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a b s t r a c t
In this study, peroxymonosulfate (PMS) activation was successfully achieved by microwave (MW) irradiation directly and subsequently applied for the degradation of bisphenol A (BPA, an endocrine disrupting
chemical frequently detected in the environment), especially at temperatures above 60 °C. The experiment results showed that a higher reaction temperature, MW power level, initial PMS dose, and initial
solution pH had positive effects on the degradation efficiency of BPA. The degradation efficiency of
BPA was slightly enhanced in real water compared to that in ultrapure water. The result of radical
scavenger experiments indicated that both sulfate radical and hydroxyl radical were the dominant
reactive oxygen species. Based on the results of high performance liquid chromatography and gas
chromatography-mass spectrometry, several transformation pathways, including b-scission,
hydroxylation, dehydration, oxidative skeletal rearrangement, and ring opening, were proposed. The
complete degradation of several typical organic contaminants was also achieved using the MW/PMS
process. This work would broaden the selection of PMS activation methods and provide an option for
wastewater treatment.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Advanced oxidation processes (AOPs) based on persulfate activation have been comprehensively studied for the degradation of
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refractory organic contaminants in various media, including
wastewater, groundwater, and soil [1–6]. Compared with hydrogen
peroxide (H2O2), a vital constituent of Fenton and Fenton-like
AOPs, persulfates (peroxymonosulfate (PMS) or peroxydisulfate
(PDS)) exhibit superior performance, ease of storage and transport,
pH-tolerance and stability [7]. Stable at room temperature, persulfates can be activated by the use of heat [8,9], transition metals
[10,11], ultraviolet (UV) light [12,13], and base [14,15], generating
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highly active species, such as the sulfate radical and hydroxyl
radical.
However, UV light cannot be effectively transmitted through
turbid and colored wastewater. Base activation requires large
amounts of an alkaline substance to adjust the initial and final
reaction system pH levels. Transition metal activation (e.g., Fe2+
for PDS and Co2+ for PMS) poses the secondary risks of metal toxicity and metal sludge accumulation.
Consequently, heat, a very attractive and controllable activation
approach, has been investigated in several cases [8,13,16,17]. In
addition to acting as an activator, it can increase the organic contaminants’ solubility and reaction system temperature, thus
increasing the reaction rates and decreasing the treatment time.
Microwave (MW) heating has been proven to be superior to conventional heating in some aspects, such as its ability to accelerate
reaction rates, provide selective heating, and/or suppress reaction
pathways [18–20]. Furthermore, a MW activated PDS (MW/PDS)
process has been successfully employed to degrade various organic
contaminants, including acid orange 7 [21], methylene blue [22],
reactive yellow 145 [23], sulfamethoxazole [24], pentachlorophenol [25], and perflurooctanoic acid [26] in aqueous solution.
Recently, Pang and Lei [27] reported that MW can enhance the
degradation efficiency of p-nitrophenol (PNP) in a MnFe2O4 activated PMS process. However, no significant degradation of PNP
was observed in the MW/PMS process, which may be attributed
to the short contact time (less than 2 min). PMS and PDS, derivatives of H2O2, are similar in structure. PDS and H2O2 can be activated by MW and applied in organic contaminants degradation
[21,28,29]. Thus, we can deduce that PMS could also be activated
by MW. Furthermore, a MW activated PMS (MW/PMS) process
was successfully employed to degrade the chemical oxygen
demand (COD) in landfill leachate [30]. However, to the best of
our knowledge, there has been no systematic research on the use
of MW to activate PMS directly for the degradation of organic contaminants in water.
The objectives of this work were (1) to explore the feasibility of
implementing MW for PMS activation and the application of a
MW/PMS process for the degradation of bisphenol A (BPA, an
endocrine disrupting chemical frequently detected in the environment); (2) to investigate the influences of several important
parameters, including the reaction temperature, MW power, initial
PMS and BPA concentrations, initial solution pH, and water type,
on the degradation efficiency of BPA; (3) to identify the dominant
reactive oxygen species involved in the MW/PMS process; (4) to
propose a possible mechanism for BPA degradation; and (5) to test
the performance of the MW/PMS process in degrading several typical organic contaminants in water.

