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Abstract Sulfamethoxazole (SMX) was decomposed by
using gamma irradiation in the presence of different additives
such as NO3

−, NO2
−, Cr(VI), 2-propanol, and tert-butanol.

The results demonstrated that NO3
−, NO2

−, 2-propanol, and
tert-butanol inhibited SMX radiolytic removal. However,
there existed a synergetic effect for radiolytic removal of the
mixture containing SMX and Cr(VI). At an absorbed dose of
150 Gy, the removal percentages of SMX and Cr(VI) in the
mixture were 73.5 and 84.6%, respectively, which was higher
than the removal percentages of 70.6 and 4.1% for the single
component of SMX and Cr(VI). This provides us an insight
into treating the combined pollution in micro-polluted water.
The SMX radiolytic removal followed a pseudo first-order
reaction kinetic model, and the rate constant ratios of ·OH,
eaq

−, and H· towards SMX radiolysis were 10.4:1:2.9. In ad-
dition, 24-h bio-inhibitory to the macroalgae of SMX solution
during gamma irradiation reached the maximum of 0.85 at an
adsorbed dose of 100 Gy, then gradually decreased with the

increasing adsorbed dose. Based on LC-MS analysis and
quantum chemical calculation, the degradation intermediates
were determined and concluded that SMX radiolytic removal
was mainly via ·OH radical attack and direct decomposition of
SMX molecule by gamma ray.
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Introduction

With the increase of antibiotics usage, more and more residual
antibiotics have been determined in the water body and sedi-
ments, which pose an adverse effect on the environment and
human health (Wegst-Uhrich et al. 2014). As a member of
sulfonamides antibiotics, sulfamethoxazole (SMX) is widely
present in the ground water, surface water (Yang et al. 2011),
ocean (Zheng et al. 2012), and sediment (Zhang et al. 2013).
The concentration of SMX in Beibu Gulf Rim and Yellow
river ranged from 0.51 to 6.30 ng L−1 and 25 to 152 ng L−1,
respectively (Zheng et al. 2012). Especially, the concentration
of SMX can increase to 4330 ng L−1 in the river of North
Vietnam (Le and Munekage 2005).

The discharge of aquaculture wastewater is an important
source of SMX. Generally, SMX cannot be removed
completely with conventional sewerage treatments due to
the strong inhibition of SMX on the microorganisms (Hoa
et al. 2011). As a result, it is very common to contain SMX
in the effluent of sewage plant. The occurrence of SMX in
water may threaten the aquatic organisms and further endan-
gers human health for the accumulation of SMX in the body
due to its long half-life (Watkinson et al. 2009). Therefore, the
presence of SMX in the aquatic environment is an emerging
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environmental problem. It is desirable to effectively remove
SMX in water body using the alternative methods.

At present, SMX removals from aqueous solution are mainly
via oxidation techniques.Garoma et al. (2010) usedO3 to oxidize
SMXandstudied the influenceofCO3

2− andpHonSMXremov-
al. Li et al. (2011) adopted H2O2/UV to treat SMX solution and
obtained a 95% degradation percentage at 254 nm. Trovó et al.
(2009) investigated the effect of Fenton reagent on SMX
degradation and found the mineralization degree of SMX in
distilled water wasmore significant than that in sea water. Ayoub
andGhauch (2014) transformedSO4

2− intoSO4
− radical byusing

different irons such as Fe2+, Fe0, Au-Fe, and Co-Fe. Meanwhile,
SO4

− radical was applied to remove SMXunder the aerobic con-
dition.Abellán et al. (2007) found that TiO2 could facilitate SMX
degradation under UVirradiation and SMX removal was mainly
controlledby·OHradical.However, it isnecessarytointroducethe
extrachemicals to thesolutionduringtheseremovalprocessesand
there is presence of the risk of secondary pollution.

