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A B S T R A C T

A new water falling film dielectric barrier discharge was applied to the degradation of sulfadiazine in the

aqueous solution. The various parameters that affect the degradation of sulfadiazine and the proposed

evolutionary process were investigated. The results indicated that the inner concentrations of 10 mg/L

sulfadiazine can be all removed within 30 min. The optimum pH value was 9.10 and both strong acidic

and alkaline solution conditions were not suitable for the degradation. The degradation of sulfadiazine

can be enhanced by the addition of hydrogen radical scavengers, but be inhibited by adding hydroxyl

radical scavengers. The water falling film dielectric barrier discharge was rather ineffective in

mineralization, because of the intermediates were recalcitrant to be degraded. The existence of Fe2+ and

CCl4 in the liquid phase can promote the degradation and mineralization of sulfadiazine. It was found

that the degradation of SDZ was enhanced by CCl4 was mainly because of the increase of �OH due to the

reaction of CCl4 with �H that reduce the chances of their recombination with �OH. Based on the 8

intermediate products identified by LC–MS, the proposed evolution of the degradation process was

investigated.

� 2013 Ya-Bing Sun. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights reserved.
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1. Introduction

Antibiotics, which are used in animal husbandry for prevention
and treatment of bacterial diseases, are an important class of water
pollutants due to their large variety, high consumption, and
persistence in the environment. The presence of low concentra-
tions of antibiotics compounds and their transformation products
has been detected in treated sewage water, clearly showing that
some antibiotics products cannot be eliminated during wastewater
treatment [1,2]. Sulfadiazine [SDZ, 4-amino-N-(2-pyrimidinyl)
benzene sulfonamide], a potent antibacterial agent belonging to
the sulfonamide class of antibiotics, is widely used as a veterinary
and human medicine [3]. After administration to livestock, about
50% of SDZ is excreted through manure as is, and 30% is excreted as
an acetyl conjugate [4]. Once SDZ and its metabolites is released to
agricultural land, they may interact with different soil compo-
nents, wash off into surface water, or leach into ground water,
where it may enter the food chain and impact the environment and
human health [5,6].

Recently, the degradation of SDZ in water by advanced
oxidation processes (AOPs) has been investigated. Temesgen
et al. have found that ozonation could be used to effectively
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remove the sulfonamides from water [7]. Premasis Sukul et al. have
studied the photolysis of SDZ and identified 6 photoproducts,
establishing a tentative reaction pathway. His research also
showed that photolysis of SDZ in aqueous solution under
simulated sunlight followed first-order kinetics [8]. Carolina Baeza
et al. have studied the transformation kinetics of SDZ in low-
pressure UV photolysis and UV/H2O2 advanced oxidation process-
es [9]. The removal of SDZ was also investigated in Fenton and
photo-Fenton, TiO2 photo catalysis, photochemical oxidation, and
electro-oxidation. Promising results have been achieved using
AOPs which are based on in situ generation of strong oxygen-based
oxidizers: hydroxyl radicals, ozone, atomic oxygen, hydrogen
peroxide, or per hydroxyl radicals, which promote destruction of
the target pollutant until mineralization [10]. Plasma as one of the
AOPs has been also investigated as a possible method for water
treatment. Plasma generated in electrical discharges in liquid or at
the gas–liquid interface leads to the formation of oxidizing species:
radicals (H�, O�, HO�) and molecules (H2O2, O3, etc.) [11], which are
effective for the removal of pollutants. The plasma can be created
either directly in the liquid, or in the gas above the liquid, or, both
in liquid and in gas. The removal of antibiotics compounds using
plasma has been recently studied by several authors [12–14]. But
to the authors’ knowledge the degradation of SDZ by water falling
film dielectric barrier discharge together with the study of the
resulting degradation products and the proposed evolutionary
process has not been investigated up to now.
alf of Chinese Chemical Society. All rights reserved.
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In this research, SDZ in aqueous solution was removed by water
falling film dielectric barrier discharge. The factors affecting the
degradation efficiency of SDZ were investigated, and the presences
of radical scavengers on the reaction were also studied. At the same
time, the 8 degradation intermediates were identified by LC–MS
and the degradation mechanism and pathway of SDZ in water by
falling film dielectric barrier discharge was focused.