2. Materials and methods
2.1. Materials
All of the chemical reagents and organic solvents were at least
analytical grade and used as received without further purification.
PMS (2KHSO5KHSO4K2SO4), BPA, atrazine (ATZ), sulfamethoxazole (SMX), and ibuprofen (IBP) were obtained from SigmaAldrich (St. Louis, MO, USA). Sodium hydroxide, hydrogen
peroxide, PDS (Na2S2O8), sodium bicarbonate, potassium iodide,
acid orange 7 (AO7), and methylene blue (MB) were purchased
from Sinopharm (Shanghai, China). Acetonitrile (ACN), ethanol
(EtOH), tert-butyl alcohol (TBA), and dichloromethane of HPLC
grade were supplied by J&K Scientific (Beijing, China). All of the
solutions were prepared using ultrapure water with a resistance
of 18.2 MXcm from a Milli-Q Integral 5 system (EMD Millipore,
Billerica, MA, USA).

2.2. Experimental procedure
A stock solution of BPA (100 mgL1) was prepared with ultrapure water prior to each batch experiment and stirred overnight
at room temperature until complete BPA dissolution. PMS stock
solutions (typically 0.5 M) were prepared before use. MW heating
degradation experiments were carried out in a 250-mL threenecked round-bottomed flask equipped with a reflux condenser.
The temperature of the reaction mixture was measured by an
immersed platinum resistance thermometer. The flask was placed
on a commercial MW reactor (XH-100A, 100–1000 W, Beijing
Xianghu Science and Technology Development Co., Ltd) that controlled all of the experimental conditions, including the reaction
temperature, MW power, stirring speed, and reaction time. Two
hundred and fifty milliliters of the BPA solution (typically
87.6 lM, 20 mgL1) was heated in the XH-100A MW reactor with
an appropriate MW power level (typically 500 W) to reach and
maintain the preset temperature (typically 80 °C). The reaction
was initiated once 5 mL of the PMS stock solution (typically
0.5 M) was added, except in the studies investigating the effect
of the MW power. In this case, PMS and BPA were premixed and
then the reaction was initiated once MW reactor is heated at different MW power levels to a preset temperature (if can reach). Typically, the degradation experiments were conducted at the natural
pH of the reaction mixture (2.45), except for the studies on the
effect of the initial solution pH. In such cases, the initial solution
pH was adjusted to the desired values using appropriate volumes
of 0.1 M NaOH or H2SO4. During treatment, rapid stirring (approximately 500 rmin1) with a magnet ensured a completely mixed
solution state. The experiments for the degradation of AO7, MB,
ATZ, IBP, and SMX were performed under identical conditions.
The temperature effects with conventional heating were also
investigated and compared by maintaining the temperature of
the BPA solution at 40, 50, 60, 70, and 80 °C using a thermostatically controlled water bath (THZ-82A, China Jiangsu Jingtan Ronghua Instrumental Factory). At given reaction time intervals (0, 5,
15, 30, 45, and 60 min), approximately 5 mL samples were withdrawn and chilled in an ice bath for 30 min to stop the reaction,
after which they were kept in a 4 °C refrigerator until further treatment and analysis. All of the experiments were carried out in
duplicate.
2.3. Analytical methods
The concentrations of the organic contaminants (except AO7
and MB) were measured using high performance liquid chromatography (HPLC, Waters 2695, USA) with a Zorbax Eclipse Plus
C18 column (150 mm  4.6 mm, 5 lm, Santa Clara, CA, USA) and
a UV detector (Waters 2487). The mobile phase was a mixture of
ACN and water (60:40, v/v) at a flow rate of 1.0 mL min1. The column temperature was 25 °C, and the injection volume was 20 lL.
Detection wavelengths of 276, 220, 264, and 222 nm were used
for BPA, ATZ, SMX, and IBP, respectively. A DR6000 UV–visible
spectrophotometer (HACH, Loveland, CO, USA) was employed to
test the concentrations of AO7 and MB at wavelengths of 484
and 664 nm, respectively. For all of the kinetic experiments
conducted under different conditions, the degradation efficiency
(1(Ct/C0)) of the organic contaminants was fitted using the
pseudo-first-order rate kinetic equation (Eq. (1)):

