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a b s t r a c t
The mineralization of antibiotic sulfamethoxazole (SMX) of concentrations up to 300 mg L−1 was examined by photoelectro-Fenton (PEF) using an activated carbon ﬁber (ACF) cathode with UVA (365 nm)
irradiation. Comparative mineralization has been studied by different methods: RuO2 /Ti anodic oxidation (AO), AO in the presence of electrogenerated H2 O2 (AO-H2 O2 ), AO-H2 O2 in the presence of UVA
(AO-H2 O2 -UVA), and both the electro-Fenton (EF) and PEF processes. PEF treatment at a low applied
current of 0.36 A yields a faster and more complete depollution with 80% of the TOC removed after 6 h of
electrolysis. The higher oxidative ability of the PEF process can be attributed to the additional hydroxyl
radicals (• OH) produced by the photo-Fenton reaction. The 63% mineralization in the case of EF treatment was due to the formation of short intermediates, such as carboxylic acids, which were difﬁcult to
oxidise with • OH. In the AO-H2 O2 -UVA process, about 36% of the TOC was removed after 6 h electrolysis,
while 28% of the TOC was removed in the AO-H2 O2 process. SMX is only slightly mineralized by the AO
process, with only 25% of the TOC removed. HPLC–MS analysis allowed for up to six aromatic reaction
products to be identiﬁed during the SMX degradation in the PEF process, mainly formed from the hydroxylation of the aromatic ring or/and isoxazole ring, accompanied by the substitution of the amine group
(on aromatic cycle) or methyl group (on isoxazole ring) by • OH. The carboxylic acids generated, including oxalic, maleic, oxamic, formic and acetic acids, were detected by ion-exclusion chromatography. The
initial organic nitrogen was mainly converted into NH4 + along with a very small proportion of NO3 − ion.
Considering all the oxidation intermediates and end products for SMX degradation in the PEF process, a
general mineralization mechanism by • OH and UVA was proposed.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Sulfamethoxazole (SMX, Table 1), one of the most prescribed
pharmaceuticals, is a synthetic antimicrobial frequently used in
human medicine to treat bronchitis and urinary tract infections and
also in veterinary medicine, not only to prevent and treat infections,
but also to promote growth in food-producing animals [1]. After
use, the substance is metabolized in the liver and its unmetabolized form (about 15% of the administrated dose [2,3]) is excreted
with urine or feces, then enters wastewater and is ultimately discharged into conventional wastewater treatment plants (WWTPs).
Increasing concern regarding antibacterials in the past few years
stems from the fact that these substances continually being intro-
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duced into the environment may stimulate the dissemination of
antibacterial resistance among native bacterial populations, which
would make it more difﬁcult to treat infections, and have implications in terms of morbidity, mortality, and economic cost [1,4,5].
As such, it is important to remove antibacterial agents completely
and as quickly as possible at their source (e.g. manure), before
resistance to the agents can be developed in microorganisms and
then spread into the environment [4]. Although past studies have
demonstrated that sulfonamides are biodegraded in sewage, the
extent of the biodegradation is quite limited and the processes
are typically too slow to ensure their complete elimination from
treated wastewater efﬂuent. As a result, SMX has been frequently
detected in municipal wastewater and surface water bodies in
recent years [6]. Research efforts are underway to develop powerful
oxidation techniques which will allow for their overall destruction
from wastewater, and thus avoid the dangerous accumulation of
SMX in the aquatic environment. Several authors have described
methods for a quick removal of SMX from waters by advanced oxidation processes (AOPs) which produce hydroxyl radicals (• OH)
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Table 1
Sulfamethoxazole (SMX).
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Sulfamethoxazole
(4-amino-N-(5-methyl-3isoxzolyl)benzenesulfonamide)
␣, ␤, ␥, ␦,  show the potential cleavage sites [46].

a

and effectively either eliminate SMX or transform it into lesstoxic more biodegradable intermediates, such as ferrate [7,8], O3
[9–14], O3 /H2 O2 [11], TiO2 photocatalysis [14–17], UV photolysis
[18–20], UV/H2 O2 [2,21], photo-Fenton [22,23], as well as solar
photo-Fenton [24–27]. The metabolites formed during SMX oxidation, however, may also be harmful compounds and need to be
removed from water. Therefore, the complete mineralization is a
better approach to dealing with SMX in the wastewater.
Electrochemical advanced oxidation processes (EAOPs) like
anodic oxidation and indirect oxidation based on H2 O2 electrogeneration have attracted a lot of attention for use in wastewater
decontamination not only due to their low cost and high effectiveness but also because they do not produce dangerous waste. Anodic
oxidation needs an active anode, such as a boron-doped diamond
(BDD) anode. The anodic oxidation of SMX at the BDD anode has
been investigated by several authors [28,29]. The most common of
the indirect electrooxidation methods is electro-Fenton (EF), which
is based on the continuous supply of H2 O2 generated from two electron reduction of oxygen on the catalytic cathode, such as carbon
felt [30,31], O2 -PTFE cathode [32–37] and activated carbon ﬁber
(ACF) [38,39] to a contaminated acid solution containing Fe2+ or
Fe3+ as catalyst. A recent study has shown that the EF process can
degrade antibiotic SMX efﬁciently [40].
O2 + 2H+ + 2e− → H2 O2