2. Experimental

2.1. Chemicals

SDZ (analytical standard, purity grade, 99.9%), was purchased
from Aladdin Inc. All the chemicals used in the analysis were high-
performance liquid chromatography (HPLC) grade. Other chemi-
cals were all analytical grade and used without further purification.
H2SO4 and NaOH were used to adjust the pH value of the solution
and FeSO4�7H2O was used as the source of Fe2+.

2.2. Experimental process

The schematic diagram of the reactor is shown in Fig. 1. The
cylinder reactor was comprised of a quartz tube with respective
inner and outer diameters of 6 nm and 25 mm and a 5 mm
aluminum rod which was inserted into the inner tube. The outer
electrode was made of aluminum foil glued on the outside of the
quartz tube with a length of 150 mm. The SDZ solution was
circulated by a peristaltic pump with a flow rate of 50 mL/min and
was made to flow as a film on the inner surface of the outer quartz
tube. The air was naturally introduced into the reactor, not by any
other aerodynamic devices. A pulsed high voltage source (Nanjing
SuMan Electronics Co., Ltd., China) was applied to the two
aluminum electrodes, which could be operated at an adjustable
amplitude voltage. The space between the inner and outer quartz
Fig. 1. Experimental setup.
tubes was the electrical discharge area. To operate the falling film
reactor, water flowed down over the inner surface of outer quartz
tube, making a thin dielectric film. Then, discharges occurred at the
interface of the gas and the solution. For every experiment, 100 mL
solutions were added into the reactor.

2.3. Analysis

An HPLC system (Agilent, USA, 1200 Series) equipped with a
Thermo C18 column (4.6 mm � 250 mm i.d., 5 mm, USA) and a
multiple wavelength UV diode array detector was used to analyze
the concentration of SDZ. The mobile phase consisted of 70%
methanol and 30% water, the flow rate was 1.0 mL/min, and the
injection volume was 20 mL. The column temperature was kept at
25 8C and a UV detector was set at 265 nm.

SDZ and its degradation products were analyzed by LC–MS
(Agilent 1290 Infinity LC/6460 QQQ MS, USA) with an Agilent
Eclipse XDB-C18 HPLC column (150 mm � 2.1 mm i.d., 5 mm,
Agilent, USA). The mobile phase was a mixture of 50% acetonitrile
and 50% water with a flow rate of 0.2 mL/min. The capillary
temperature was set to 200 8C, the spray voltage was 4500 V, and
the sheath gas flow rate was 18 arb. The spectra were acquired
both in the negative ion scan mode and positive ion scan mode,
over the m/z range from 50 to 600.

Total organic carbon (TOC) was determined on a Shimadzu
5000A TOC analyzer. The conductivity of the solution was
measured by a DDS-11 AW conductivity meter. UV–vis absorption
spectra of the SDZ solutions were measured by a UV-5600PC
(Shanghai metash instruments Co., Ltd., China). The pH value of the
solution was measured by a pH monitor (Shanghai Kangyi
Instrument Co., Ltd., China, PHS-3B). The concentration of H2O2

was determined spectrophotometrically [15].

3. Results and discussion

3.1. The factors affecting the degradation efficiency of SDZ

The factors affecting the degradation efficiency of SDZ are
shown in Fig. 2. The Fig. 2(a) shows the degradation of SDZ under
different output power intensity. The output power has a
significant effect on the active species production. The degradation
efficiency of SDZ increased with increasing output power intensity.
The maximum degradation efficiency of SDZ was 96% after 15 min
under the condition of 150 W, while the degradation efficiencies
were 87% and 94% in the case of 100 W and 120 W, respectively. As
the output power increases, electrons gain more energy in the
electric field and induce more ionization of oxygen and water
molecules by collision [16], which increased the amount of the
active species (HO�, O�, H�, H2O2, O3). Based on the above results,
the degradation amount of SDZ was increased.