 lnðC t =C 0 Þ ¼ kobs t

ð1Þ

where C0 and Ct are the molar concentrations of the organic
contaminant (lM) at time 0 and reaction time t (min), respectively;
kobs is the rate constant (min1).
Gas chromatography-mass spectrometry (GC–MS) was used to
detect the intermediates of BPA degradation (Text S1). The PMS
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concentration was measured using a spectrophotometric method
based on a modified iodometric titration procedure [31]. Total
organic carbon (TOC) analysis was performed using a TOC analyzer
(TOC-L CPN, Shimadzu, Kyoto, Japan). A basic PB-10 pH meter
(Sartorius Scientific Instruments, Beijing, China) was used to
measure the pH values.
3. Results and discussion
3.1. Degradation of BPA in different processes
The degradation of BPA in aqueous solution was investigated
using various processes, including the thermo-activated PMS process and some control processes. As seen in Fig. 1, the complete
degradation of BPA could be achieved in both the MW and conventional heating (CH) activated PMS processes at 80 °C within 45 and
60 min, respectively. The kobs values of the MW/PMS and CH/PMS
processes were evaluated to be 8.37  102 and 6.17  102 min1,
respectively. Thus, the kobs value under MW heating was approximately 1.36 times that of conventional heating. This promotion
agrees with the results of our previous studies on the use of the
MW/PDS process in the degradation of sulfamethoxazole [24]
and pentachlorophenol [25], which showed a specific MW effect
under MW heating compared with conventional heating. As
depicted in Fig. 1, the variation of the BPA concentration was negligible (<3.0%) in the presence of either MW or conventional heating alone at 80 °C, indicating that the BPA was hydrolysis-resistant
and thermally stable [32]. Meanwhile, the BPA could hardly be
degraded by PMS alone at 25 °C (3.5% in Fig. 1) because of the limited oxidation capability of PMS at the ambient temperature
(E0 = 1.82 V) [33]. The above results indicated that PMS could be
thermally activated in the aqueous solution to generate reactive
oxygen species, which were responsible for the effective degradation of BPA.
Furthermore, the degradation of BPA in the MW/H2O2 and
MW/PDS processes was investigated and compared with that in
the MW/PMS process. The degradation efficiency was 16.3% in
the MW/H2O2 process within 60 min (Fig. 1), implying that H2O2
could be slightly activated by MW to generate OH [34]. However,
the BPA degradation was insufficient because the MW could not
effectively activate thermodynamically stable H2O2 in this case
[13]. However, 93.9% of the BPA was degraded within 5 min in
the MW/PDS process (Fig. 1), indicating that PDS can easily be


activated by MW to generate SO
4 and OH [25], resulting in the
effective degradation of BPA. The kobs values of the MW/H2O2
and MW/PDS processes were evaluated to be 2.96  103
and 4.92  101 min1, respectively. The kobs values of the
MW/peroxide processes had the following sequence: MW/PDS >
MW/PMS > MW/H2O2. This discrepancy may be attributed to
the different intrinsic properties of peroxides, including the
distance and dissociation energy of peroxide bonds, which produce
different reactivities for the peroxides under MW.

3.2. Effects of reaction parameters
3.2.1. Effect of reaction temperature
The reaction temperature plays an important role in the degradation reaction rate [25]. A series of thermo-activated PMS (MW/
PMS and CH/PMS) experiments was performed with different reaction temperatures in the range of 40–80 °C. As shown in Figs. 2a
and S1, increasing the temperature had a positive effect on the
degradation efficiency in both the MW and CH modes. The degradation efficiencies of BPA in the MW/PMS process were 0, 1.6%, and
14.5% within 60 min at 40, 50, and 60 °C, respectively. When the
reaction temperature was elevated to 70 and 80 °C, the degradation efficiencies increased remarkably to 63.9% and 99.8% within
60 min, respectively. Obviously, due to the increased production
of reactive oxygen species that followed by an increase in temperature, the degradation efficiency of BPA increased synchronously,
especially with temperature values above 60 °C. As expected, the
CH/PMS process generally achieved a lower BPA degradation efficiency than the MW/PMS process, especially at higher temperatures (70 and 80 °C in Fig. 2a and S1). For example, the
degradation efficiency reached 45.2% and 63.9% within 60 min at
70 °C using the CH/PMS and MW/PMS processes, respectively. As
presented in Fig. S2, the kobs values of the BPA degradation
increased with an increase in temperature in both thermoactivated PMS processes. The kobs values in the MW/PMS process
were approximately 1.36–3.36 times under CH/PMS process at
the identical temperature, indicating that MW irradiation could
improve the decomposition effect of PMS. These results were similar to those already reported for PDS, which showed a 2.97–4.38fold increase in the decomposition rate under MW irradiation compared with CH [35]. The temperature dependency of the kinetic
constants was further evaluated by employing the Arrhenius equation (Eq. (2)), as seen in Fig. S3.

