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Recently, water treatment by ionizing radiation has gained increasing attention as a powerful
technology for the destruction of refractory pollutants. 2-Mercaptobenzothiazole (MBT) is
known as a widespread, toxic and poorly biodegradable pollutant. This paper studied the
gamma irradiation of aqueous solutions of MBT. Moreover, the effect of the addition of
persulfate (S2O8

2−) on the radiolytic destruction of MBT was investigated. The main transforma-
tion products of the studied compound were detected and the sequence of occurrence of the
products was described. The change of biodegradability of MBT solutionwas also observed. The
main results obtained in this study indicated that gamma radiation was effective for removing
MBT in aqueous solution. Persulfate addition, which induced the formation of reactive sulfate
radicals (SO4

−U), greatly enhanced the degradation of MBT. Benzothiazole was identified as the
first radiationproduct, followedby 2-hydroxybenzothiazole. Decomposition ofMBT startedwith
theoxidationof –SHgroups to sulfate ions. Possible pathways forMBTdecompositionby gamma
irradiation were proposed. The BOD/COD ratios of MBT samples were increased after radiation,
indicating the improvement of biodegradability and reduction of toxicity.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

2-Mercaptobenzothiazole (C7H5NS2) is used widely in various
industries, for example synthesis of antibiotics, pesticides,
rubber and leather (Azam and Suresh, 2012; Rodriguez et al.,
2004). 2-Mercaptobenzothiazole (MBT) exists in numerous
industrial effluents, resulting in a large amount of release
into the environment every year. With a heterocyclic ring
structure and molecular weight of 167 amu, this compound is
characterized by water insolubility, a high octanol–water
distribution coefficient (Kd > 90) and weak acidity (pKa =
6.94). These properties lead to the antimicrobial activity of
MBT. Some researchers (De Wever et al., 1994) suggested that
hua.edu.cn (Lujun Chen).
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MBT might distribute in hydrophobic cell membranes and
interact with the respiratory chain. Several studies discovered
that MBT was likely to attack enzymes in bacteria and thus
inhibit their growth (Czechowski and Rossmoore, 1981; Shuto
et al., 1989). The toxicity of MBT towards microorganisms
makes it difficult to degrade in biological treatment systems
(De Wever et al., 2001; Gaja and Knapp, 1998; Reemtsma et al.,
2002). Therefore, new technologies are being investigated for
the purpose of effectively removing MBT from waters.

In recent years, advanced oxidation processes (AOPs) have
been considered as alternative methods for elimination of
many organics in wastewaters and effluents. Regarding
treatment of MBT, there have been reports on ozonation
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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(Fiehn et al., 1998; Puig et al., 1996), direct photolysis (Malouki
et al., 2004), photocatalytic oxidation (Habibi et al., 2001; Li
et al., 2005) and hydrogen peroxide oxidation (Al-Ansari et al.,
2010). Among AOPs, ionizing radiation (gamma irradiation or
electron beam irradiation) has demonstrated potential as an
efficient method for degradation of recalcitrant water pollut-
ants (Kim et al., 2009; Sun et al., 2013a, 2013b; Vahdat et al.,
2010). After absorbing energy from ionizing radiation, water
molecules are electronically excited and ionized into many
kinds of reactive primary species (·OH, eaq− , ·H) and molecular
products (H2, H2O2). The overall reaction taking place and the
yields (number of molecules formed per 100 eV absorbed
dose) of primary products in aqueous solutions at pH 7 are as
follows (Chmielewski, 2005; Wojnarovits and Takacs, 2008):

H2O→ 2:7½ �e−aq þ 0:6½ �H � þ 2:8½ �HO � þ 0:45½ �H2 þ 0:7½ �H2O2

þ 3:2½ �Hþ
aq þ 0:5½ �OH−

aq:
ð1Þ

Hydroxyl radicals (UOH), hydrated electrons (eaq− ) and hydro-
gen atoms (UH) are much more reactive with organic com-
pounds than the other species produced. Due to the presence of
dissolved oxygen in the water, the reductive species eaq− and UH
scavenged by O2 will be converted to O2

−U and HO2U (Eqs. (2) and
(3)) (Getoff, 2002; Sampaet al., 2007). Therefore, inpractice UOH is
themajor reactive species thatwill reactwith solutes, leading to
their degradation.