Most antibiotics have acidic and/or basic functionalities; their
ionization state is controlled by both pH and their acid
dissociation constant (pKa) [17]. The pKa of SDZ are: pKa1 = 1.57
and pKa2 = 6.50, which mean that SDZ has a neutral form at
1.57 < pH < 6.50 and an anionic form at pH > 6.50. Fig. 2(b) shows
the effect of the pH value on the degradation efficiency of SDZ and
indicated that the degradation efficiency was the highest under
weak alkaline conditions (pH = 9.10), where SDZ was in its anionic
form. Researchers have reported that the major active species
involved in the degradation of organic pollutants using gas
discharge were HO�, O3 and H2O2, and under strongly alkaline
conditions the generated HO� in the discharge reacted with
carbonate ions immediately, which decreased the amount of HO�

substantially [18], thus pH 11.04 is not suitable for the
degradation of SDZ.
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Fig. 2. The factors affecting the degradation efficiency of SDZ: (a) output power intensity (C0 = 10 mg/L), (b) pH value (C0 = 10 mg/L, output power = 100 W), (c) initial
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As seen in Fig. 2(c), the degradation efficiency of SDZ
decreases with increasing concentration. The SDZ and its
intermediates are mainly oxidized by active species generated
in discharge. When more SDZ is present in the solution, the
active species are consumed not only in reactions with SDZ, but
also in reactions with the intermediates. As such, when the inner
concentration is higher, there is strong competition for reaction
with the active species between SDZ and its intermediate
products. In this case, the concentration of active species is
probably not high enough to fully oxidize SDZ and its
intermediates.

In the previous research, many researchers have found that the
degradation efficiency of organic contaminants under the condi-
tion of pulsed discharge could be improved by the Fe2+ [19]. Fe2+

was added to the treated solution to increase the oxidizing power
of generated H2O2 by the production of HO� from the Fenton
reaction [20]:

Fe2þ þ H2O2 ! FeðOHÞ2þ þ HO� (1)

H2O2þ FeðOHÞ2þ ! Fe2þ þ HO2
� þ H2O (2)

FeðOHÞ2þ�!hv
Fe2þ þ HO� (3)

Fig. 2(d) shows the effect of adding different concentrations of
Fe2+on degradation efficiency of SDZ. It is shown in Fig. 2(d) that
in the range of 0–1.0 mmol/L the degradation efficiency of SDZ
increased with increasing Fe2+ concentration, which was
contrary to the results from the range of 1.0–2.0 mmol/L. The
lower enhancement of degradation efficiency at higher Fe2+con-
centration could be explained by the competition between
Fe2+and the organic substance for HO�, with a reaction as follows
[21]:

HO� þ Fe2þ ! Fe3þ þ OH� (4)
Excessive Fe2+ consumes HO�, reducing the amount available to
react with SDZ, decreasing the degradation efficiency.

3.2. Change of pH values and conductivity

The variation of pH values of the solution during the treatment
process is shown in Fig. 3 for all three initial pH values for SDZ. The
pH value of the solution decreased rapidly during the first 3 min
and then stayed around 1.40 for the last 15 min. The curves also
show that the conductivity considerably increased linearly for all
three initial pH values for SDZ, which means the ion concentration
of the solution increased. The decrease of the pH value,
accompanied by the increase of the conductivity, might be due
to the formation of H3O+ ions and several special acidic substances
such as nitric acid and nitrous acid during discharge [16]. Also, the
formation of NO3

� and NO2
� from the dissolution of nitrogen

oxides such as reactions (5)–(11) should be responsible for the
decrease of the pH value and the increase of the conductivity. In
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addition, the formation of H2SO4 formed from the degradation of
SDZ decreases the pH value as discussed in the Section 3.5.