ln kobs ¼ ln A  Ea=RT

ð2Þ
1

Fig. 1. Degradation efficiencies of BPA in different processes (reaction conditions:
[Peroxide]0 = 10.0 mM, [BPA]0 = 87.6 lM, T = 80 °C).

where A is the pre-exponential factor (min ), Ea is the apparent
activation energy (Jmol1), R is the universal gas constant
(8.314 J mol1K1), and T is the absolute temperature (K). As
shown in Fig. S3, the Ea value for BPA degradation during the CH/
PMS process was estimated to be 196.08 kJ mol1. However, the
Ea value decreased to approximately 169.42 kJ mol1 during the
MW/PMS process. These Ea values were close to those obtained
for BPA degradation (184.00 kJ mol1 [32]) in the heat-activated
PDS process. MW irradiation could affect the pre-exponential factor
(A) and, therefore, affect the BPA degradation efficiency. A higher
pre-exponential factor value usually accelerates the degradation
efficiency. The A value obtained in the CH/PMS process
(6.46  1027 min1) was higher than that found in the MW/PMS
process (9.49  1023 min1) in our study. This contrasts with the
result from Costa et al. [35], who found an increase in the preexponential factor in a MW decomposition process using potassium
persulfate. However, other researchers have found no differences in
these reactions when using the MW and CH processed [36,37]. We
can infer that the Ea may be playing a more prominent role in the
acceleration of BPA degradation than the pre-exponential factor.
Overall, the lower Ea value obtained in the MW/PMS process
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Fig. 2. Effect of the MW heating temperature (a), MW power (b), initial PMS concentration (c), and initial BPA concentration (d) on BPA degradation in the MW/PMS process
(Except for the investigated parameter and MW power of 200 W, the other parameters were fixed at: [PMS]0 = 10.0 mM, [BPA]0 = 87.6 lM, MW power = 500 W, T = 80 °C.).

indicated that the introduction of MW hastened the treatment process by decreasing the activation energy of the chemical reaction
required for BPA degradation.
3.2.2. Effect of MW power
The MW power generally exhibits a positive effect on the target
organic contaminant degradation in a MW-assisted oxidation process [27]. A series of experiments designed to elucidate the influence of the MW power was conducted using a MW power range
of 200–600 W. As seen in Fig. S4, the solution temperature increased
slowly to a final value of 34.5 °C within 60 min at 200 W. However,
the elapsed times before reaching the predetermined temperature
(80 °C) for 300, 400, 500, and 600 W were 523, 368, 246, and
174 s, respectively. As shown in Fig. 2b, an elevated MW power level
generally had a positive effect on the degradation efficiency, especially during the initial period of reaction (5–15 min). For example,
the BPA degradation efficiency was only 0.8% at 200 W within
15 min, whereas it increased remarkably to 42.0% at 300 W and
then reached 50.4–58.0% at higher power values (300–600 W).
The kobs value of the BPA degradation increased from 3.10  103
to 7.83  102 min1 when the MW power level was increased from
200 to 600 W, respectively. These results indicated that the BPA
degradation efficiency was related to the rate of temperature
increase and final temperature of the solution.
3.2.3. Effect of initial PMS concentration
The PMS is an indispensable constituent of the MW/PMS process, thus playing an important role in BPA degradation. Therefore,
experiments at different initial PMS concentrations (0.5–10.0 mM)
were conducted, and the results are shown in Fig. 2c. When the initial PMS concentration was increased from 0.5 to 10.0 mM, the

degradation efficiency significantly increased from 12.1% to
99.9%, and the kobs value increased from 2.18  103 to
8.37  102 min1. The effect of the initial PMS concentration on
the kobs variation for BPA was similar to that revealed for the PDS
concentration on the kobs of SMX in our previous work [24], which
may imply that more reactive oxygen species were generated as
the initial PMS concentration rose, leading to a higher degradation
efficiency of BPA.