Gamma ray not only excites and ionizes water molecule to
produce the reactivespeciesof ·OH,eaq

−, andH·,but alsoexerts a
direct action to organicmolecules. Therefore, gamma irradiation
has been proven to be a promising method to remove the stable
organic pollutants from aqueous solution due to high efficiency
of the pollutants removalwithout adding the chemicals (Garoma
et al. 2010; Singh andKremers 2002;Zhu et al. 2014).However,
to our knowledge, SMX radiolytic degradation and its removal
pathways are seldom studied. Consequently, we systemically
studied SMX radiolytic removal efficiencieswith different addi-
tives, explored the reactionmechanismsbetweenSMXand ·OH,
eaq

−, as well as ·H·. In addition, LC-MS analysis and quantum
chemical calculation were carried out to clarify the degradation
intermediates and removal pathways during SMX radiolysis.
Meanwhile, 24-h bio-inhibitory to the macroalgae of SMX and
degradation intermediateswasdetermined to study the changeof
biological toxicity during gamma irradiation.

Materials and methods

Materials

SMX (> 98%) and chromatography-grade HCOOH were pur-
chased from SIGMA-ALDRICH, chromatography-grade
CH3CN was from TEDIA (USA). HCl, NaOH, NaNO3,
NaNO2, K2Cr2O7, 2-propanol, and tert-butanol were obtained
from Shanghai Chemicals Factory and usedwithout further puri-
fication.All thesechemicalsusedwereofanalyticalgrade, and the
solutions in the experimentwereprepared in twice-distilledwater.

Irradiation treatment

Gamma irradiation of SMX was carried out by using a 60Co
source at the Application Institute of Atomic Energy, Jiangsu

Academy of Agricultural Sciences, China. The radioactivity
of 60Co radiation source was about 1.85 × 1016 Bq. SMX
samples (20 mL each) were preserved in 25-mL airtight glass
vessels, which were placed at the same distance from source
center. The desired absorbed dose was achieved according to
the continuous irradiation time. The absorbed dose was deter-
mined by a method of silver dichromate dosimeter with the
deviation within ± 3% (Zhang et al. 2008).

Experimental procedures

SMX solutions were prepared with initial concentrations vary-
ing from 1 to 20 mg L−1, and the solutions were irradiated at
absorbed doses from 0 to 400 Gy. In addition, 2 mmol L−1

NaNO2 and NaNO3 as well as 0.1 mmol L−1 K2Cr2O7 was
separately added to 5 mg L−1 SMX solutions to study the
effect of different additives on SMX radiolytic removal.
Besides, 0.1 mol L−1 2-propanol and tert-butanol was, respec-
tively, introduced to 5 mg L−1 SMX solution in order to ex-
plore the reaction mechanisms between SMX and ∙OH, eaq−,
as well as ·H· during gamma irradiation.

In addition, 24-h bio-inhibitory to the macroalgae of SMX
solution was measured according to the method of GB/
T13266-91 to evaluate the biochemical toxicity of SMX and
the degradation intermediates during the process of SMX ra-
diolytic removal. The macroalgae were acquired by field col-
lection, further cultivated, and purified in the laboratory.

Analytical methods

SMX concentration was determined by using HPLC (Waters
e2695, USA) equipped with an Agilent ZORBAX SB-C18

column (4.6 × 250 mm, 5 μm) and 2998 PDA detector
(Waters, USA). The mobile phase was 30% acetonitrile and
70% water with a flow rate at 1.0 mL min−1, and the injection
volume was 20 μL. The column temperature was maintained
at 35 °C, and the detection wavelength was set at 265 nm.

SMX degradation intermediates during gamma irradiation
were determined by LC-MS including UltiMate 3000 HPLC
(Diones , USA) wi th a Hypers i l GOLD column
(100 × 2.1 mm, 3 μm) and TSQ Quantum Access Max
(Thermo Fisher, USA). The mobile phase was 30% acetoni-
trile and 70% water with flow rate of 0.3 mL min−1 and injec-
tion volume of 20 μL. The column temperature was at 25 °C.
The ESI-MS analysis was performed in the positive mode and
full scan acquisition (80–400) with spray voltage of 3500 V,
vaporizer temperature of 380 °C, sheath gas pressure of
35 L min−1(N2), ion sweep gas of 0 L min−1 (N2), aux gas
pressure of 5 L min−1 (N2), capillary temperature of 350 °C,
tube lens offset of 110 V, and skimmer offset of 0 V.