E ◦ = 0.695 V/NHE

Fe2+ + H2 O2 + H+ → Fe3+ + H2 O + • OH
3+

Fe

−

+ e → Fe

2+

◦

(1)
(2)

E = 0.77 V/NHE

(3)

+

(4)

H2 O → 1/2O2 + 2H + 2e

−

◦

E = 1.23 V/NHE

The photoelectro-Fenton (PEF) process is a modiﬁcation of the
EF process in which the solution treated under EF conditions is
simultaneously irradiated with UVA (max = 360 nm) [32,37] or UVC
(max = 254 nm) light [39]. The complex mechanism of UV irradiation can be attributed to the following [41]: (i) the production
of greater amounts of • OH from the photoreduction of Fe(OH)2+ ,
which is the predominant Fe3+ species at pH 3.0, via photo-Fenton
by reaction (5), and (ii) the photolysis of complexes of Fe(III) with
generated carboxylic acids, such as oxalic acid, which is produced
during the oxidation of most organics, and the fast photolysis
of Fe(III)–oxalate complexes (Fe(C2 O4 )+ , Fe(C2 O4 )2 − , Fe(C2 O4 )3 3−
shown as reaction (6). When UVC was used as the light source,
H2 O2 absorbed radiation with a molar absorption coefﬁcient of
18.6 L M−1 s−1 , and it decomposed with a quantum yield of 0.98,
generating • OH radicals (Eq. (7)) [39]. The PEF process has been
well proven to be a very efﬁcient method for complete mineralization of a lot of refractory organic pollutants in the wastewaters
[42–45].
Fe(OH)2+ + hv → Fe2+ + • OH

(5)

2Fe(C2 O4 )n (3 − 2n) + hv → 2Fe2+ + (2n − 1)C2 O4 2− + 2CO2

(6)

H2 O2 + hv →

2• OH

(7)

The aim of this study was to determine the potential of PEF
for the complete mineralization of 200 mg L−1 SMX aqueous solutions. PEF was compared to anodic oxidation (AO), AO in presence
of electrogenerated H2 O2 (AO-H2 O2 ), AO-H2 O2 under UVA irradiation (AO-H2 O2 -UVA), EF and PEF processes for degrading SMX.
The inﬂuence of current density, initial SMX concentration and initial Fe2+ concentration on the total organic carbon (TOC) reduction
rate and mineralization current efﬁciency (MCE) on the SMX degradation in the PEF process was explored. The antibiotic decay was
followed by high performance liquid chromatography (HPLC), and
its aromatic intermediates were identiﬁed by HPLC–mass spectrometry (HPLC–MS), while the short-chain organic acids were
detected by ion-exclusion chromatography. The quantities of NO3 −
and NH4 + were also determined to evaluate the extent to which the
corresponding mineralization process took place.
2. Materials and methods
2.1. Chemicals and analyses
Sulfamethoxazole (98%) was obtained from Wako. The physicochemical properties and possible cleavage positions of SMX are
presented in Table 1 [46]. Iron(II) sulphate heptahydrate (99%,
Wako) and sodium sulphate (anhydrous, 99%, Wako) were used as
the catalyst and supporting electrolyte, respectively. All solutions
were prepared with ultra-pure water obtained from a Milipore
AutoPure WT101UV system (Millipore S. A. S., Molsheim, France)
with a resistivity of 18.2 M cm at 25 ◦ C. Acetonitrile and the distilled water used as the solvents for the liquid chromatography
mobile phase were of HPLC grade, and were obtained from Wako.
Pressurized oxygen gas (99.9%) was used to saturate the solutions.
2.2. Procedures and equipments
Experiments were conducted at room temperature in an undivided, two-electrode quartz cell containing a 125-mL solution
stirred with a magnetic bar, as shown in Fig. 1. The anode was a
4 cm × 4 cm RuO2 /Ti mesh. The cathode, a 16 cm2 ACF felt, was presaturated with SMX solution for 12 h to preclude a decrease in TOC
due to SMX adsorption on the ACF felt. Pure O2 was fed into the
solution at 100 mL min−1 , and prior to the electrolysis, O2 was bubbled through the aqueous solutions for 30 min. AO degradations
(without H2 O2 in solution) were performed using a 16 cm2 RuO2 /Ti
mesh as the anode and a 16 cm2 RuO2 /Ti mesh as the cathode. AOH2 O2 , EF, and PEF treatments were then carried out using a 16 cm2
ACF cathode, fed with pure O2 at 100 mL min−1 . PEF trials became
operative when the solution was irradiated with ultraviolet lamps
(Handy UV Lamp SLUV-8, 254/365 nm, As One Co. Ltd., Japan). The
lamp was placed parallel to the side of the cell, at a distance of
5 cm from the solution, providing the solution with a photoionization energy input of 1407 W cm−2 (this data is obtained from the
Instruction Manual).
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35 ◦ C and selecting the photodiode detector at  = 210 nm. A mobile
phase of 4 mM H2 SO4 solution formed at 0.6 mL min−1 .