3.2.4. Effect of initial BPA concentration
The effect of the initial concentration of BPA was investigated
by varying the initial contaminant concentration from 43.8 lM
(10 mgL1) to 350.4 lM (80 mgL1). As shown in Fig. 2d, it is
apparent that the BPA degradation efficiency decreased with an
increase in the initial BPA concentration. The degradation extent
of BPA reached >99.9% in 30 and 45 min with lower BPA concentrations of 43.8 and 87.6 lM, respectively. Over the whole range of
initial concentrations (43.8–262.8 lM), the BPA degradation efficiencies varied from 57.9 to >99.9% in 60 min, indicating that the
MW/PMS process has an excellent BPA degradation performance
at various concentration levels. With initial concentrations of
43.8–350.4 lM, the kobs values for BPA degradation decreased from
1.72  101 to 1.36  102 min1. This phenomenon was
attributed to the fact that the amount of reactive oxygen species
generated remained constant under the same PMS dosage.
Furthermore, at a lower initial BPA concentration, the higher ratio
of reactive oxygen species to BPA provided a greater probability
that the BPA molecules would be attacked, which resulted in a
higher kobs value. The optimal PMS to BPA ratio to achieve the maximum degradation efficiency was founded to be 228 in the present
study.
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3.2.5. Effect of initial solution pH
The solution pH is a crucial factor in the MW/PMS process
because of its significant effect on the speciation of PMS and BPA
and the transformation of reactive oxygen species. It must be noted
that the addition of acidic PMS into an unbuffered aqueous solution will lead to a significant decrease in the solution pH. The primary solution pH decreased from 5.72 to 2.70 with the addition of
5.0 mM PMS. Experiments were conducted to determine the influence of the initial solution pH using a pH range of 2.70–11.01 with
5.0 mM PMS. As depicted in Fig. 3, the BPA degradation efficiency
was found to be significantly enhanced as the initial solution pH
increased from 8.18 to 11.01. The kobs values for the BPA degradation with initial solution pH values of 2.70, 4.40, 7.00, 8.18, 9.30,
and 11.01 were founded to be 2.32  102, 2.45  102,
2.82  102, 3.01  102, 6.36  101 and 1.32 min1, respectively.
The kobs value rose slowly in a pH range of 2.70–8.18, whereas it
increased significantly from pH 8.18 to 11.01. This phenomenon
was similar to the results of a previous study on the degradation
of benzoic acid using the UV/PMS process [38]. The pKa1 and
pKa2 values of BPA are 9.6 and 10.2, respectively, while the pKa
value for PMS is 9.4 [39,40]. As presented in Fig. S5, with an
increase in the solution pH, the dominant PMS species changes
from its mono-anion form (HSO-5) to its dianion form (SO2
5 ),
whereas BPA exists mainly in its mono-anion form (Bis(OH)(O))
and further dissociates into the dianion form (Bis(O2)2) with
increasing pH values. The excellent performance at basic pH values
can be ascribed to several factors. First, it is easier to activated a

larger fraction of SO2
5 ions compared to HSO5 [41]. Second, under
basic conditions, an elevated fraction of Bis(O2)2 is a much more
favorable condition for reacting with reactive oxygen species.
Finally, the generation of the powerful hydroxyl radical at basic
pH values from the sulfate radical (Eq. (3)) could also accelerate
the BPA degradation efficiency [42].
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(UPW). The physical–chemical parameters of the real water used
in this study are presented in Table S1. The degradation of BPA
was adequately enhanced in real water compared to UPW
(Fig. 4). The kobs values of the BPA degradation were 8.37  102,
1.06  101, and 2.04  101 min1 in UPW, BW, and TW, respectively. This enhancement was interesting but reasonable because
the presence of chloride ions in real water has been reported to
have the ability to activate PMS and thus had a positive effect on
the BPA degradation [43]. In addition, real water containing dissolved minerals has higher dielectric constants than UPW, resulting in a higher MW energy absorbance and an accompanying
higher BPA degradation efficiency. This indicated that the MW/
PMS process could be an option for removing some organic contaminants from real water.