Cr(VI) concentration was measured with a 1,5-
diphenylcarbazide spectrophotometer method by CARY50
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UV-vis spectrophotometer (Varian, USA) at the detection
wavelength of 540 nm.

All the experiments in this study were carried out in dupli-
cate; the average was calculated to study SMX removal effi-
ciency during gamma radiation under different conditions.

Results and discussion

Effect of the initial concentration on SMX radiolytic
degradation

SMX solutions with different initial concentrations were de-
graded by using gamma irradiation at solution pH of 4.8. The
corresponding SMX removal efficiencies under different
absorbed doses are shown in Fig. 1. It is obvious that the initial
concentration of SMX effectively affected the removal effi-
ciency. A low initial concentration was favorable for SMX
removal at a given absorbed dose. At an absorbed dose of
300 Gy, SMX removal percentages were 100, 96.2, and
91.3% at the initial concentration of 1, 2, and 5 mg L−1, re-
spectively. This provides us a new insight into removing low-
concentration organic matters in the micro-polluted water.
High SMX removal during gamma irradiation is mainly as-
cribed to the reactive species of ·OH, eaq

−, and H· generated
from gamma irradiation towards water molecule.

In addition, the pseudo first-order reaction kinetic model
was applied to study SMX radiolysis. It is noteworthy that the
relationship between ln(C0/C) and absorbed dose is found to
be linear (see inset of Fig. 1) with the correlation coefficients
higher than 0.98, indicating SMX radiolytic removal fitted the
pseudo first-order reaction kinetics. The corresponding pseu-
do first-order reaction rate constants during SMX radiolysis
are compared in Table 1. It can be observed that the rate
cons t an t s were 1 .70 × 10− 2 , 1 .29 × 10− 2 , and
9.82 × 10−3 Gy−1 at the initial concentrations of 1, 2, and
5 mg L−1, respectively. At high SMX concentration, a great

amount of the intermediates were produced during DEX radi-
olysis. This inevitably consumed the more reactive species
such as OH·, eaq

−, and as ·H·, and thereby decreasing the
effective amounts of the reactive species for reactions with
SMX. Besides, in order to achieve 95% SMX removal per-
centage, the required absorbed dose was 1.76 × 102,
2.32 × 102, and 3.06 × 102 Gy at the initial concentrations of
1, 2, and 5 mg L−1. This showed that low-concentration SMX
presented high removal efficiency and degradation rate during
gamma irradiation. At high SMX concentration, there is a
presence of large quantities of degradation intermediates,
which consumed the reactive species from water radiolysis
and thereby decreasing the chance of effective collision be-
tween SMX and these reactive species.

Effect of NO2
− and NO3

− on SMX radiolytic degradation

NO2
− and NO3

− are widely present in natural water body, which
causes some adverse impacts on human health. In addition,
NO2

− and NO3
− may affect SMX radiolytic degradation due to

their prompt reactions with the reactive species. Therefore,
2 mmol L−1 NO2

− and 2 mmol L−1 NO3
− were individually

added to 5 mg L−1 SMX solution with pH at 4.8 to investigate
the effect of NO2

− and NO3
− on SMX radiolysis, and the corre-

sponding results are shown in Fig. 2. It is found that the presence
of NO2

− and NO3
− restrained SMX removal during gamma

irradiation. Moreover, the inhibiting effect of NO3
− was more

obvious compared to that of NO2
−. At an absorbed dose of

100 Gy, the SMX removal percentage was 56.89% in the solu-
tion without inorganic anion. While in the solutions with NO2

−

and NO3
−, SMX radiolytic removal percentages were 44.84 and

34.83%, respectively. Besides, we note that SMX the radiolytic
removal percentage increased to 99% at an absorbed dose of
400 Gy regardless of the presence of inorganic anions, which
indicated that SMX radiolytic removal could be achieved at a
relatively lower absorbed dose than those of dexamethasone and
ciprofloxacin (Guo et al. 2017; Guo et al. 2015).

