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ABSTRACT

Heat-activated persulfate to produce highly reactive sulfate radicals (SO��
4 ) to oxidize

sulfamethoxazole (SMX) in water was studied. The SMX degradation rate was significantly
influenced by the reaction temperature, persulfate dose, initial pH, and co-existing anions.
Higher temperature achieved higher degradation rate. The calculated activation energy for
hot persulfate oxidation of SMX was approximately 130.93 kJ/mol. The degradation rate
constant was proportional to the persulfate dose. An alkaline condition favored the SMX
degradation. Effects of anions on the SMX degradation were species-dependent. Cl−, SO2�

4 ,
and NO�

3 inhibited the SMX degradation, to different degrees. In contrast, HCO�
3

accelerated the treatment. The SMX decomposition was associated with hydroxylation,
sulfonamide bond breakage, and oxidation of the amine groups. Toxicity tests revealed
production of more toxic products. Therefore, appropriate post-treatments need to be
considered to address the undesirable byproducts.
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1. Introduction

Antibiotics in water, as a family of emerging
contaminants, have been increasingly concerned
because they are frequently identified in the aquatic
environment and some of them exhibit adverse effects
on ecosystems and human health [1–3]. Most of the
antibiotics used are excreted in the forms of parent
compounds or their metabolites, and may enter into

the aquatic environment through different pathways
[4–6]. The major concern of the introduction of large
quantities of antibiotics into our environment is the
occurrence of resistant bacteria and more pathogenic
bacterial recombinants [7]. Sulfamethoxazole (SMX) is a
commonly prescribed antibiotic used for treatment of
urinary infection. SMX has been detected in many
municipal sewage treatment plant effluents at a level of
μg/L [8,9], as well as found at ng/L in surface water
[10] and even in ground water [11]. Because SMX is
biochemically persistent, and may lead to the increased*Corresponding author.

1944-3994/1944-3986 � 2014 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 56 (2015) 2225–2233

Novemberwww.deswater.com

doi: 10.1080/19443994.2014.960471

mailto:gaoyuqiongtj@163.com
mailto:gaonaiyun2016@163.com
mailto:yindaqiang2016@163.com
mailto:zhangyansen2016@163.com
mailto:dengyang7@gmail.com
mailto:wenlei_rong@sina.com
mailto:zhoushengdong1@sina.com
http://dx.doi.org/10.1080/19443994.2014.960471


bacterial resistance in water [12], there is an urgent
demand to develop viable treatment technologies for
control of the antibiotics in aquatic environments.

Over the past decade, sulfate radical ðSO��
4 Þ based

advanced oxidation processes (AOPs) as a new water
treatment method have attracted great attention. SO��

4

has a very high redox potential of 2.6 V close to that of
�OH in traditional AOPs (2.9 V), and exhibits an unse-
lective pattern during rapid reactions with targeted mi-
cropollutants in water. SO��

4 is produced by the
activation of persulfate (S2O

2�
8 ) through heat, UV, or

transition metals [13–15]. Although ferrous-activated
and microwave-activated persulfate methods have been
tested for degradation of SMX in water [16,17], the
information on the SMX degradation by heat-activated
persulfate is limited. The objective of this study was to
evaluate SMX degradation by heat-activated persulfate
in water. Key factors including temperature, persulfate
dose, pH, and co-existing anions on the SMX degrada-
tion were assessed. Identification of oxidation interme-
diate and final products provided mechanistic
information behind the degradation. In addition, the
toxic effect of SMX and its intermediate products
released during the treatment has also been studied.

2. Materials and methods

2.1. Materials

All the chemicals used were of analytical grade, at
least. SMX and high performance liquid chromatogram
(HPLC)-grade acetonitrile were purchased from Sigma-
Aldrich. Sodium persulfate (Na2S2O8 ≥ 99.5%), sodium
nitrate, sodium chloride, sodium sulfite, sodium bicar-
bonate, ethanol, and tert-butyl alcohol (TBA) were pur-
chased from Sinopharm Chemical Reagent Co., China.
The freeze-dried powder of bioluminescent bacterium
(kept at −20˚C) V. qinghaiensis sp. Nov-Q67 (Q67) was
purchased from Beijing Hammatsu Photon Techniques
Inc. All the solutions used in this study were prepared
using Milli-Q water(18.2 MΩ cm).