3.4. Possible activation mechanism

To explore whether the MW/PMS process could be applied to
real water conditions, the degradation of BPA was performed in
several real water (commercial bottled water (BW) and tap water
(TW)) samples and compared to that in Millipore ultrapure water

To identify the reactive oxygen species generated in the
MW/PMS process, radical scavenger experiment was conducted
with TBA and EtOH, respectively. The sulfate radical and hydroxyl
radical are generally considered to be the potential reactive
oxygen species involved in activated PMS processes. Ethanol
usually acts as a scavenger for both the sulfate radical and
hydroxyl radical with rate constants of 1.6–7.7  107 [12] and
1.8–2.8  109 M1 s1 [44], respectively. As depicted in Fig. 5, the
presence of 1 M EtOH significantly suppressed the oxidation process, with the degradation efficiency decreasing from 82.4% to
16.6%, and the kobs value decreasing from 2.77  102 to
2.79  103 min1 (the ratio of kobs, w/o scavenger to kobs, 1 M EtOH was
9.93). These results confirmed the generation of the sulfate radical
and hydroxyl radical in the MW/PMS process. TBA is often used as a
hydroxyl radical scavenger because the rate constant with the
hydroxyl radical is 3.8–7.6  108 M1 s1, which is approximately
418–1900 times greater than that for the sulfate radical
(4.0–9.1  105 M1 s1) [45]. As shown in Fig. 5, the addition of
1 M TBA inhibited the oxidation process, with the degradation efficiency decreasing from 82.4% to 47.3%,and the kobs value decreasing
from 2.77  102 to 1.04  102 min1 (the ratio of kobs, w/o scavenger
to kobs, 1 M TBA was 2.67). Because 9.93- and 2.67-fold changes in the
kobs values were observed in the presence of 1 M EtOH and 1 M TBA,
both sulfate radical and hydroxyl radical were considered to be the
dominant reactive oxygen species in the MW/PMS process.

Fig. 3. Effect of the initial solution pH on the BPA degradation efficiency in the MW/
PMS process (reaction conditions: [PMS]0 = 5.0 mM, [BPA]0 = 87.6 lM, MW
power = 500 W, T = 80 °C).

Fig. 4. Effect of water type on the BPA degradation efficiency in the MW/PMS
process (reaction conditions: [PMS]0 = 10.0 mM, [BPA]0 = 87.6 lM, MW
power = 500 W, T = 80 °C).


2

SO
4 þ OH ! SO4 þ OH

ð3Þ

3.3. BPA degradation in real water
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Fig. 5. Effect of radical scavengers on the BPA degradation efficiency in the MW/
PMS process (reaction conditions: [PMS]0 = 5.0 mM, [BPA]0 = 87.6 lM, MW
power = 500 W, T = 80 °C).

3.5. Degradation pathway of BPA
To illustrate the possible degradation pathway of BPA in the MW/
PMS process, the formed intermediates of BPA degradation were

analyzed by HPLC preliminary and then GC–MS deeply. As seen in
the HPLC chromatograph shown in Fig. 6a, with the exception of
one byproduct, the byproducts appeared to have shorter retention
times than BPA, implying smaller molecular structures and higher
polarities. The time-dependent variation of the relative intermediate
contents could be presented by calculating the peak areas, indicating
that almost all of the BPA intermediates first accumulated and then
faded (Fig. 6b). All of the intermediates almost disappeared after
60 min of treatment, except for one species with the shortest retention time (RT 1.355), which accumulated while the others faded.
To further identify the intermediates, a GC–MS analysis was
employed in the full-scan mode (the details of the intermediates
are summarized in Fig. S6). Several aromatic intermediates
such as 3-ethylphenol, 4-ethylbenzaldehyde, and 1-(3,4dimethylphenyl) ethanone were detected in the present study.
Based on the obtained results and previous reports [46–49], a possible degradation pathway of BPA in the MW/PMS process was proposed and is presented in Fig. 7. The reactive oxygen species
generated in the MW/PMS process attacked the aromatic ring of
BPA and thus produced highly oxidized phenoxyl BPA, which could
further form phenol and p-isopropyl phenol radicals through
b-scission (C–C). Additionally, numerous aromatic intermediates
could be formed through hydroxylation, dehydration, oxidative
skeletal rearrangement, and so on. Finally, ring opening intermediates, including oxalic, formic, acetic, and alkane products could be
further partially mineralized into CO2 and H2O.