The inhibiting effect of NO2
− and NO3

− on SMX radiolytic
degradation is mainly attributed to the consumption of the
reactive species such as ·OH and eaq

−. It is reported that
NO2

− can easily react with ·OH to produce NO2· and OH−

(Singh and Kremers 2002) with a high rate constant of
1.0 × 1010 L (mol s)−1. The decrease of ·OH amounts inhibited
SMX radiolytic degradation, which suggested that SMX radi-
olysis was controlled by the oxidation of ·OH radicals. NO3

−

is an efficient scavenger for e−aq with a rate constant of

9.7 × 109 L (mol s)−1. The intermediate of NO3
2− is unstable

and can be transformed into NO2
− and OH−. Thus, the gener-

ated NO2
− can significantly decrease the ∙OH concentration

(Singh and Kremers 2002). The further increase of SMX deg-
radation percentage in the presence of NO3

− demonstrated that
eaq

− played a certain role in SMX radiolytic removal.Fig. 1 Effect of initial concentrations on SMX radiolytic degradation
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Effect of 2-propanol and tert-butanol on SMX radiolytic
degradation

It is noteworthy that there is presence of reductive group
(−NH2) and oxidative group (−SO2

−) in SMX molecule.
Thus, SMX can react with the reactive species from water
radiolysis. In order to explore the reaction mechanisms be-
tween SMX and ·OH·, eaq

−, as well as ·H· , 0.1 mol L−1 2-
propanol and 0.1 mol L−1 tert-butanol were, respectively,
added to 5 mg L−1 SMX solution during gamma irradiation.
It can be observed from Fig. 3 that SMX removal reached

98.3% at the adsorbed dose of 400 Gy without the additive,
while SMX removal percentages were only 27.5 and 76.5% in
the solution containing 2-propanol and tert-butanol. The dis-
tinct decrease of SMX removal percentages in the presence of
2-propanol and tert-butanol is mainly attributed to the rapid
reactions between 2-propanol and ·OH (k = 1.9 × 1010

L (mol s)−1), 2-propanol and ·H (k = 7.4 × 107 L (mol s)−1),
as well as tert-butanol and ·OH (k = 6.0 × 108 L (mol s)−1).
This inevitably consumed large number of reactive species,
thereby decreasing SMX radiolytic degradation efficiency.
Compared to that between tert-butanol and ·OH, the higher
rate constant between 2-propanol and OH resulted in the less
·OH radical to react with SMX molecules. The significantly
lower SMX degradation efficiency with 2-propanol indicates
that ·OH radical played an important role in removing SMX
from the solution. Besides, it should be pointed out that the
reaction between 2-propanol and ·H might also exert a certain
influence on SMX removal.

As shown in the inset of Fig. 3, SMX radiolytic degradation
in the presence of 2-propanol and tert-butanol well followed
the pseudo first-order reaction kinetic model. According to
Table 1, the rate constants of SMX radiolytic removal were
6.87 × 10−4 and 2.69 × 10−3 Gy−1 with the addition of 2-
propanol and tert-butanol, respectively. Combining with the
rate constant of 9.82 × 10−3 Gy−1 without the additive, we
may obtain SMX degradation rate constant ratios of ·OH,
eaq

−, and H· according to the following calculation:

k �OHð Þ : k eaq
−� �

: k H�ð Þ ¼ k−ktert−butanolð Þ : k2−propanol : ktert−butanol−k2−propanol
� �

¼ 9:82−2:69ð Þ � 10−3 : 6:87� 10−4 : 26:9−6:87ð Þ � 10−4 ¼ 10:4 : 1 : 2:9

It is obvious that the relative contribution of the reactive spe-
cies toSMXradiolysisobeyedadecreasingorderof ·OH,H·, and

eaq
−, which is different from a decreasing order of ·OH, eaq

−, and
H· during dexamethasone radiolytic removal (Guo et al. 2017).