2.2. Experimental procedure

All the tests were conducted in 45 mL glass bottles
containing 40 mL SMX solution (40 μM). These reac-
tors were installed in a shaker with water bath
(Zhengzhou Great Wall Scientific Industrial and Trade
Co., China). The oxidation was initiated once appro-
priate volumes of the Na2S2O8 stock solution were
added. The initial solution pH was adjusted to a desir-
able level with 1 N H2SO4 and NaOH solutions. At
designated time intervals, 0.8 mL sample was col-
lected from each reactor to a 1.5-mL sample bottle,

and immediately chilled at 4˚C in an ice bath for
5 min to quench any further oxidation. All the tests
were performed in triplicate, and the standard devia-
tions of all measured data were < 5%.

2.3. Analysis

SMX was measured using a HPLC system (Waters
e2695, USA) equipped with a UV–vis detector (Waters
2489) (λ = 270 nm) and a Symmetry C18 column
(4.6 mm × 250 mm, 5 μm, Waters, USA). The mobile
phase consisting of 40%/60% (v/v) acetonitrile and
Milli-Q water had a flow rate of 0.8 mL min−1. The
sample injection volume was 10 μL and the column
temperature was maintained at 35˚C. The persulfate
concentration was spectrophotometrically determined
by a UV–vis spectrophotometer (HACH, DR5000,
USA) using the method developed by Liang et al. [18].
Oxidation intermediates of SMX were identified by
LC/MS/MS. The HPLC (Waters e2695, USA) was
equipped with a Hypersil Gold C18 column (2.1 ×
150 mm, 3 μm, Thermo, USA). A and B mobile phases
were Milli-Q water with 0.1% formic acid and acetoni-
trile, respectively, at a flow rate of 0.25 mL min−1 with
an injection volume of 10 μL. A gradient method was
used to separate the intermediate products during the
reaction. The elute was 1% B for the first 3 min, and
the B solution was linearly increased to 5% in 5 min,
and kept 5% B for 2 min. Subsequently, the elute was
increased to 60% within 10 min and further increased
to 90% in the following 10 min. Afterwards, the elu-
tion was maintained at 90% B for 2 min. Finally the
elution was back to the initial condition. The HPLC
system was connected with a triple stage quadrupole
mass spectrometer (Thermo Scientific * TSQ Quantum
Access MAX, USA) with ion sources under the follow-
ing conditions: spray voltage = 3500 V, Sheath gas
pressure = 20 au, aux gas pressure = 5 au, and capil-
lary temperature =320˚C. Total organic carbon (TOC)
was measured using a TOC analyzer (Shimadzu TOC
5050A) equipped with an ASI5000 auto-sampler. The
bioluminescent bacterium V. qinghaiensissp. Nov-Q67
(Q67) was adopted to quantify the toxicity variation
before and after the heat-activated persulfate treat-
ment. Prior to the toxicity assessment, the bacteria was
reactivated in 1 mL NaCl solution (0.8%) and then
stored in an ice water bath. To 2.0 mL samples, 100 μL
suspension of bacteria Q67 was added. The decrease
in bioluminescence, as an indicator of the toxic effect,
was measured by a water toxicity analyzer BHP 9511
(Beijing Hamamatsu Photon Tec. Inc., Beijing, China)
after 15 min exposure at 15˚C. Luminescence inhibi-
tion percentage was used to express the effect of
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oxidation products of SMX on Q67, and the inhibition
rate (I%) was calculated as follows.

I% ¼ I0 � IX
I0

� 100% (1)

where IX and I0 are the luminosity of sample solution
and blank solution, respectively.