Fig. 1. Experimental set-up of the photoelectro-Fenton (PEF) reactor. 1, RuO2 /Ti
anode; 2, ACF cathode; 3, UVA lamp; 4, O2 in pipe; 5, magnetic stirrer; and 6, dark
box.

2.4.2. The LC–MS analysis of reaction product mixtures
Organic intermediates were analyzed on a Waters Alliance
2695/ZQ4000 HPLC–MS spectrometer equipped with a Waters
XTerra® MS C18 column (150 mm × 2.1 mm i.d., 5 m particle size),
and a thermostat (30 ◦ C). MS analyses were conducted using positive mode electrospray ionization (ESI+) over a mass scan range of
80–500 m/z under the following conditions: capillary 3.5 kV, cone
25 V, extractor 3 V, RF lens 0.3 V, source temp. 120 ◦ C, dissolvation
temp. 300 ◦ C. Dissolvation and cone gas ﬂow were set to 300 L h−1
and 50 L h−1 , respectively. The volume of injection was 10 L. A and
B mobile phases were acetonitrile and water with 0.1% formic acid,
respectively, at a ﬂow rate of 0.2 mL min−1 . A linear gradient progressed from 10% A (initial conditions) constant for 5 min, followed
by a linear gradient to 100% A in 50 min, after which the mobilephase composition was maintained at 100% A for 3 min [47]. Under
these conditions, the retention time of SMX was 16.7 min.
2.5. Mineralization current efﬁciency (MCE)

A catalytic quantity of ferrous ion was introduced into the
solution before the beginning of electrolysis. The current passing
through the solution was measured and displayed continuously
throughout electrolysis using a regulated digital DC power supply
(AD-8735, A&D Co., Tokyo, Japan). Prior to the reaction, the pH of
the initial solutions was set at 3.0 by the addition of 0.1 M H2 SO4 .
HM-30 V model (TOA Electrochemical Measuring Instructments,
Tokyo, Japan) pH meter was employed for pH measurements. The
ionic strength was maintained at a constant of 0.05 M by the addition of Na2 SO4 . The 200 mg L−1 SMX simulated wastewater was
degraded by the PEF process in an aqueous medium containing
0.05 M Na2 SO4 and 1 mM Fe2+ . The current was maintained at a
constant 0.36 A.

where (TOC)exp is the experimental TOC decay ([TOC]0 − [TOC]t )
and (TOC)theo is the theoretically calculated TOC decay, assuming
that the applied electrical charge (= current × time) is completely
used for the mineralization of SMX into CO2 , H2 O, NH4 + and SO4 2−
as follows:

2.3. Chemical analysis

C10 H11 N3 O3 S + 21H2 O → 10CO2 + SO4 2− + 3NH4 + + 41H+

Before the analysis of the treated solutions, all samples were ﬁltered through hydrophilic PTFE ﬁlters of 0.45 m purchased from
Millipore. The total organic carbon (TOC) content was measured
using a Shimadzu model TOC 5000A TOC analyzer, equipped with
an autosampler (ASI 5000A) (Shimadzu Co., Kyoto, Japan). H2 O2
concentrations were determined spectrophotometrically by the
iodide method with a HACH DR/4000U UV-visible spectrophotometer (HACH Co., USA) at  = 352 nm (ε = 26,400 M−1 cm−1 ,
detection limit of ≈10−6 M [38]). Ammonium (NH4 + ) concentration
in treated solutions was determined from the standard colorimetric automated phenate method with above HACH DR/4000U
spectrophotometer. The formation of NO3 − and NO2 − in the PEF
process was measured colorimetrically by an autoanalyser (QUAATRO; BLTEC, Tokyo, Japan).
2.4. HPLC and LC–MS analysis
2.4.1. HPLC analysis of SMX decay and carboxylic acids formation
The extent of the decay of SMX concentration during the
treatment was quantiﬁed using an Agilent HPLC 1200 Series system equipped with a diode array detector set at 270 nm and an
Xterra® MS C18 5 m 150 mm × 2.1 mm analytical column (Waters
Co., USA). The mobile phase consisted of 80:20 water (adjusted
to pH = 3.0 with phosphoric acid)/acetonitrile at a ﬂow rate of
0.5 mL min−1 . The injection volume was 10 L. SMX had a retention time of 3.0 min under these conditions. Generated short-chain
carboxylic acids were identiﬁed and quantitatively followed by
ion-exclusion chromatography using the above HPLC ﬁtted with
a Bio-Rad Aminex® HPX-87H column (300 mm × 7.8 mm (i.d.)) at