Fig. 6. HPLC diagrams showing the time-dependent formation of intermediates during BPA degradation in the MW/PMS process (a) and the time course variations of
intermediates in terms of peak areas (b) (RT: retention time).
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Fig. 7. Possible degradation pathway of BPA in the MW/PMS process.

3.6. Mineralization of BPA, consumption of PMS and variation of pH
Fig. 8a shown that after a 60 min treatment, the BPA and TOC
removal efficiencies in UPW were 99.8% and 9.4%, respectively.
However, the TOC removal efficiency only slightly increased to
17.0% when the reaction time was extended to 120 min. A similar
phenomenon was observed in our previous study, where only 1.9%
of the TOC was removed after a 60 min treatment of AO7 using the

Base/PMS process, with initial AO7 and PMS concentrations of
100 lM 1.0 mM, respectively [14]. It’s possible that the insufficient
PMS dosage resulted in the very low TOC removal efficiency [24].
As depicted in Fig. 8a, the PMS concentration dropped quickly as
the reaction proceeded, and 73.2% of the PMS was consumed in
the 60 min of treatment, implying that the PMS had been utilized
to a large extent for BPA degradation. Furthermore, the variation
in the pH value during the treatment was investigated. The solu-
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Fig. 8. The changes in TOC, PMS, and BPA (a), and pH (b) in the MW/PMS process in ultrapure water (reaction conditions: [BPA]0 = 87.6 lM, [PMS]0 = 10.0 mM, MW
power = 500 W, T = 80 °C).

tion pH decreased only slightly from 2.45 to 2.36 over 5 min during
the reaction, and then remained almost unchanged as the reaction
progressed (Fig. 8b). This result may imply that the low molecular
weight acids generated in the MW/PMS process could not efficiently decrease the solution pH, especially at an acidic pH.
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3.7. Wide suitability of MW/PMS process
The performance of the MW/PMS process was also evaluated by
degrading several typical organic contaminants, including dyes
(AO7 and MB), a herbicide (ATZ), and antibiotics (IBP and SMX)
at 100 lM (Fig. S7a). The results indicated that the five organic
contaminants could be quickly degraded in the MW/PMS process.
However, the degradation extents were different because of their
different chemical structures and properties [50]. As shown in
Fig. S7a, complete removal was achieved for MB, ATZ, SMX, and
IBP within 5, 15, 15, and 30 min, respectively. For AO7, a 97.2%
degradation efficiency was achieved under 60 min of MW irradiation. Representative UV–visible (vis) spectral changes in MB and
AO7 were recorded at different reaction times and are illustrated
in Figs. S7b and S7c, respectively. Based on the results obtained
from the degradation efficiency data presented in Fig. S7a, the kobs
values are estimated to be 9.20  101, 3.73  101, 3.09  101,
1.42  101, and 5.54  102 min1 for MB, SMX, ATZ, IBP, and
AO7, respectively. Thus, the degradation rate for AO7 was the
smallest because of its stable structure, while the highest
degradation rate was obtained for MB.

4. Conclusions
In summary, MW irradiation was proven to achieve PMS activation directly for the degradation of BPA, especially at temperatures
above 60 °C. Both the degradation efficiency and pseudofirst-order degradation rate constant of BPA increased with the
increasing of reaction temperature, MW power, initial PMS
concentration, and initial solution pH. The degradation efficiency
of BPA was substantially enhanced in real water (BW and TW).
The sulfate radical and hydroxyl radical were the dominant reactive oxygen species generated in the MW/PMS process. Furthermore, the degradation intermediates of BPA were identified and
several transformation pathways were proposed. A certain degree
of TOC removal and a high consumption of PMS were observed in
the MW/PMS process. In addition, the complete degradation of several typical organic contaminants was achieved in the MW/PMS
process. Therefore, the MW/PMS process provides an option and
would be a promising technology for wastewater treatment.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2017.01.012.
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