3. Results and discussion

3.1. Effect of temperature

The effect of temperature (40–70˚C) on the SMX
degradation rate is shown in Fig. 1. At any particular
temperature, the SMX degradation will fit a pseudo-
first-order kinetics pattern. The degradation rate con-
stant significantly increased from 9.13 × 10−4 to 7.11 ×
10−2 min−1 as the temperature improved from 40 to
70˚C. Accordingly, a complete SMX degradation was
almost achieved after 45 min reaction at 70˚C. In con-
trast, a 2-h treatment only degraded 10.2% SMX at
40˚C. The findings suggest that the SMX degradation in
the heat-activated persulfate system is highly tempera-
ture dependent. In general, higher temperatures pro-
vide more energy to rupture O–O bonds of persulfate,
and more readily produce reactive species such as SO��

4

and �OH, thereby leading to more rapid degradation of
target pollutants in water [19]. However, the TOC
removal rates at 40, 50, 60, and 70˚C were 1.5, 2.5, 7.9,
and 34.8% after 2 h, respectively. Compared to molecu-
lar degradation, the TOC removal was not pronounced
even at 70˚C, suggesting that the degradation products

of SMX were not amenable to the SO��
4 or �OH oxida-

tion. Of note, the overall consumption of persulfate
relied heavily upon the reaction temperature. The frac-
tions of depleted persulfate were 2.23, 2.91, 4.07, and
13.2% after 2-h reactions under 40, 50, 60 and 70˚C,
respectively. A similar result was observed by Ghauch
and Tuqan [20], when they applied heated persulfate/
H2O systems to oxidize bisoprolol.

Temperature dependency of the kinetics constant
was further evaluated using the Arrhenius equation
(Eq. (2)).

ln k ¼ lnA� Ea

RT
(2)

where k is the pseudo-first-order rate constant, min−1;
A is the Arrhenius constant; Ea is the apparent activa-
tion energy, kJ/mol; R is the universal gas constant,
8.314 × 10−3 kJ/(mol·K); and T is absolute tempera-
ture, K.

As seen from the insert of Fig. 1, the lnk and
1/T× 1,000 had a linear relationship (R2 = 0.99). The
activation energy was 130.93 kJ/mol and the Arrhe-
nius constant was 43.17 kJ/mol. The calculated Ea

value was greater than that during the heated persul-
fate degradation of bisoprolol (Ea = 119.8 kJ/mol),
indicating that SMX was more recalcitrant in a heated
persulfate system [20].

3.2. Effect of persulfate dose

Persulfate dose is an essential operating factor,
given that it is the source of sulfate radicals in a heat-
activated persulfate process. The effect of persulfate
dose is presented in Fig. 2. The SMX degradation well
obeyed a pseudo-first-order kinetics pattern regardless
of the persulfate dose. As the persulfate dose
increased from 0.8 to 4.0 mM, the pseudo-first-order
rate constants augmented from 1.83 × 10−2 to
3.99 × 10−2 min−1.

We also noticed that the pseudo-first-order rate
constant exhibited a linear relationship with the
persulfate dose, as shown in insert of Fig. 2
(k = 0.00694 × [persulfate]0 − 0.00175, R2 = 0.99), imply-
ing that the SO��

4 yield was proportional to the persul-
fate dose at a constant temperature. This finding is
consistent with the results of Deng et al. [21], who
reported that the degradation rate of carbamazepine
was proportional to the initial persulfate concentration.

3.3. Effect of initial pH

Effect of initial solution pH on the SMX degrada-
tion is shown in Fig. 3. The pseudo-first-order rate

Fig. 1. Effect of temperature on the degradation of
SMX by heat-activated persulfate. ([SMX]0 = 40 μM,
[Na2S2O8]0 = 2.4 mM, T = 40, 50, 60, and 70˚C; insert: plot
of ln k vs. 1/T for Ea estimation.)
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constant increased from 1.53× 10−2 to 1.78× 10−2 min−1

with the increasing initial pH from 3 to 10. At an
acidic condition, the activation of persulfate into SO��

4

could be inhibited by the generation of ineffectual
anions or weaker oxidants, such as HS2O

�
8 , H2SO5,

SO4, HSO�
4 , and H2O2, through the following reactions

(Eqs. (3)–(7)) [22], thereby lowing the SMX degrada-
tion rate.