This change in the oxidative ability with electrolysis time can be
better explained from its mineralization current efﬁciency (MCE)
[34,36]:
MCE =

(TOC)exp
(TOC)theo

× 100

+ 42e−

(8)

(9)

which involves the consumption of 42 F mol−1 of SMX.
3. Results and discussion
3.1. Hydrogen peroxide electrogeneration in the PEF process
The ability of the electrolytic system to accumulate hydrogen
peroxide supplied by the ACF felt cathode from reaction (1) was
studied by determining the concentration of accumulated H2 O2 .
Several electrolyses of 0.05 M Na2 SO4 and initial pH 3.0 solutions were carried out in the absence of Fe2+ and UVA. These
trials were performed with an ACF felt cathode at different current intensities, as is shown in Fig. 2. A progressive increase of
H2 O2 concentration was detected during electrolysis as the current
increased from 0.12 A to 0.50 A in the initial 120 min of electrolysis, after which the H2 O2 concentrations obtained were ca.321,
609, 759 and 765 M H2 O2 at 0.12, 0.24, 0.36 and 0.50 A, respectively. The H2 O2 concentrations did not increase linearly with time.
Rather, after approximately 30 min, the solutions reached a steadystate concentration, and then they remained almost constant. Even
though no Fe(II) was deliberately added to the cell, a mechanism
for the decomposition of the hydrogen peroxide caused H2 O2 to
undergo chemical decomposition to O2 either on the anode (heterogeneous process) or in the medium (homogeneous process) (Eq.
(10)) [34,38]. As well as this, H2 O2 was also able to be anodically
oxidized to yield intermediate HO2 • radicals (Eqs. (11) and (12)).
In the steady state, H2 O2 was electrogenerated and simultaneously
destroyed in the system at the same rate. It was found from Fig. 2
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that the stable H2 O2 concentration increased as the current density increased in the range from 0.12 A to 0.50 A, while the strong
reaction of H2 O2 anodically oxidizing at the anode at 0.50 A meant
almost negligible increases in the H2 O2 concentration. This can be
explained by the following:
H2 O2 → H2 O + 1/2O2

(10)

H2 O2 → HO2 • + H+ + e−

(11)

HO2 • → O2 + H+ + e−

(12)

3.2. Comparative degradation behavior
A ﬁrst series of trials was carried out by electrolyzing 200 mg L−1
SMX at pH 3.0 and 0.36 A for 6 h to clarify the comparative oxidation power of the EAOPs tested. The EF and PEF treatments operated
with a 1.0 mM Fe2+ catalyst. Fig. 3(a) summarizes the results of the
TOC decay corresponding to the destruction of 200 mg L−1 of SMX
solution at pH 3.0 due to ACF adsorption, AO, AO-H2 O2 , AO-H2 O2 UVA, EF and the PEF conditions, respectively. The applied current
was a constant 0.36 A. As could be seen, the use of ACF felt adsorption alone on SMX meant the removal of SMX was limited to 5%
after 360 min. This low adsorption can be attributed to the presaturation of the ACF felt before the experiments. Similarly, AO alone
resulted in less than a 25% reduction in TOC. In these experiments,
we used an RuO2 /Ti anode, a low oxidation power anode characterized by a strong interaction between the electrode and • OH,
resulting in high electrochemical activity for the evolution of oxygen and low chemical reactivity for organic oxidation. In this strong
interaction, the absorbed • OH interacts with the anode, resulting in a transition of the oxygen from • OH to the anode surface,
which forms a higher oxide which then selectively oxidizes organic
pollutants via the surface redox couple [48]. When AO-H2 O2 was
used, the TOC degradation was a little faster, with 28% of the TOC
decayed. In this reaction, intermediates are slowly mineralized
by the • OH generated from the heterogeneous or homogeneous
reactions between the ruthenium electrode (RuO2 /Ti) and H2 O2 in
accordance with the classic interpretation of the Haber and Weiss
cycle [48–50]. The decomposition rate of SMX in the AO-H2 O2 -UVA
process was signiﬁcantly better, with 36% of the TOC removed, and
this can be attributed to the additional degradation from UVA irradiation. In the EF process, TOC was rapidly reduced by as much
as 63% after 360 min of electrolysis. This can be explained by the
fast homogeneous reaction of organics with the great amount of
• OH generated from reaction (2), which then nonselectively oxi-

MCE (%)

Fig. 2. Electrogeneration of H2 O2 during the electrolysis of 0.05 M Na2 SO4 and initial
pH 3.0 solutions in the absence of Fe2+ and UVA with ACF cathode.