e−aq þ O2→O−
2 � k ¼ 1:9� 1010 mol=Lð Þ−1=sec ð2Þ

H � þO2→HO2 � k ¼ 2:1� 1010 mol=Lð Þ−1=sec: ð3Þ

However, gamma irradiation is not a low cost method
compared to other oxidation processes such as ozonation,
ultraviolet (UV) irradiation and H2O2 oxidation. With the goal of
improving efficiency and reducing cost, recent researchers have
tentatively combined ionizing radiation with oxidants or cata-
lysts. Liu and Wang (2013) suggested that the addition of H2O2

could promote the removal of sulfamethazine during gamma
irradiation because activated hydrogen peroxide molecules
generated extra hydroxyl radicals. A similar result was obtained
in the radiation process of polyvinyl alcohol with the addition of
O3 gas (Sun et al., 2015). Some other studies indicated that
persulfate anions (S2O8

2−) in aqueous solution can be activated by
ionizing radiation to form sulfate radicals (SO4

−U), which aremore
powerful oxidants (E0 = 2.6 V) than persulfate anions. Therefore,
addition of S2O8

2− can affect the radiation-induceddegradation of
target pollutants (Criquet and Karpel Vel Leitner, 2012; Criquet
and Leitner, 2011; Roshani and Karpel Vel Leitner, 2011a, 2011b).
When S2O8

2− solution is irradiated, the eaq− produced by water
radiolysis can rapidly react with S2O8

2− to form SO4
−U (Eq. (4)). The

rate constant of the reaction is comparable to that of the reaction
between eaq− and oxygen (1.9 × 1010 (mol/L)−1/sec). Persulfate can
also react with the UH radical (Eq. (5)) or the ·OH radical (Eq. (6)),
but the kinetics of these reactions are much slower.

S2O8
2−þeaq− → SO4�−þSO4

2− k ¼ 1:1� 1010 mol=Lð Þ−1= sec ð4Þ

S2O8
2− þH �→SO4�− þHþ þ SO4

2− k ¼ 2:5� 107 mol=Lð Þ−1=sec
ð5Þ

S2O8
2− þOH �→SO4�− þHSO4

− þ 0:5O2 k ¼ 8� 104 mol=Lð Þ−1=sec ð6Þ
However, very little information is available in the open
literature on the radiation-induced degradation of MBT or the
impact of additional oxidants on its radiolytic behavior. In the
present research, we report for the first time the radiolytic
degradation of MBT in aqueous solution in the presence of
persulfate. This work examined the decomposition efficiency,
the radiolytic products and the transformation pathway.
Particular attention was paid to the change of biodegradability.
1. Materials and methods

1.1. Solution and chemicals

Because of the very low solubility of MBT in neutral distilled
water, a stock solution of MBT was prepared by dissolving the
solid in 5 mol/L NaOH aqueous solution. Then the solution pH
was adjusted to 7 using HCl. MBT solution used in this study
was diluted from the stock solution.

MBT and benzothiazole (BT) were obtained from the
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
2-Hydroxybenzothiazole (OBT) was obtained from Sigma-
Aldrich (Shanghai, China). MBT, BT, OBT and K2S2O8 used
were of analytical grade. Methanol was of chromatographic
purity. All chemicals were used as received without further
purification.

1.2. Irradiation experiments

The irradiation experiments were carried out using γ-rays
from a 60Co irradiation source located at the Institute of
Nuclear and New Energy Technology (INET), Tsinghua Uni-
versity (Qiburi et al., 2014a). The initial activity of the source
was about 1.44 × 1015 Bq, with dose rate of 274 Gy/min at the
core channel. The absorbed dose (in gray, 1 Gy = 1 J/kg) is
determined from the relation:

Dose Gyð Þ ¼ Dose rate Gy=minð Þ � Time minð Þ ð7Þ

MBT-containing aqueous sample solutions were prepared in
30 mL glass tubes with an initial concentration of 20 mg/L. Extra
K2S2O8 was added into the solutions just before exposure to
γ-rays. Samples were irradiated at different absorbed doses
ranging from 100 to 2000 Gy. All the experiments were per-
formed at ambient temperature. All samples were filtered with
0.22 μm membranes before analysis. The MBT removal was
calculated as follows:

MBT Removal ¼ C0−Cið Þ=C0 ð8Þ

where C0 (mg/L) and Ci (mg/L) are theMBT concentrations before
and after irradiation.