N2þ e ! 2N þ e (5)

N2þ e ! N2
þ þ 2e (6)

N þ O� ! NO (7)

N2
þ þ H2O ! NO þ H� (8)

NO þ O� ! NO2 (9)

3NO2þ H2O ! 2Hþ þ 2NO3
� þ NO (10)

NO2þ NO ! 2N2O3þ H2O ! 2Hþ þ NO2
� (11)

3.3. Effect of addition of radical scavengers

Fig. 4 shows the effect of adding different radical scavengers on
the degradation efficiency of SDZ. Sodium carbonate, iso-propyl
alcohol and tert-butyl alcohol are all hydroxyl radical scavengers,
which could scavenge hydroxyl radicals in aqueous solution, and
consume the amount of hydroxyl radical immediately [22]. The
SDZ degradation efficiency was considerably reduced upon the
addition of 150 mg/L sodium carbonate, 150 mg/L iso-propyl
alcohol and 150 mg/L tert-butyl alcohol. With an addition of iso-
propyl alcohol, the extent of degradation of SDZ decreased more
drastically than from tert-butyl alcohol and sodium carbonate. The
reaction rate constant (k) of iso-propyl alcohol, tert-butyl alcohol
and sodium carbonate with hydroxyl radical are 1.9 � 1010

mol L�1 s�1, 6.0 � 108 mol L�1 s�1 and 3.9 � 108 mol L�1 s�1, re-
spectively [22], thus the reaction speed of iso-propyl alcohol with
hydroxyl radical is highest, leading to the most severe decrease in
the degradation of SDZ. In the presence of hydroxyl radical
scavengers, the degradation efficiency was inhibited, but not
completely, indicating that �OH played a primary role in the
reaction, but not the only role.

H2O�!vs �OH þ �H (12)

�OH þ �H ! H2O (13)

�OH þ other species ! oxidized products (14)

CCl4þ�H ! HCl þ �CCl3 (15)

In contrast with adding hydroxyl radical scavengers which
considerably reduced degradation efficiency, Fig. 4 indicated that
33302724211815129630
0

20

40

60

80

100

η 
(%

)

Time (min)

 No addition

 Sodium carbonate

Iso-propyl alcohol

Tert-butyl alcohol

 Carbon tetrachloride

Fig. 4. Effect of addition of radical scavengers (C0 = 10 mg/L, output power = 100 W).
the SDZ degradation efficiency was remarkably enhanced with
CCl4 addition. CCl4 is one of the hydrogen radical scavengers which
could react with hydrogen radical immediately. Reactions (12)–
(15) indicate the enhancement mechanism of CCl4 for the
degradation of SDZ. Hydrogen radical in the system were
scavenged with CCl4 (reaction (15)), and reduce the chances of
their recombination with hydroxyl radical (reaction (13)), thus
increasing the concentration of hydroxyl radicals.

3.4. Change of TOC removal

The total concentration of organic pollutants in aqueous
solution can be shown through the change of the TOC value,
which could also reflect the mineralization rate of the pollutants in
the solution. As shown in Fig. 5, only 25% TOC was removed at
30 min, indicating slower mineralization being obtained, while
about 98% degradation efficiency of SDZ was achieved. It was
obvious that only a small part of SDZ was mineralized. This may be
explained by the generation of intermediates degrading from SDZ,
which resist further degradation and react with hydroxyl radicals.
The change in the UV–vis absorption spectra of SDZ solution during
reaction processes has been shown in Fig. 6. After treatment, the
absorbance at 265 nm shows a decrease, which indicated the
degradation of SDZ molecules. However, the absorbance at around
200–250 nm shows an abrupt increase in contrast to that at
265 nm, which indicates that the formation amounts of inter-
mediates increased with reaction times. This suggests that the
mineralization of these intermediates is a much slower and
difficult process.
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It is shown in Fig. 5 that the TOC removal rate increased in the
presence of Fe2+ and CCl4, at the same reaction time the TOC
removal rate increase to 33% and 47% from 25%. The enhancement
of TOC removal rate in the presence of Fe2+ and CCl4 could be
attributed to the increase of hydroxyl radical. The increase of
hydroxyl radical in the presence of Fe2+ was due to the reactions
(1)–(3), and that in the presence of CCl4 was due to the reactions
(12)–(15), whose reason was similar to that of SDZ degradation
efficiency in the presence of Fe2+ and CCl4.