EF
PEF

8
6
4
2

(b)

0
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50
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200

250

300
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400

time / min
Fig. 3. (a) TOC reduction as a function of treatment time for the ACF adsorption, AO,
AO-H2 O2 , AO-H2 O2 -UVA, EF and PEF conditions (b) Change of the mineralization
current efﬁciency (MCE).

dized most of the products remaining in the solution. In contrast,
a signiﬁcant acceleration in the PEF method with 1 mM Fe2+ had
an even higher oxidative ability, with 80% of the TOC of solution
reduced after 360 min of electrolysis. The faster TOC removal in
the PEF process is thought to result in the generation of more
• OH due to the fast photodecomposition of Fe(III)–oxalate complexes by UV light and the additional photo-reduction of Fe(OH)2+
species according to reactions (5) and (6), and this would mean an
additional supply of Fe2+ and • OH for the mineralization of SMX
[41].
In order to conﬁrm the oxidation power of the different process,
the MCE values for all the trials were calculated from Eq. (8), and are
shown in Fig. 3(b). As expected, a maximum efﬁciency of about 10%
for PEF, 7% for EF, 3% for AO-H2 O2 -UVA, 2% for AO-H2 O2 and 1% for
AO was found at the 30 min mark. The MCE follows the same trend
as the relative oxidation power of the methods tested, increasing in
the sequence: AO < AO-H2 O2 < AO-H2 O2 -UVA < EF < PEF. The above
ﬁndings suggest that the fastest decontamination of acidic SMX
wastewaters is achieved by the PEF process.
3.3. Optimization of experimental conditions
3.3.1. Effect of applied current
The inﬂuence of applied current on the degradative behavior
was examined by electrolyzing a 200 mg L−1 SMX solution of pH
3.0 at 0.12 A, 0.24 A, 0.36 A and 0.50 A. As shown in Fig. 4(a), 53%
of TOC was removed at 0.12 A after 360 min, while at 0.24, 0.36
and 0.50 A, TOC removal was 66%, 80% and 67%, respectively. It was
found that increasing the current density in the range 0.12–0.36 A
quickens the pace of mineralization in the PEF process. Increasing
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NO3 − concentration accumulated in the EF and PEF process was also measured (pH
3.0 and 0.36 A).
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Fig. 5. Decay of SMX concentration with electrolysis time during the degradation
of 125 mL of a 200 mg L−1 SMX solution and 0.05 M Na2 SO4 of pH 3 by AO, AO-H2 O2 ,
AO-H2 O2 -UVA, EF and PEF process at pH 3.0 and 0.36 A.

Fig. 7. Evolution of the concentration of oxalic acid and oxamic acid formed during
the degradation of 200 mg L−1 of SMX under EF and PEF conditions.
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the current density means the SMX is removed more rapidly due
to the concomitant increased production rate of H2 O2 generated at
the ACF cathode. This, in turn, enhances the generation of • OH in
the Fenton reaction since the production of • OH in the medium is
proportional to the H2 O2 concentration, as shown in the following
Eq. (13) [51]:

 d • OH] 
[

[• OH] = 

dt

g

= k1 [Fe2+ ] [H2 O2 ]

(13)

where k1 is the second-order rate constant (M−1 min−1 ) of reaction (2);  is the average life of the • OH (min); and [Fe2+ ] and [H2 O2 ]
are the concentrations of ferrous ion (M) and hydrogen peroxide
(M), respectively.
It is also true, however, that when the applied current is over
0.50 A, the pace of mineralization slows, indicating a slower generation of oxidant • OH. One reason for this is that when the applied
current is high, H2 O2 is anodically oxidized to yield intermediate
HO2 • radicals, which are less potent than • OH. Another reason is
that when the applied current is high, more Fe2+ in the solution
is anodically oxidized to Fe3+ , leading to a decrease in • OH formation (see Eq. (13)) [38]. The other reason is that when the applied
current is high, the dimerization of • OH to H2 O2 (reaction (14))
or its destruction with H2 O2 (reactions (15)) may also reduce the
efﬁciency of the PEF process [52].
2• OH → H2 O2
• OH

(14)
•

+ H2 O2 → HO2 + H2 O

(15)

3.3.2. Effect of Fe2+ concentration
Fig. 4(b) shows the results when 200 mg L−1 of SMX solution is
treated for 360 min by the PEF process with Fe2+ dosing from 0 mM
to 2.0 mM at pH 3.0 and 0.36 A. An obvious increase in the rate
of TOC decay was observed with the addition of Fe2+ ion into the
solution, suggesting that raising the initial Fe2+ concentration from
0 mM to 1 mM might augment TOC removal. For example, after
360 min of electrolysis, the TOC removal was 36%, 58%, 80% for 0,
0.5 and 1 mM Fe2+ solution, respectively. When the Fe2+ concentration was increased to 2 mM, however, the TOC abated more slowly,
with 74% of the TOC removed after 360 min of electrolysis. This
is consistent with what was expected: the initial Fe2+ was rapidly
transformed into Fe3+ from reaction (2), with the small catalytic
amount of regenerated Fe2+ in the medium in effect regulating the
continuous production of oxidizing • OH. The inﬂuence of higher
Fe2+ concentration upon the degradation behavior of SMX is likely
due to the percentage of • OH scavenged by Fe2+ , as shown in
Eq. (16) [38].
Fe2+ + • OH → Fe3+ + OH−