Fig. 3 Effects of 2-propanol and tert-butanol on SMX radiolytic
degradation

Table 1 The pseudo first-order reaction rate constants of SMX radiol-
ysis under different conditions

SMX initial
concentrations
(mg L−1)

Additives Rate
constants
(Gy−1)

R2

1 No additive 1.70 × 10−2 0.9838

2 No additive 1.29 × 10−2 0.9880

5 No additive 9.82 × 10−3 0.9839

5 2 mmol L−1 NO2
− 9.00 × 10−3 0.9692

5 2 mmol L−1 NO3
− 8.20 × 10−3 0.9366

5 0.1 mol L−1 2-propanol 6.87 × 10−4 0.9531

5 0.1 mol L−1

tert-butanol
2.69 × 10−3 0.9440

Fig. 2 Effects of NO2
− and NO3

− on SMX radiolytic degradation
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Radiolytic degradation of combined pollution containing
SMX and Cr(VI)

Cr(VI) is widely present in water body which possesses a
strong carcinogenic effect (Chen et al. 2003). Generally,
Cr(VI) is removed from water firstly by converting it into
Cr(III) with the reductive agents (Blowes et al. 1997).
However, this inevitably adds the chemicals to the water,
thereby producing the secondary pollution. It is known that
there exists oxidative radical of ·OH and reductive species of
eaq

− and H· during SMX radiolysis, and SMX radiolytic deg-
radation was mainly ascribed to ·OH oxidation; we tried to
change Cr(VI) into Cr(III) with the extra eaq

− and H· species
during SMX radiolytic process. Therefore, the mixture of
0.01 mmol L−1 K2Cr2O7 and 5 mg L−1 SMX solution was
prepared for gamma irradiation to clarify the removal efficien-
cies of Cr(VI) and SMX in this study.

As described in Fig. 4, the radiolytic removal of both SMX
and Cr(VI) in the mixture was enhanced compared to that of
the single pollutants. At an absorbed dose of 150 Gy, the
removal percentages of SMX and Cr(VI) in the mixture were
73.5 and 84.6%, while the corresponding removals for the
single component of SMX and Cr(VI) were 70.6 and 4.1%,
respectively. It is observed that there is presence of an syner-
gistic effect during radiolytic removal between SMX and
Cr(VI), which demonstrated that gamma irradiation was a
feasible method for treating combined pollution containing
SMX and Cr(VI). Especially, the removal percentage of
Cr(VI) was significantly improved when mixing with SMX,
which provides us an efficient and green technique to convert
Cr(VI) into Cr(III) in the solution. The reduction of Cr(VI)
during gamma irradiation is due to the prompt reactions with
eaq

− and H· to form Cr(III) with a rate constant at
2.1 × 1010 L (mol s)−1 (Yuan et al. 2005), which resulted in
an increase of ·OH radicals, thereby synchronously promoting
the oxidation of SMX.

The change of bio-inhibitory to the macroalgae
during SMX radiolytic degradation

Due to the presence of some degradation intermediates during
SMX radiolysis, it is necessary to investigate the change of bio-
logical toxicity of SMX solution before and after gamma irradi-
ation. It canbeobserved fromFig.5 that thebiological toxicityof
SMXsolutionwithoutgamma irradiationwasdifferent fromthat
with SMX radiolysis. The 24-h bio-inhibitory to themacroalgae
of SMX solution was 0.26 before gamma irradiation, which in-
creased to themaximum of 0.85 at the adsorbed dose of 100Gy,
then decreased to 0.51, 0.35, 0.27, and 0.21 at the adsorbed dose
of 150, 200, 300, and 400 Gy, respectively. The change of 24-h
bio-inhibitory to the macroalgae during SMX radiolytic degra-
dation is related to thegenerated intermediates. There are diverse
degradation intermediates at different adsorbed doses, which
may result in various biological toxicities. It is noted that 24-h
bio-inhibitory to the macroalgae at the adsorbed dose of 400 Gy
was lower than that without gamma irradiation, indicating rela-
tively high adsorbed dose was suitable for decreasing the poten-
tial danger of the solution during SMX radiolytic degradation.

Analysis of degradation products and degradation
mechanism of SMX

Results of quantum chemical calculations

The geometry structure of SMX molecule was optimized with
Gaussian 09 software at density functional theory in the level of
B3LYP/6-31G(d),which canbeused to study the charge distribu-
tion and bond length of SMXmolecule. As shown in Fig. 6, 4O
(−0.52034)and5O(−0.51628)presentthemostnegativecharges,
which results in the increase of bond polarity between 1N
(− 0.370081) and 3S (1.145051) due to the connection of 3Swith
4O and 5O.As a result, the bond of 1Nand 3S becomes unstable.