SO��
4 þH2SO4 ! HSO�

4 þHSO�
4 (3)

S2O
2�
8 þHþ ! HS2O

�
8 (4)

HS2O
�
8 ! SO4 þHSO�

4 (5)

HS2O
�
8 þH2O ! H2SO5 þHSO�

4 (6)

H2SO5 þH2O ! H2O2 þH2SO4 (7)

SO��
4 þOH� ! SO2�

4 þ�OH (8)

When the solution pH was increased to an alkaline
condition, SO��

4 would transform to �OH as shown in
Eq. (8) [23]. �OH processes a slightly higher redox
potential (2.90 V) than SO��

4 (2.60 V), and ensured a
higher SMX degradation rate in an alkaline solution.
Liang and Su [24] used nitrobenzene as a chemical
probe to identify the active radical species, and found
that SO��

4 was the predominant radical species at
pH < 7; both SO��

4 and �OH coexisted at pH 9, and
�OH prevailed at a higher pH. On the other hand,
SMX is an ampholyte with both basic (–NH2) and
acidic (–SO2–NH–R) groups, with pKa,1 = 1.6 and
pKa,2 = 5.7 [25]. The fractions of protonated, neutral,
and deprotonated forms of SMX are also pH depen-
dent according to Eqs. (9)–(11).

aþ ¼ ½Hþ�2
½Hþ�2 þ pKa;1½Hþ� þ pKa;1pKa;2

(9)

a0 ¼ pKa;1½Hþ�
½Hþ�2 þ pKa;1½Hþ� þ pKa;1pKa;2

(10)

a� ¼ pKa;1pKa;2

½Hþ�2 þ pKa;1½Hþ� þ pKa;1pKa;2

(11)

where a+, a0, and a− are the mass fractions of the
different SMX species in water.

The amino group of SMX was the likely sites
subject to the SO��

4 attack [26]. At a low pH, the non-
protonated SMX accounted for the major fraction and
appeared to be less susceptible to the SO��

4 oxidation
than that of the deprotonated form at higher pH. Our
results indicated that an alkaline condition favored the
SMX degradation in a heat-activated persulfate system.
Similar findings were reported by Xie et al. [27], who
found that degradation rates of aniline at different pH
obeyed the following sequence in a heat-assisted
persulfate system: pH 11 > pH 7 > pH 5 > pH 3.

Fig. 2. Effect of persulfate dose on the degradation of SMX
by heat-activated persulfate. ([SMX]0 = 40 μM,
[Na2S2O8]0 = 0.8, 1.6, 2.4, 3.2 and 4.0 mM, T = 60˚C; insert:
plot of k vs. [persulfate]0.)

Fig. 3. Effect of initial pH on the degradation of SMX by
heat-activated persulfate. ([SMX]0 = 40 μM,
[Na2S2O8]0 = 2.4 mM, T = 60˚C.)
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3.4. Effect of co-existing anions

Effects of four common inorganic anions in water,
including Cl−, NO�

3 , SO
2�
4 , and HCO�

3 , on the perfor-
mance of the heat-activated persulfate system in terms
of SMX degradation are shown in Fig. 4. As seen, Cl−,
SO2�

4 , and NO�
3 , all showed an inhibition effect,

whereas HCO�
3 favored the SMX degradation rate.

Compared to the rate constant of 1.61 × 10−2 min−1 in
the control group, the pseudo-first-order rate constants
with the introduction of Cl−, NO�

3 , SO
2�
4 , and HCO�

3

were 1.31 × 10−2 min−1, 1.58 × 10−2 min−1,
1.56 × 10−2 min−1, and 2.80 × 10−2 min−1, respectively.