(16)

3.3.3. Effect of initial SMX concentration
The effect of the initial antibiotic concentration on mineralization was studied in four concentrations of SMX solutions in the
presence of 1 mM Fe2+ with a pH of 3.0 at 0.36 A by the PEF process. Fig. 4(c) shows the results: 77% of the TOC was removed for
up to 300 mg L−1 of SMX within 360 min electrolysis, whereas the
removal rate was 80%, 85% and 65% in 200, 100 and 50 mg L−1 SMX
solutions, respectively. This change in the oxidative ability can be
better explained from its MCE. As shown in the inset of Fig. 4(c),
the MCE value usually increases when the SMX concentration is
increasing. This trend is associated with a faster destruction of
all pollutants, since higher concentrations of them in the medium
means that they can react more rapidly with generated oxidants,
mainly the • OH produces from reactions (2), (6), (8) and (9). When
the SMX concentration is 300 mg L−1 , however, the MCE falls to a
minimum value then increases over time with electrolysis. This is
thought to be attributed to the proportion between the concentra-
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tion of SMX and the concentration of • OH generated from the PEF
reaction [48,53].
3.4. Degradation of SMX and products time-course
3.4.1. SMX decay
Several trials were made by electrolysing 200 mg L−1 SMX solutions at pH 3.0 by AO, AO-H2 O2 , AO-H2 O2 -UVA, as well as under
EF and PEF conditions at 0.36 A to clarify the oxidizing ability of
the different processes. As can be seen in Fig. 5, SMX is degraded
at the lowest initial rate only when AO was used, but after 180 min
electrolysis, only about 53% SMX was removed. SMX decay in
the AO-H2 O2 experiment was extensive, with 81% SMX removed
within 180 min, and almost total degradation after 360 min electrolysis. The increase in the degradation rate of SMX in AO-H2 O2
is due to the homogeneous reaction with the • OH formed. With
UVA irradiation, SMX degradation was at 93% after 180 min electrolysis in AO-H2 O2 -UVA, and total degradation happens after
270 min. SMX degraded remarkably quickly under both EF and PEF
conditions, with total SMX removal possible after only 90 min of
electrolysis. In the EF process, the fast abatement of SMX is largely
attributable to the behavior of • OH on SMX from the Fenton reaction. In the PEF process, the SMX decays even faster than in EF
process due to the production of additional • OH from the photoreduction of Fe(OH)2+ and the production of additional Fe2+ from the
photolysis of Fe(III) complexes with carboxylic acids under UVA
irradiation [41]. It is worth noting that the photodegradation of
SMX may also take place in the PEF process, thus enhancing the
SMX removal [47].
3.4.2. Intermediate products in electrochemical experiments
3.4.2.1. Evolution of inorganic intermediates. The total mineralization of an organic compound containing heteroatoms tends to be
accompanied by the formation of carbon dioxide and inorganic
ions. While the sulphur atom is recovered as sulphate (SO4 2− ) irrespective of its initial oxidation state, nitrogen moieties in organic
compounds can be transformed to either NH3 (NH4 + in acidic
media) and/or nitrite (NO2 − ) and nitrate (NO3 − ) ions. In this study
SO4 2− ions were not monitored because of the supporting electrolyte Na2 SO4 in the solution, but many authors have conﬁrmed
SO4 2− is the ultimate byproduct in SMX degradation [26,54]. The
evolution of inorganic ions (NH4 + , NO3 − , NO2 − ) during the electrolyses of 200 mg L−1 SMX solutions at 0.36 A under AO, AO-H2 O2 ,
AO-H2 O2 -UVA, EF and PEF conditions was quantiﬁed. As shown
in Fig. 6(a), stationary NH4 + was detected in all cases, and faster
NH4 + ion accumulation was observed in the EF and PEF processes.
After 6 h of electrolysis, 25.9 mg L−1 and 28.8 mg L−1 of NH4 + was
generated in the EF and PEF processes, respectively, compared
with 13.7 mg L−1 , 14.8 mg L−1 , 18.6 mg L−1 of NH4 + accumulation
in the AO, AO-H2 O2 and AO-H2 O2 -UVA processes, respectively.
These results can be explained by the more rapid destruction of
SMX by the • OH generated from the Fenton reaction in the EF and
PEF processes. In addition, NO3 − was also detected in the EF and
PEF electrolysed solutions (no NO2 − ion was detected) (Fig. 6 (b)).
A NO3 − concentration up to ca. 16.5 mg L−1 was detected in solutions treated for 6 h by the PEF process, while about 8.2 mg L−1 of
NO3 − accumulated in the EF process. More NH4 + was evolved in
the PEF process than NO3 − : after 6 h of electrolysis, 22.4 mg L−1 of
the SMX-derived nitrogen (68% of initial nitrogen) was mineralized
in the form of NH4 + ions, while only 3.7 mg L−1 of the SMX-derived
nitrogen (11% of initial nitrogen) was mineralized in the form of
NO3 − ions. The results indicate the aromatic amino group of SMX
is a primary site for • OH attack, with the initial nitrogen of SMX
progressively being converted into NH4 + ion. Different quantities
of NO2 − , NO3 − and NH4 + ions may be linked to the different features
of the N-containing structure. Nitrogroups are converted predom-
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Table 2
Identiﬁcation of the SMX degradation products by LC–MS.
Compound