1.3. Analytical methods

MBT and organic breakdown products were quantified by
an LC-20AT High Performance Liquid Chromatograph (HPLC)
with SPD-20A UV detection and a C18 reverse-phase column
(150 mm × 4.6 mm, 5 μm) (Shimadzu, Kyoto, Japan). HPLC
separation was performed with an acetonitrile–water gradient.
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Distilled water, containing 4 mmol/L NaH2PO4 and adjusted to
pH 4.5 with H3PO4, was employed as solvent A. Solvent B was
acetonitrile:solvent A = 90:10, acidified to pH 4.5 with H3PO4.
Elution started with 70% B and was linearly shifted to 80% B at
6 min. The column temperature was held at 40 °C and flow rate
at 0.5 mL/min. 20 μL aliquots were injected. UV detection was
performed with time-programmed wavelength changes ac-
cording to the absorption maxima of each compound: OBT was
detected at 213 nm around 3.7 min, MBT at 325 nm between
4 min and 4.5 min, and BT at 250 after 4.7 min. This method
was a modification of the previously reported analysis method
by (Fiehn et al., 1994).

A UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan)
equipped with quartz cells (optical length = 1.0 cm) was used
to detect the UV absorption of the samples. The scan range
was 190–400 nm. The total organic carbon (TOC) was moni-
tored by means of a TOC-VCPH analyzer equipped with an
OTC-18-port auto-sampler (both from Shimadzu, Kyoto,
Japan). The amount of sulfate anion (SO4

2−) was measured by
an ICS-900 ion chromatograph with an IonPac AS 19 column
(both from Dionex, Sunnyvale, USA). Conductivity detection
was applied using the suppression technique. The eluent was
a Na2CO3/NaHCO3 solution at a flow rate of 1.0 mL/min.

The chemical oxygen demand (COD) was photometrically
determined after dichromate oxidation with a DRB200 digital
reactor and a DR890 colorimeter (Hach, Colorado, USA). The
biochemical oxygen demand (BOD5) was manometrically
determined with a BODTrak™ II apparatus (Hach, Colorado,
USA). Lake water was used as inoculum.
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Fig. 1 – Influence of persulfate addition on the degradation of 2-m
irradiation. (a) residual ratio ofMBT, (b) ultraviolet (UV) absorption s
200 μmol/L.
2. Results and discussion

2.1. Decomposition of MBT by gamma irradiation in the
presence of S2O8

2−

2.1.1. Influence of persulfate (S2O8
2−) addition on radiolytic

degradation of MBT
In order to study the influence of added S2O8

2− on MBT
decomposition efficiency, irradiation experiments were per-
formed for the dose range of 100–2000 Gy with or without
S2O8

2−. Results obtained are shown in Fig. 1. Gamma irradia-
tion decay curves of MBT in aqueous solution were plotted
(Fig. 1a). The MBT concentration was progressively reduced
with increasing absorbed dose. The addition of persulfate
induced a significant improvement in MBT degradation in the
early stage. In the absence of persulfate, 20% of MBT was
degraded for a dose of 200 Gy, while an abatement of 61% was
obtained for the same dose in the presence of 200 μmol/L
S2O8

2−. After this point, the decay curves began to flatten with
increasing dose, and the difference between them became
smaller. The removals for a dose of 1200 Gy with and without
S2O8

2− were 93% and 89%, respectively. This indicates that the
radiolytic degradation of MBT followed a trend towards a
balanced state.

The changes in the UV spectra of MBT after irradiation with
or without persulfate were examined in the range of wave-
lengths of 190–350 nm (Fig. 1b). The unsaturated bonds (double
bonds and aromatic rings) in the organic compound generate a
(b)
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characteristic UV spectrum (Qiburi et al., 2014b). After absorbing
the energy of γ-rays, the reactive radicals formed attack the
bonds in the molecule and destroy the chromophore. A major
difference was observed between non-irradiated MBT and
irradiated MBT. In the presence of S2O8

2−, the difference became
greater. MBT had a strong absorption at 230 nm and 306 nm
wavelengths. After irradiation, the absorption intensity of both
peaks decreased, while additional absorption peaks were found
around 260 nm and 190–220 nm, indicating the degradation of
the original compound and formation of by-products.

Usually, it takes several steps to mineralize a heterocyclic
compound: oxidation of rings, ring opening and transforma-
tion to carboxylic acids, and finally transformation to inor-
ganicmolecules, which is reflected in the reduction of TOC. As
a sulfur compound, MBT degradation involves the breakage of
C–S bonds, namely the transformation of sulfur from
carbon-bound atoms to free ions. In previous studies Habibi
et al. (2001) and Qiburi et al. (2014b) reported the release of
sulfate (SO4

2−) from MBT decomposition by AOPs, therefore in
this work the sulfate concentration was detected during the
gamma irradiation experiment. The mineralization and
desulfuration of MBT during gamma radiation with or without
persulfate are shown in Fig. 1c and d. The TOC content of MBT
aqueous solution without S2O8

2− was not significantly reduced
by gamma irradiation within the applied dose range, while in
the presence of S2O8

2−, the removal of TOC increased to a
certain extent (18% at 1800 Gy). This indicates that most
radiolytic products exist in organic forms and the mineraliza-
tion of these products is difficult.