The negative effects of SO2�
4 and NO�

3 were rela-
tively minor, and the inhibition was due to the high
ion strength that slowed down the persulfate decom-
position [28]. Moreover, the presence of SO2�

4 would
reduce the half-reaction reduction potential of SO��

4

[29]. In contrast, a fraction of SO��
4 in the presence of

Cl− might react with Cl− according to Eqs. (12)–(15), to
produce less reactive radicals such as Cl2/2Cl

−

(1.36 V) and Cl�=Cl� (2.41 V) [30]. In this study, the
three anions inhibited SMX degradation rate with the
ascending order: NO�

3 < SO2�
4 < Cl−.

SO��
4 þ Cl� ! SO2�

4 þ C1�;

k ¼ ð3:2� 0:2Þ � 108M�1s�1 (12)

Cl� þ C1� ! Cl��2 ; k ¼ ð7:8� 0:8Þ � 109M�1s�1 (13)

Cl��2 þ C1��2 ! Cl2 þ 2Cl�; k ¼ ð98� 1Þ � 108M�1s�1

(14)

C1� þ Cl� ! Cl2; k ¼ 1� 108M�1s�1 (15)

It is of great interest that 10 mM HCO�
3 increased

the pseudo-first-order rate constant by 74%. In gen-
eral, once HCO�

3 is added to the solution, carbonate
system would be formed (Eqs. (16) and (17)).

H2CO3ðaqÞ ! Hþ þHCO�
3 ; pKa ¼ 6:37 (16)

HCO�
3 ! Hþ þ CO2�

3 ; pKa ¼ 10:33 (17)

SO��
4 þHCO�

3 ! SO2�
4 þHCO�

3; k ¼ 1:6� 106M�1s�1

(18)

SO��
4 þ CO2�

3 ! SO2�
4 þ CO��

3 ; k ¼ 6:1� 106M�1s�1

(19)

HCO�
3 ! Hþ þ CO��

3 ; pKa ¼ 9:5� 0:2 (20)

SO��
4 þ SO��

4 ! S2O
2�
8 ; k ¼ 4:0� 108M�1s�1 (21)

Both HCO�
3 and CO2�

3 could rapidly react with
SO��

4 to produce CO��
3 , as shown in Eqs. (18)–(20). In

the SO��
4 -based advanced oxidation processes, the

presence of too many SO��
4 might lead to scavenge

themselves according to Eq. (21) [31]. However, less
reactive CO��

3 (1.65 V) was produced in the presence
of HCO�

3 to inhibit the degree of the Eq. (21) and
achieve a higher SMX degradation. Moreover, the
structure of SMX might play a role in the positive
role of HCO�

3 . CO
��
3 could react with anilines in sul-

fonamides (SAs) with a bimolecular reaction rate [32]
to accelerate the degradation of SMX. In addition,
HCO�

3 could maintain the solution pH around 8.5
during the 2-h reaction that favored the SMX
degradation as discussed earlier.

3.5. Oxidation products and degradation mechanisms

In order to better understand the degradation
mechanisms and identify the major radicals (SO��

4 and
�OH) responsible for the SMX degradation, we first
investigate the SMX degradation by persulfate at 60˚C
with excess ethanol (EtOH) and TBA ([alcohol scaven-
ger]:[persulfate] = 400:1) at natural pH. EtOH was a
scavenger for both �OH (1.2–2.8 × 109 M−1s−1) and
SO��

4 (1.6–7.7 × 107 M−1s−1), while the reaction rate of
TBA with �OH (3.8–7.6 × 108 M−1s−1) was much higher
than with SO��

4 (4–9.1 × 105 M−1s−1) [33]. As shown in

Fig. 4. Effect of anions on the degradation of SMX by the
heat-activated persulfate process. ([SMX]0 = 40 μM,
[Na2S2O8]0 = 2.4 mM, T = 60˚C, [Cl−]0 = [NO3

−]0 = [SO4
2−]0

= [HCO3
−]0 = 10 mM.)
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Fig. 5, the addition of TBA decreased the degradation
rate of SMX by 47.3%. In contrast, when EtOH was
introduced, the degradation rate was reduced by
74.9%. This finding suggests that both SO��

4 and �OH
were responsible for the degradation of SMX, and �OH
played a slightly more important role.