Fig. 4 SMX radiolytic degradation of combined pollution containing
SMX and Cr(VI)

Fig. 5 24 bio-inhibitory to the macroalgae during SMX radiolytic
degradation
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Fig. 6 Structure and charge
distribution of SMX molecule

Table 2 The main degradation intermediates during SMX gamma irradiation

Intermediates
Retention 

time/min
[M+H]+ Chemical structure 

A 0.98 241

B 3.65 114

C 8.81 156

SMX 8.81 254

D 11.01 274

E 11.80 213

F 12.61 83

G 12.85 101

Environ Sci Pollut Res (2017) 24:23658–23665 23663



In addition, 1N (− 0.37008) possesses the strong negative charge,
which can be easily attacked by ·OH radical (Xu2012). It is noted
that there exists a relatively strong bond polarity between 1N
(− 0.370081) and 19C (0.400781), which is easily damaged by
theexternal force.Accordingtotheoptimizedcalculationforbond
length of SMX molecule, we find 1N–3S bond is broken after
losing four electronics from SMX and the bond lengths of 22N–
19Cand21C–23Obecome longer than those in theoriginalSMX
molecule.Thesebondsareeasilydestroyedtoopenisoxazolering.

Results of LC-MS

The degradation intermediates of 5 mg L−1 SMX at an
adsorbed dose of 400 Gy were determined by using the
LC-MS method, which are listed in Table 2. On the basis
of the degradation intermediates and the results of quantum
chemical calculation, the degradation pathways of SMX
during gamma irradiation are summarized in Fig. 7. It
can be observed that SMX degradation was mainly via
·OH radical attack and direct decomposition of SMX mol-
ecules by gamma ray.

Due to the negative charge of 22N (− 0.159629), ·OH rad-
ical was liable to attack the isoxazole ring and generated the
intermediate (D). In addition, the 1N–3S bond was unstable,
which could be directly damaged by gamma ray and formed
the intermediate (H), which might be inferred from quantum
chemical calculation. The ·OH radical attack on the interme-
diate (H) and the further cleavage of 21C–23O bond formed
the new intermediates (B) and (G), respectively. This conclu-
sion was in agreement with that from quantum chemical cal-
culation. Besides, 21C–23O bond in SMX molecule was di-
rectly damaged and produced the intermediate (A) due to the
increase of 21C–23O bond length. Then, 19C–20C bond was

destroyed and created the intermediate (E). Due to that there
existed the relatively strong bond polarity between 1N and
19C, the bond of 1N–19C was easily damaged to generate
the intermediates (C) and (F). Therefore, quantum chemical
calculation was very favorable for studying SMX degradation
processes as an auxiliary method.

Conclusions

Gamma irradiation is proven to be a very effective method to
remove low-concentration SMX from aqueous solution. In
addition, it provides us a new insight into treating the com-
bined pollution containing SMX and Cr(VI) in micro-polluted
water. SMX radiolytic removal was related to the reactive
species of ·OH, eaq

−, and H·, and the relative contribution of
these species to SMX radiolysis followed a decreasing order
of ·OH, H·, and eaq

−. According to LC-MS analysis and quan-
tum chemical calculation, we attributed SMX radiolytic re-
moval mainly to ·OH radical attack and direct decomposition
of SMX molecule. The change of 24-h bio-inhibitory to the
macroalgae during SMX radiolytic degradation indicated bi-
ological toxicity of SMX and the degradation intermediates,
which is favorable for evaluating the feasibility of using gam-
ma irradiation to remove SMX from aqueous solution.

Acknowledgments WegratefullyacknowledgesupportsfromtheNational
Natural Science Foundation of China (41373023, 91544229/002, and
41625006) and Jiangsu Province B333 Talent Project^; Sponsored by
Jiangsu Province BQing Lan Project^; Jiangsu Student Innovation Training
Program BDMS formation of typical HAB species in the Yangtze estuary
adjacent waters under polluted conditions^; A Project Funded by the Priority
Academic ProgramDevelopment of JiangsuHigher Education Institutions.

Fig. 7 The degradation pathways
of SMX under gamma irradiation
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