3.5. The proposed degradation pathway of SDZ

The extensive LC–MS has been successfully used for the
identification of SDZ and its degradation intermediates by other
researchers [8]. Based on the mass spectra, 8 intermediates of SDZ
were detected, which in the Table 1. The identification of the
structures corresponding to these fragments led to the degradation
pathway during the reaction process depicted in Scheme 1.
According to Boreen et al., the potential cleavage sites of
sulfonamides are as follows [23]:
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most pollutants 106–109 times faster than that ozone [24,25],
therefore the �OH radicals played an important role in the
degradation process of SDZ in this study. The sites I to IV are all
potential cleavage sites of sulfonamides that can easily be
attacked by �OH radicals. As a result, the bond I was most likely
to be attacked �OH radicals to produce new intermediates
(compound 8). The degradation intermediate of compound 7
was mainly because of the breaking of bond II. The identification
of 2-aminopyrimidine (compound 1) and sulfanilic acid (com-
pound 4) suggested the cleavage of the III bond. Compound 5
was suggested as the oxidation products of compound 4 by the
attack of �OH to the N–H. In addition, the observation of p-
aminophenol (compound 2) was the product of compound 4 by
breaking C–S. During the experiment process, the color of SDZ
solution changed from clear to pale-yellow, this phenomenon
indicated the presence of p-aminophenol, which is yellow in
solution. The inorganic product sulfuric acid was also the
products of compound 4 by the attack of �OH, the formation of
sulfuric acid may be responsible for the decrease of the pH value
during reaction process. Guo et al. had used Gaussian 03
software to optimize the geometry structure of SDZ and found
that the two bonds of N–C (cleavage sites of IV) in the
pyrimidine ring were unstable and easily broken by large
negative charges [26]. If the pyrimidine ring were attacked by
big negative charges and other radicals, the pyrimidine would
open, and then the produced radicals would be further oxidized
by �OH radicals to form the new products compounds 3 and 6.
The formation of a series of organic acids such as compound 3
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Table 1
The degradation intermediates of SDZ.

Compd. Main

fragment

(m/z)

Molecular

formula

Molecular structure

SDZ 249 C10H10N4O2S

S

O

O

H
N

N

N

H2N

1 97 C4H5N3

Ν

Ν

Η2Ν

2 109 C6H7NO
H2N OH

3 118 C3H4O5

C
H
C C

OHOHOH

O O

4 172 C6H7NO3S

S

O

O

H2N OH

5 188 C6H7NO4S

S

O

O

NH OHHO

6 225 C7H10N4O3S
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H
N

NH

NH2H
NΗΟ

7 233 C10H9N3O2S

S
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N

N

8 264 C10H10N4O3S

S

O

O

NH

N

N
H
NHO
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should also be responsible for the decrease of the pH value in
Section 3.2, which was similar to that of sulfuric acid.

4. Conclusion

The water falling film dielectric barrier discharge was
investigated with the aim of the removal of SDZ in water. The
water falling film dielectric barrier discharge was very effective in
the degradation of SDZ; the inner concentrations of 10 mg/L SDZ
can be all removed within 30 min. The parameters that affect the
degradation of SDZ such as output power intensity, pH value, inner
concentration and Fe2+ were all strongly affected the SDZ
degradation efficiency. The formation of H3O+ ions, organic acids,
NO3

�, NO2
� and SO4

2� led to the decrease of the pH value and the
increase of conductivity. In the addition to hydroxyl radical
scavengers, the degradation of SDZ was inhibited, indicating that
�OH plays a primary role in the reaction. It was also found that the
degradation of SDZ and the TOC removal was greatly enhanced by
hydrogen radical scavenger CCl4, which was due to the reaction of
CCl4 with �H that reduce the chances of their recombination with
�OH. But, the results obtained with the change of TOC indicated
that the intermediates were quite refractory to further minerali-
zation, leading to ineffective mineralization. Based on the 8
intermediate products identified by LC–MS, the proposed degra-
dation mechanism was investigated, and the degradation pathway
of SDZ involved a series of hydroxylation, oxidative and opening of
the ring processes. The �OH was the major active species and
played an important role in the degradation of SDZ.
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