detected Cl− amount approximated 100% of the total chlorine
under the same experimental conditions, therefore, dechlorination
occurred during the first steps of the reaction, and the nonhalo-
ig. 9. Change of pH values during the reaction process (C0 = 0.1 mmol L−1, initial
onductivity = 9.2 �S cm−1, initial pH value = 6.20, output power intensity = 45 W, air
ow rate = 0.50 m3 h−1).

.05 m3 h−1. According to the bubble theory of liquid breakdown,
hen pulsed discharge took place with gas bubbling, there were
ore initial bubbles in solution near the sharp point, which accel-

rated electrons in the bubbles directly and resulted in an increase
n the mean-free-path length of the electrons [41–43]. Therefore,
igher speed energetic electrons could be obtained, as a result, the
xcitation and ionization of molecules occurred in the bubbles and
olution, then more radicals (HO•, O•, H•) and molecular specials
H2O2, O3) were produced. Furthermore, more radicals and molecu-
ar specials could be obtained when the air flow rate was increased,
hus the degradation efficiency of diuron increased with increasing
he air flow rate.

.2. Change of pH values

It is shown in Fig. 9 that the pH value of the solution decreased
apidly during the first 4 min and then kept around 2.8 during the
ast 10 min. The decrease of the pH value might be due to the
ormation of H3O+, nitric acid and nitrous acid during discharge
rocess [44]. Furthermore, the generated HCl because of the release
f chlorine from diuron, and the formation of NH4

+, NO3
− and

rganic acids from diuron degradation should be responsible for
he decrease of the pH value.

.3. Removal of TOC

It is shown in Fig. 10 that the TOC removal rate increased in
he presence of Fe2+ or Cu2+. In the absence of Fe2+ and Cu2+, the
emoval rate of TOC was only 22.4% within 14 min. While at the
ame discharge time the removal rate of TOC increased to 57.6
r 28.9% in the presence of Fe2+ or Cu2+ with the concentration
f 0.6 mmol L−1. It was well known that direct HO• production in
as–liquid hybrid discharge was much lower than the amount of
O• that could be produced from the hydrogen peroxide via the
enton reaction. Therefore, the low mineralization rate of diuron
n the absence of Fe2+ and Cu2+ might be due to the fact that

•
ower quantity of HO radicals were produced under the condition
f gas–liquid hybrid discharge. Furthermore, diuron was proba-
ly degraded into other intermediates that were recalcitrant to be
egraded. The enhancement of TOC removal rate in the presence of
e2+ and Cu2+ could be attributed to the abundant amount of HO•

enerated by the above Eqs. (3), (5) and (8).

F
(
c

ig. 10. Removal of TOC during the reaction process (C0 = 0.1 mmol L−1, initial pH
alue = 6.20, output power intensity = 45 W, air flow rate = 0.50 m3 h−1).

.4. Formation of inorganic ions and organic acids

Inorganic ions such as Cl−, NH4
+ and NO3

− were produced dur-
ng the degradation process of diuron. The concentrations of Cl−,
H4

+ and NO3
− in the gas–liquid hybrid discharge process were

hown in Figs. 11 and 12, respectively. And the amount of the
etected Cl−1 and Cl in the residual diuron after 14 min of reaction
ime was shown in Table 1. It is shown in Table 1 that the con-
entration of Cl− was 4.63 mg L−1 in the absence of Fe2+ and Cu2+

fter 14 min of reaction time. While in the presence of Cu2+ or Fe2+

ith the concentration of 0.6 mmol L−1, the concentration of Cl−

ncreased to 5.36 or 6.98 mg L−1 at the same reaction time. It was
lear that the concentration of the detected Cl− in the presence of
e2+ with the concentration of 0.6 mmol L−1 was close to the stoi-
hiometric value of Cl (7.1 mg L−1). It is also shown in Table 1 that
he sum of detected Cl−1 and Cl in the residual diuron with the
dding of Cu2+ or without additives was lower than the stoichio-
etric value of Cl (7.1 mg L−1) after 14 min of reaction time, which

ndicated that halogenated organic intermediates must be left in
ig. 11. Concentrations of Cl− and NO3
− during the reaction process

C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, initial
onductivity = 360.0 �S cm−1, air flow rate = 0.50 m3 h−1).
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Table 2
Retention time, structures of diuron and degradation products