tr (min)

[M−H]+

Identiﬁcation

Chemical structure
O
H2N

S

H
N

O
OH

A

14.542

270

CH3

N
O

C10 H12 N3 O4 S
O
HO

S

H
N

O
CH3

N

B

18.074

255

O

C9 H10 N2 O4 S
O
HO

S

H
N
OH

O
CH3

N

C

15.309

271

O

C10 H11 N2 O5 S
H2N

CH3

N

D

3.058

99

O

C4 H6 N2 O

O
H2N

E

2.836

173

S

NH2

O

C6 H8 N2 O2 S

O
H2N

S

H
N

O
OH

N

F

3.239

256

O

C9 H9 N3 O4 S
O
NH2

S

H
N

O
CH3

N

SMX

16.379

254

inantly to NO3 − ions, while the nitrogen in heterocyclic aromatic
rings can be transformed to both NH4 + and NO3 − species, tertiary
and quaternary nitrogen atoms are converted predominantly to
NH4 + ions [54].
3.4.2.2. Evolution of carboxylic acids. Treated solutions were analyzed by ion-exclusion HPLC chromatography to detect and follow
the evolution of short-chain carboxylic acids generated during the
EF and PEF mineralization process. These chromatograms exhibited
peaks related to oxalic (tr = 6.21 min), maleic (tr = 7.91 min), oxamic
(tr = 8.56 min), formic (tr = 12.86 min) and acetic (tr = 14.09 min)
acids. Oxalic and oxamic acids were the most persistent carboxylic
acids. Fig. 7(a) shows the continuous accumulation of oxalic acid
in the EF and PEF process. In the EF process, the concentration of
oxalic acid increases up to 62 mg L−1 after 180 min of electrolysis
at 0.36 A, then it was slowly destroyed, with 13.5 mg L−1 remaining
in the treated solution after 6 h of electrolysis. In the EF process,
both uncomplexed oxalic and Fe2+ –oxalate complexes are formed.
Oxalic acid is directly oxidized to CO2 by • OH at slow rate (the absolute rate constant between • OH and oxalic acid is 1.6 × 106 M−1 s−1

C10 H11 N3 O3 S

O

[55]). The oxidation of these complexes by • OH proceeds according
to the following reaction:
(Fe(C2 O4 )n )(2 − 2n) + 3• OH → 2CO2 + (n − 1)(C2 O4 )2− + Fe3+ + 3OH− (17)

where at pH 3.0, the predominant complex is given by n = 1. Oxalate
complexes are oxidized to CO2 with the Fe3 produced quickly
reduced to Fe2+ again, making it possible for more Fe2+ –oxalate
complexes to be formed in addition to the • OH from reaction
(2) [55]. In contrast, in the PEF process, the oxalic acid content increased until a maximum value of 37 mg L−1 at 120 min,
then it was destroyed quickly, and after 360 min electrolysis, only
3.3 mg L−1 was present in the treated solution. This is due to the
photocatalytic action of UV leading to the rapid mineralization of
the Fe(III)–oxalate complexes formed in the solution being treated
by the PEF process (Eq. (6)) [32,34,36,37,41].
In the PEF process, oxamic acid concentration increases and
attains a steady value near 20 mg L−1 from 180 to 270 min, before
dropping slightly to ca. 18 mg L−1 at 360 min, while in the EF process
oxamic acid increased continuously with up to 30 mg L−1 obtained
after 360 min electrolysis (see Fig. 7). Much more oxamic acid is
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Fig. 8. Proposed degradation pathway for SMX mineralization in acid aqueous medium by hydroxyl radicals (• OH) and UVA irradiation in PEF process with ACF cathode.

