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Abstract: Recently, solar-driven seawater desalination has received extensive attention since it can
obtain considerable freshwater by accelerating water evaporation at the air–water interface through
solar evaporators. However, the high air–water interface temperature can cause volatile organic
compounds (VOCs) to enter condensed freshwater and result in water quality safety risk. In this
work, an antioxidative solar evaporator, which was composed of MoS2 as the photothermal material,
expandable polyethylene (EPE) foam as the insulation material, polytetrafluoroethylene (PTFE) plate
as the corrosion resistant material, and fiberglass membrane (FB) as the seawater delivery material,
was fabricated for the first time. The activated persulfate (PS) methods, including peroxymonosulfate
(PMS) and peroxodisulfate (PDS), were applied to inhibit phenol from entering condensed freshwater
during desalination. The distillation concentration ratio of phenol (RD) was reduced from 76.5% to
0% with the addition of sufficient PMS or PDS, which means that there was no phenol in condensed
freshwater. It was found that the Cl− is the main factor in activating PMS, while for PDS, light,
and heat are the dominant. Compared with PDS, PMS can make full utilization of the light, heat,
Cl− at the evaporator’s surface, resulting in more effective inhibition of the phenol from entering
condensed freshwater. Finally, though phenol was efficiently removed by the addition of PMS or PDS,
the problem of the formation of the halogenated distillation by-products in condensed freshwater
should be given more attention in the future.
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1. Introduction

The limited availability of fresh water often limits social development. For example,
the high salinity of seawater can cause problems, such as the scaling of pipelines and
corrosion of equipment, making it more difficult to extract oil in the Middle East [1].
Desalination can use a wide range of seawater resources to alleviate water pressure and
scarcity. Recently, solar-driven seawater desalination based on interfacial solar heating has
received great attention [2–4]. In this new approach, photothermal materials or evaporators
floating on the water surface absorb solar energy and accelerate the evaporation of seawater,
then condense water vapor to obtain freshwater [5]. Up to now, the water evaporation rate
is generally higher than 1.30 kg/m2·h under one sun solar irradiance, and the temperature
of the air–water interface can reach as high as 40–80 ◦C [6–8]. The higher temperature of
the air–water interface means a better water evaporation rate [9,10]. However, pollutants in
seawater, especially volatile organic compounds (VOCs), are more likely to enter condensed
freshwater, resulting in water quality safety risks [11,12]. VOCs, such as phenol and BTEX,
have a negative impact on the human nervous system [13], respiratory system [14], and
immune system [15], as well as increasing the risk of cancer [16]. Therefore, the inhibition
of VOCs from entering condensed freshwater has recently become a research hotspot in
solar-driven seawater desalination.
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At present, the main methods for inhibiting VOCs from entering into condensed
freshwater are chemical oxidation processes, such as adsorption [17], photocatalysis [18],
photo-Fenton [19], and activated persulfate [20]. For example, Liu et al. reported inhibition
of styrene entry into freshwater by the adsorption process using Ag/UiO-66 nanocompos-
ites both as the photothermal material and adsorbent [21]. Chen et al. reported the removal
of phenol by the reaction of adsorption and photocatalysis under solar illumination via
AC-TiO2/foam evaporator [22]. However, both adsorption and photocatalysis occur in the
photothermal material layer with low removal efficiency because of the short contact time
between VOCs and photothermal materials. Liang et al. reported the effective removal
of VOCs through the Fenton reaction [23]. However, the low pH required for the reaction
limits its large-scale use. It is therefore necessary to explore other more effective processes
for the inhibition of VOCs from entering into condensed freshwater.

Sulfate radicals (SO4
•−) based advanced oxidation processes are one of the effec-

tive methods to remove organic pollutants [24,25]. The activation of PS by light, heat,
microwave, catalyst, etc. has been widely studied in the past several decades [26–28].
During solar evaporation, the surface of the evaporator has a high temperate temperature
of 40–80 ◦C and a strong light intensity of 1 kW/m2, as well as a high dose of photothermal
materials and halogen ions. It is reasonable to think that PS can be activated by heat,
light, photothermal materials, and halogen ions at the same time. Therefore, VOCs can
be inhibited from entering condensed freshwater by adding PS into the seawater during
solar-driven seawater desalination.