Compound m/z Retention time (min) X Y R1 R2

1 111 7.56 – – – –
2 (Diuron) 231 8.06 Cl Cl CH3 CH3
3 245 12.66 Cl Cl CH3 CHO
4 247 11.95 Cl Cl CH3 CH2OH
5 249 11.84 Cl Cl H CH(OH)2
6 261 7.95 Cl Cl CH3 COOH
7
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ig. 12. Concentrations of NO3
− and NH4

+ during the reaction process
C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, initial con-
uctivity = 360.0 �S cm−1, air flow rate = 0.50 m3 h−1).

enated organic intermediates were left in the solution. It is shown
n Fig. 11 that the concentration of Cl−1 increased with increasing
eaction time and also increased in the presence of Cu2+ or Fe2+. It
s also shown in Fig. 11 that large quantity of nitrate was formed
rom the air feed in the absence of diuron. The formation of nitrate
rom the nitrogen in the air must be responsible for the large drop
n pH value (Fig. 9). It is shown in Fig. 12 and Table 1 that the con-
entrations of NH4

+ and NO3
− also increased in the presence of

u2+ or Fe2+. While the stoichiometric value of N was 2.8 mg L−1

0.1 mmol L−1 diuron), therefore, only small amount of the total N
as detected as NH4

+ and NO3
− after 14 min of reaction time. Thus

ther nitrogen-containing compounds must exist in the solution or
vaporate during the process.

The concentrations of acetic acid, formic acid and oxalic acid
uring the reaction process were shown in Fig. 13. The amount of
rganic acid as C, TOC and C in the residual diuron after 14 min of
eaction time was shown in Table 1. It is shown in Fig. 13 that acetic

cid, formic acid and oxalic acid all existed after 14 min of reaction
ime. It was noticeable that the amounts of organic acids formed in
he presence of Fe2+ were all greater than those without additives.
t is shown in Table 1 that the sum of organic acids as C, TOC and C

able 1
etected Cl−1, Cl in the residual diuron, NH4

+ and NO3
− as N, N in the residual

iuron, organic acids as C, TOC and C in the residual diuron after 14 min of reaction
ime (C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, initial
onductivity = 360.0 �S cm−1, air flow rate = 0.50 m3 h−1)

tems Without
additives

CCu2+ =
0.6 mmol L−1

CFe2+ =
0.6 mmol L−1

A) Detected Cl−1 (mg L−1) 4.63 5.36 6.98
B) Cl in the residual diuron (mg L−1) 0.72 0.13 0.01
A) + (B) (mg L−1) 5.35 5.49 6.99

C) NH4
+ and NO3

− as N (mg L−1) 0.29 1.02 1.57
D) N in the residual diuron (mg L−1) 0.29 0.05 0.003
C) + (D) (mg L−1) 0.58 1.07 1.57

E) Organic acids as C (mg L−1) 0.48 0.87 1.94
F) TOC (mg L−1) 9.20 8.79 5.24
G) C in the residual diuron (mg L−1) 1.10 0.21 0.01
E) + (F) + (G) (mg L−1) 10.78 9.87 7.19
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263 7.75 Cl Cl CH3 CH(OH)2
277 5.68 Cl Cl CH2OH COOH
278 5.30 – – – –

0 292 5.19 – – – –

n the residual diuron with the adding of Fe2+ was lower than that
ith the adding of Cu2+ or without additives. The generated acetic

cid could be attributed to the opening of the aromatic ring [45].
he direct oxidation of methyl groups, oxalic acid and acetic acid
esulted in the formation of formic acid [46]. Moreover, formic acid,
xalic acid and acetic acid also appeared as the degradation prod-
cts during the degradation process of diuron by other methods
45,47].