accumulated in the EF process than in the PEF process, which is due
to oxamic acid is attacked poorly by • OH in the EF process and UV
irradiation can enhances its degradation in the PEF process [56–58].
3.4.2.3. Evolution of aromatic intermediates and SMX degradation
pathway. In order to identify the intermediates in the solution and
thus determine a probable reaction pathway, a mass spectroscopy
study was carried out. The intermediates during SMX degradation
in the PEF process were identiﬁed by LC–MS by the peaks formed,
and the molecular structure of SMX is reported in Table 1. Six intermediate compounds were identiﬁed, as shown in Table 2. Product
A, with an [M+H]+ of 270, can be attributed to the addition of 16
mass units to the parent peak, which is consistent with the addition
an • OH to the SMX structure in different positions to yield monohydroxylated derivatives. The best-ﬁt formula was C10 H12 N3 O4 S (a
protonated molecule) [15,24,47]. The fragment m/z 156 was missing, and the ion fragment at m/z 172 [C6 H6 NO3 S], together with
those at m/z 108 and m/z 99, appeared in the SMX spectrum as well
as in most of the transformation products, indicating that the attack
of • OH occurred on the benzene ring.
The intermediate B at [M+H]+ 255 mass units can be attributed
to the substitution of the amine group by • OH radical attack on the
aniline ring (␤-cleavage, Table 1), forming a hydroxylated structure
and releasing NH4 + . Intermediate C at [M+H]+ 271 is the hydroxylated compound of intermediate B, the best-ﬁt formula for which
was C10 H12 N2 O5 S (a protonated molecule), which results from the
addition of • OH on the isoxazole ring of Intermediate B. Intermediate D was identiﬁed as 3-amino-5-methylisoxazole (AMI) with
m/z = 99 for [M+H]+ [1,15,24,47] originated by the cleavage of the
␦-position. Intermediate E at [M+H]+ 173 mass units was identiﬁed
as sulfanilamide (C6 H8 N2 O2 S) as a results of ␥-cleavage, which was
an important intermediate in the photocatalysis [17], solar photoFenton [24], photolysis [46] and ozonation [59,60] processes during
SMX degradation. Intermediate F at [M+H]+ 256 mass units can be
attributed to the substitution of the methyl group by • OH radical
attack on the isoxazole ring, resulting in the formation of a hydroxylated structure. This ion fragment m/z 156 suggests that the initial
degradation of SMX was due to the attack of • OH radicals on the
isoxazole ring.

As a result of these analyses, a reaction pathway for the complete
mineralization of SMX with • OH as the main oxidant is proposed
in Fig. 8. The ﬁrst oxidation step of SMX is the attack by • OH nonselectively at different sites of the SMX molecule, resulting in the
formation of hydroxylated derivatives, which are oxidized further
by • OH as additional byproducts are released. The overall mineralization of SMX is accompanied by the release of SO4 2− , NH4 + ,
and NO3 − ions, with the uncomplexed oxalic acids formed being
destroyed by • OH, and the complexed Fe3+ -oxalate being rapidly
mineralized by the photocatalytic action of UVA. The release of
NH4 + as a major nitrogenated product from SMX degradation is
based on ﬁndings reported in some papers regarding the fate of
nitrogen atoms contained in primary amines during the PEF treatment.
4. Conclusion
In this study, we have demonstrated a performance comparison of the AO, AO-H2 O2 , AO-H2 O2 -UVA, EF and PEF processes for
the mineralization of SMX in an acidic aqueous solution (pH 3.0).
The most powerful method is the PEF process in which organic
pollutants are rapidly oxidized with • OH formed from Fenton and
photo-Fenton reaction, whereas ﬁnal by-products including Fe(III)
complexes with carboxylic acids are efﬁciently destroyed with UVA
light. The EF process can degrade SMX efﬁciently, but it is less efﬁcient yielding total mineralization at longer electrolysis time due
to the slow reaction of short intermediates (such as Fe(III)–oxalate
complexes) with • OH. The slow TOC removal rate is attained during
the AO-H2 O2 and AO-H2 O2 -UVA methods were used. In contrast,
SMX is hardly mineralized by the AO process for the poor catalytic
ability of RuO2 /Ti anode, which is unable to convert signiﬁcant
amounts of aromatic intermediates into carboxylic acids. The original nitrogen of the antibiotic drug is mainly lost as NH4 + ion along
with a very small proportion of NO3 − ion in all cases, although their
higher concentrations are achieved in the EF and PEF processes.
Ion-exclusion chromatograms reveal various short chain carboxylic
acids are generated in the electrolyzed solutions. The most persistent carboxylic acids are oxalic and oxamic acids, which are more
rapidly removed in the PEF process because of the quicker pho-
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todegradation of Fe(III)–oxalate and Fe(III)–oxamate complexes by
the UVA light. In addition, we also have identiﬁed six primary aromatic intermediates during the PEF process by means of LC–MS
analysis, which is mainly issued from the hydroxylation of the aromatic ring or/and isoxazole ring, accompanied by the substitution
of the amine group (aromatic cycle) or methyl group (isoxazole
ring) by • OH. At the same time, AMI from the ␥-cleavage (the
S–N bond) and sulfanilamide from the  cleavage (the N–C bond)
were also detected. A comprehensive degradation pathway for SMX
mineralization that involves with the • OH as the main oxidant is
proposed.
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