LC/MS/MS was used to identify the intermediate
products (Table 1) during the treatment. Based on our
results, in conjunction with literature data, we herein

propose the plausible possible mechanisms of the
SMX degradation in a heat-activated persulfate
system. Hydroxylation could occur in the benzene or
isoxazole rings, yielding the intermediate m/z 270 and
m/z 286 that represent mono- and di-hydroxyl deriva-
tives of SMX, respectively. �OH more likely attacks
organic molecules through hydrogen abstraction or
addition reactions, while SO��

4 preferentially partici-
pates in electron-transfer reaction. Both of them are
responsible for the hydroxylated SMX formation [34].
Another major mechanism is the cleavage of the SA
bond [35], resulting in the formation of 3-amino-5-
methyl-isoxazole (m/z 99) and sulfanilic acid.
Although we did not find the m/z of 174 for sulfanilic
acid in this study, the m/z of 190 detected in this
study is likely the hydroxylated form of sulfanilic acid
at a retention time of 28.25 min, indicating that sulfa-
nilic once existed in the system and quickly attacked
by SO��

4 or �OH. The m/z of 174 might also originate
from the N–S bond of hydroxylated SMX. We also
observed the m/z of 133, the hydroxylation of
3-amino-5-methyl-isoxazole, which has also been
reported by Lekkerkerker-Teunissen et al. [36]. The
cleavage of C–N of m/z of 174 or m/z of 190 would
further yield aniline with the m/z of 94. The m/z of
284 at a retention time of 27.37 min was consistent
with the hydroxylation of nitroso derivative of SMX
[37]. The proposed reaction pathways are presented in
Fig. 6.

Fig. 5. SMX degradation without and with different scav-
engers. ([SMX]0 = 40 μM, [Na2S2O8]0 = 2.4 mM,
[TBA]0 = [EtOH]0 = 0.96 M,T = 60˚C.)

Table 1
Major intermediate oxidation compounds

Intermediates Retention time (min) m/z Tentative structure

SMX 18.11 254

1 18.87 270

2 26.50 286

3 2.09 99

4 0.67 133

5 28.25 190

6 27.37 284

7 1.82 94
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3.6. Toxicity and TOC

Toxicity of the oxidation byproducts and final
products needs to be carefully assessed when chemical
oxidation is applied in water treatment, because more
toxic products may be produced. In this study, the
toxicity of our treated SMX-containing water,
expressed as a luminescence inhibition rate, was eval-
uated as shown in Fig. 7. The inhibition rate of the
untreated solution containing SMX after a 10-fold
dilution was approximately 7.90%. As the treatment
proceeded, the inhibition rate gradually increased, and
finally reached 71.46% after 120 min. According to

Gomez-Ramos [38], hydroxylated derivatives or other
minor degradation products might be involved in the
increased toxicity. We also noticed that the heat-
activated persulfate process could not significantly
achieve a TOC removal. For example, after a 2-h treat-
ment, the TOC removal was only 7.9%, though the
corresponding SMX removal reached 86.6%. This
finding suggests that few organic molecules were min-
eralized though the SMX degradation occurred. There-
fore, appropriate polishing treatments need to be
considered to address the undesirable degradation
byproducts.

Fig. 6. Proposed reaction pathways for SMX degradation in the heat-activated persulfate system.
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4. Conclusion

In this study, we evaluated the degradation of
SMX in a heat-activated persulfate process. The SMX
degradation rate was influenced by the reaction tem-
perature, persulfate dose, initial pH, and con-existing
anions. Scavenging tests revealed that both SO��

4 and
�OH were responsible for SMX degradation, though
the role of �OH was slightly more weighted. The SMX
decomposition in the heated persulfate system was
associated with hydroxylation, SA bond breakage, and
oxidation of the amine groups. Toxicity assessment
indicated that more toxic products were generated.
Therefore, post-treatments are needed for the elimina-
tion of the undesirable SMX oxidation products.
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