.5. The proposed degradation pathway

The identification of diuron and its degradation intermedi-
tes was performed by extensive LC–MS. The same method has
een successfully used for the identification of diuron degradation

ntermediates by other researchers [45,47]. In some cases, the inter-
ediates detected in the present work were compared with those

btained previously [45,47–49].
By interpreting the mass spectra, 9 degradation products of

iuron were detected. The retention time and structures of the
egradation products were listed in Table 2. In addition to these

ntermediates, other degradation products, such as the non-
alogenated organic intermediates, could exist in the solution.
evertheless, they were not detected because of the employed
hromatography column and the low concentrations of these
ntermediates. Malato et al. and Tahmasseb et al. also detected
ompound 3 during the degradation process of diuron by solar pho-
ocatalysis and ozonation, respectively [45,48]. Compounds 3, 4, 5
nd 7 were also detected as the intermediates under the condi-
ion of photo-Fenton treatment of diuron [47]. Shankar et al. also
etected compounds 3 and 4 [49]. Compounds 6 and 8 were the
ewly reported molecules. Based on the detected Cl−1 and the inter-
ediate products found in this work, the proposed degradation

athway of diuron by gas–liquid hybrid discharge was proposed in
cheme 1. It could be inferred that the attack on the aromatic ring
nd the methyl group of diuron by the generated active species
esulted in the formation of various intermediates. Evolution of the
ntermediates during the reaction process was shown in Fig. 14.

Various active species such as radicals (HO•, O•, H•) and molec-
lar specials (H2O2, O3) were generated in gas–liquid hybrid
ischarge process [16,17]. Among these radicals and molecular
pecials, HO• was an electron deficient group, which had strong
lectrophilic property and high redox potential, thus the reaction
etween HO• and aromatic ring compounds might not obey general

rientation rules [50]. The generation mechanism of various inter-
ediates could be interpreted as follows: degradation of diuron in

he gas–liquid hybrid discharge reactor was ignited by the gener-
ted HO•. HO• reacted with one methyl group on the aliphatic side
hain of diuron by an abstraction of hydrogen atom, as a result,
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ig. 13. Concentrations of acetic acid, formic acid and oxalic acid during the reactio
onductivity = 360.0 �S cm−1, air flow rate = 0.50 m3 h−1).

radical (R1
•) was produced. In the solution, the radical (R1

•)
eacted with oxygen preferentially and yielded a peroxyl radical
R1OO•). Owing to its disproportionation, passing probably through
tetraoxide transient, two degradation products compounds 3 and

were formed [9]. Compound 7 was identified as the product

ormed by the attack of HO• to the methyl group of compound 4
47]. In addition, compounds 3 and 6 were identified as the oxida-
ion products of compound 7. Compound 5 was suggested as the
roduct formed by the attack of OH• to the second methyl group of

R

T
c

Scheme 1. The proposed degrad
ess (C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, initial

iuron once the first methyl group was eliminated. This demethy-
ation process had been proposed previously and occurred through
he formation of hydroxylated or carboxylated compounds as fol-
ows [51,45]:
-CH3 → R-CH2OH and/or R-CHO and/or R-COOH → R-H

he formation mechanism of compound 8 was similar to that of
ompound 4. Opening of the aromatic ring was realized by the for-

ation pathway of diuron.
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ig. 14. Evolution of the intermediates during the reaction process
C0 = 0.1 mmol L−1, initial pH value = 6.20, output power intensity = 45 W, initial
onductivity = 9.2 �S cm−1, air flow rate = 0.50 m3 h−1).

ation of organic acids [45]. Finally, mineralization was realized by
roducing H2O and CO2 as the final products.

. Conclusions

The degradation efficiency of diuron increased with increasing
utput power intensity. The degradation of diuron by gas–liquid
ybrid discharge fitted first-order kinetics. The degradation effi-
iency of diuron increased with decreasing pH value. The presence
f Fe2+ increased the degradation efficiency of diuron and the
egradation efficiency of diuron increased with increasing Fe2+

oncentration. Cu2+ addition decreased the degradation efficiency
f diuron during the first 4 min and increased the degradation
fficiency of diuron during the last 10 min. Furthermore, dur-
ng the first 4 min the inhibition effect increased with increasing
u2+ concentration and the stimulation effect also increased with

ncreasing Cu2+ concentration during the last 10 min. Decreasing
he initial conductivity and increasing the air flow rate were favor-
ble for the degradation of diuron. The pH value of the solution
ecreased rapidly during the first 4 min and then kept around
.8 during the last 10 min. The generated Cl−, NH4

+, NO3
−, acetic

cid, formic acid and oxalic acid were detected in the present
ork. Based on the detected intermediate products, the proposed
egradation pathway of diuron by gas–liquid hybrid discharge
as proposed. The aromatic ring and the methyl group of diuron
ere the main sites that were usually attacked by the active

pecies.
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