As for sulfur transformation, it can be seen that SO4
2− was

generated from gamma-induced decomposition of MBT (Fig.
1d). The formation of sulfate gradually increased with the
cumulative absorbed dose. For the dose of 1500 Gy, without
additional S2O8

2−, 3.8 mg/L sulfate was detected in the sample
solution, accounting for around 17% of the calculated final
sulfate concentration (23 mg/L) assuming total oxidation of all
sulfur atoms in the MBT molecule. In the presence of
persulfate, the formation of sulfate was dramatically promot-
ed. At 1500 Gy, the final SO4

2− concentration reached 25.6 mg/L
with 200 μmol/L S2O8

2−. That is because the irradiation of
persulfate solutions with ionizing radiation produces a large
amount of sulfate ions (Eq. (4)). In these cases, both MBT and
persulfate provide a source of sulfate ions.

2.1.2. Synergetic effect of persulfate and radiation
The additional persulfate effectively enhanced the degrada-
tion of MBT by gamma radiation according to the above
results. However, we note that persulfate has the nature of a
strong oxidant (E0 = 2.01 V), and tends to cause the oxidation
of MBT without irradiation. Therefore, a pertinent question is
whether the benefit from persulfate addition was merely due
to its chemical oxidation or due to some synergetic action of
the oxidant with gamma rays. In order to evaluate the
synergetic effect of persulfate addition, a comparison was
made between the combination of γ-S2O8

2−, and the simple
summation of the effects of S2O8

2− oxidation and γ radiation
applied separately.

The comparison between the combination and summation
of effects is shown in Fig. 2. After radiation at 100, 200 and
400 Gy, the solution containing 100 μmol/L persulfate showed
MBT removal of 34%, 44% and 62%, respectively. By comparison,
the sums of the removals by 100 μmol/L persulfate oxidation
and γ radiation applied separately at the three doses were only
18%, 31% and 57%, respectively. The results indicated that
removal of MBT in combined γ-S2O8

2− treatments was greater
than that obtained from a simple summation of S2O8

2− removal
and radiation removal for the applied dose range. The forma-
tion of reactive SO4

−· radicals from the reaction of persulfatewith
hydrated electrons (Eq. (4)) was assumed to explain the
synergetic effect of the combined γ-S2O8

2− system. However,
we note that the longer the gamma exposure time, the more
similar the effect of combination and summation. In other
words, with the accumulation of radiation dose, the synergetic
effect of combined γ-S2O8

2− treatment gradually decreased, and
finally disappeared at 600 Gy. That trend can be explained by
the competitive reactions for eaq− between MBT molecules and
SO4

−· radicals. At lower doses, persulfate anions can be trans-
formed by radiation into sulfate radicals, which have a more
powerful oxidation effect than S2O8

2− oxidation on MBT; at
higher doses, the increasing amount of radical species leads to a
greater probability of the side reaction between SO4

−· radicals
and eaq− radicals, transforming reactive SO4

−· into inert SO4
2− ions

(Eq. (9)) (Boukari et al., 2011; Criquet and Karpel Vel Leitner,
2012).

SO4�− þ eaq− → SO4
2− k < 1� 106 mol=Lð Þ−1= sec ð9Þ

2.2. Transformation of MBT during gamma-induced
degradation

The release of sulfate ions during irradiation indicates the
oxidation of sulfur atoms in the MBT molecule. However, in
principle, there are two sites in MBT that may react with
radicals, the thiol group and the benzothiazole skeleton. In
order to determine the exact site of radical attack, the
breakdown products of MBT in the radiation process were
investigated.
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2.2.1. Identification of breakdown products
In this study, all samples were analyzed by HPLC. The parent
compound and products were identified using a UV detector.
HPLC chromatograms of samples are shown in Fig. 3. With
increasing absorbed dose, the MBT peaks declined and two
emerging major peaks appeared successively, for which the
retention times were about 4.7 and 3.7 min, respectively. The
two peaks were identified as BT (C7H5NS 135 g/mol) and OBT
(C7H5NOS 151 g/mol) by comparing samples with the corre-
sponding standards via HPLC analysis.

The sequence of occurrence of the transformation prod-
ucts and their concentrations during the radiation process are
shown in Fig. 4. With the accumulation of absorbed dose, the
BT concentration first increased and then decreased. The
maximum content of BT (36.1 μmol/L) was observed after
500 Gy radiation. In contrast, the concentration of OBT
increased much more slowly and reached 17.1 μmol/L after
1200 Gy radiation. It seems that greater doses are needed to
achieve the degradation of OBT. In AOPs, a higher oxygen to
carbon ratio in a molecular structure means lower reactivity
with radicals. That is why OBT was more difficult to degrade
than BT. As OBT showed a slower reaction than that observed
in the destruction of BT, the formermight be a transformation
product of the latter.

2.2.2. Pathway of MBT degradation by gamma radiation
The stability of the condensed heterocyclic structure of
benzothiazole explains the lack of identified organic ring-
cleavage products. Therefore, the oxidation of the substituent
group (−SH) was hypothesized to be the main pathway for MBT
degradation. As mentioned above, like many other advanced
oxidation processes, the degradation of MBT during gamma
irradiationwasmainly due to oxidation by UOH radical produced
in water radiolysis. UOH attack caused thiol cleavage from the
MBT molecule to yield BT in the beginning of the radiation
process. SO4

2− ion was generated at the same time. Then BTwas
further oxidized to OBT. Derived from the combined data of
HPLC and ion chromatography analyses, a degradation path-
way for MBT in pure water is suggested (Fig. 5).
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Fig. 3 – High Performance Liquid Chromatograph (HPLC)
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2.3. Biodegradability assessment

The effectiveness of a treatment process is not only deter-
mined by its power to degrade contaminants but also by its
capacity to generate benign degradation products that are less
toxic than the parent compound (Drzewicz et al., 2004; Rizzo,
2011; Sánchez-Polo et al., 2009). Many reports have stated that
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Fig. 5 – Proposed pathways for MBT degradation by gamma
irradiation in aqueous solution.
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ionizing radiation could effectively destroy the stable struc-
ture of some recalcitrant pollutants, making themmore easily
degraded biologically (Bao et al., 2009; Chmielewski, 2011; Sun
et al., 2012). Hence, we focus on the change of the biodegrad-
ability of MBT samples during gamma irradiation.

The biodegradability of MBT samples was assessed by the
biochemical oxygen demand (BOD5) to chemical oxygen de-
mand (COD) ratio (B/C). BOD5 and COD were measured for the
aqueous solutions of MBT irradiated at different absorbed doses
(0–20 kGy). The initial concentration ofMBTwas set to 200 mg/L,
which was the threshold value of complete inhibition of
Escherichia coli growth (De Wever et al., 1994, 2001; De Wever
and Verachtert, 1997). There were no additional carbon sources
or nutrients in the solution, hence MBT served as the only
substrate. The result is shown in Fig. 6. Within the range of
applied doses, no significant removal of COD was observed.
After irradiation at 20 kGy, the COD of the sample only declined
by 13%; while the BOD of the sample rose significantly with the
increase of absorbed dose. Therefore, the B/C value of irradiated
samples was increased, indicating the improvement of biode-
gradability. After irradiation by 5, 10, 15 and 20 kGy, the B/C
values of 200 mg/L MBT solutions were 134%, 151%, 167% and
162% the unirradiated B/C values. The values of COD, BOD5 and
B/C tested in the study were consistent with a published report
(Tolgyessy et al., 1986). The above results confirmed that the
transformation products are more readily degraded biologically
than MBT. Therefore, toxicity reduction of MBT-containing
wastewater should easily be achieved by gamma irradiation.
3. Conclusions

Gamma irradiation is an effective way to eliminate refractory
pollutants from water. In this study, the benefit of persulfate
addition was demonstrated for the degradation of a hetero-
cyclic compound. The degradation of MBT was substantially
promoted by adding persulfate to the aqueous solution.
Moreover, the mineralization was enhanced to a certain
extent. The synergetic effect of persulfate and radiation is
due to the action of reactive SO4

−· radicals formed in the
reaction of persulfate with hydrated electrons.
Breakdown products in the radiation process were identi-
fied and quantified for the elucidation of the degradation
pathway of MBT. Radical attack was directed towards the –SH
group, leading to the cleavage of the C–S bond. In this way,
MBT was transformed into BT, releasing SO4

2− ions at the same
time. OBT was identified as an oxidation product of BT. The
biodegradability experiment showed that radiation products
were easier for microorganisms to degrade than the parent
compound. Thus, the toxicity of MBT-containing wastewater
should be reduced remarkably through radiation treatment.

Further work will focus on the application of ionizing
radiation as pretreatment in a biological treatment system of
MBT-containing wastewater.
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