In this work, an antioxidative evaporator was fabricated and applied for solar-driven
seawater desalination for the first time. The evaporator was composed of MoS2 as the
photothermal material, expandable polyethylene (EPE) foam as the insulation material,
polytetrafluoroethylene (PTFE) plate as the corrosion-resistant material, and fiberglass
membrane (FB) as the seawater delivery material. Phenol was selected as a typical VOC.
The PMS and PDS were added to the seawater to effectively remove phenol and reduce
its entry into condensed freshwater. The purposes of this study are: (1) to develop a new
process for inhibiting phenol from entering condensed freshwater; and (2) to explore the
contribution and mechanism of inhibiting the entry of phenol into condensed freshwater
by activated PS during solar distillation.

2. Experimental Section
2.1. Materials

All chemicals purchased were of analytical grade and used as received without any
further purification. Phenol, potassium monopersulfate triple salt (KMPS, 47% KHSO5
(PMS) basis), sodium molybdate, thiourea, and sodium sulfite were purchased from Al-
addin Industries, Shenzhen, China. Sodium chloride (NaCl, 99.5%), ammonium sulfate
((NH4)2SO4, 99%), sulfuric acid (H2SO4, 95.0–98.0%), sodium hydroxide (NaOH, 96%),
and methanol (99.5%) were purchased from the China Medicines Group of Companies,
Beijing, China. Potassium persulfate (PDS, 99.9%) was purchased from Shanghai McLean
Biochemical Technology Co., Ltd., Shanghai, China. Expandable polyethylene (EPE) foam
was obtained from Shanghai Wuyou Packaging Co., Ltd., Shanghai, China. Polytetrafluo-
roethylene (PTFE) foam was purchased from Shenzhen Changxinda Plastic Products Co.,
Ltd., Shenzhen, China. Fiberglass membrane (FB) was purchased from Millipore Sigma,
Billerica, MA, USA.

2.2. Preparation of the EPE/PTFE/FB/MoS2 Evaporator

The preparation of the antioxidative solar evaporator was divided into the following
steps (Figure 1): First, MoS2 was prepared using a hydrothermal method [29]. 0.4 g of
thiourea and 0.3 g of sodium molybdate were dissolved in 30 mL of ultrapure water under
magnetic stirring, and the pH of the solution was adjusted to 1.0. The above solution
was transferred to a stainless steel autoclave and heated in an oven at 200 ◦C for 12 h,
then cooled to room temperature naturally. The MoS2 was collected and washed with
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ultra-pure water several times, dried at 60 ◦C for 12 h, and ground into MoS2 powder.
Second, MoS2 powder was dispersed in 40 mL ultrapure water through ultrasonication for
30 min, followed by loading onto FB to prepare the photothermal material layer via vacuum
filtration. Third, the MoS2 loaded FB was placed on top of the PTFE plate with a thickness
of 1 cm. Fourth, the FB was also used as the seawater delivery channel and through the
center hole of the EPE foam and PTFE. Finally, the antioxidation solar evaporator (denoted
as EPE/PTFE/FB/MoS2 evaporator) was fabricated by combing the objects from step 3
and step 4.
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Figure 1. Schematic image of the fabrication process of the EPE/PTFE/FB/MoS2 evaporator.

2.3. Solar Evaporation

All solar evaporation experiments were performed in the laboratory at a temperature
of 28 ± 1 ◦C and a humidity of 65 ± 10%. The EPE/PTFE/FB/MoS2 evaporator was
placed into a cylindrical glass filled with 50 mL of 3.5 wt% NaCl solution (see Figure S1,
Supporting Information). During the process of solar evaporation, the weight change was
recorded by an electronic balance (PTX-5102) purchased from Huazhi (Fujian) Electronic
Technology Company, and a xenon lamp (XES-40S3-TT) purchased from SAN-EI Electric
Japan with an AM 1.5 filter was used as a solar simulator. The irradiance intensity of
1 kW/m2 was defined as 1 sun. The average temperature distribution of the evaporator
surface at 0 min, 5 min, 10 min, 30 min, and 60 min was recorded by taking thermal images
with an infrared thermal imager (S65, FLIR).

2.4. Solar Distillation

First, a phenol solution (3.5 wt% NaCl solution or 3.5 wt% NaBr solution) with a
concentration of 1 mg/L was prepared. Second, 50 mL of the above phenol solution was
added to the cylindrical center of the condense device reported in our previous work [30].
Third, the EPE/PTFE/FB/MoS2 evaporator was placed in a phenol solution. Finally, the
condense device was sealed with plastic wrap and placed under the xenon lamp (XES-
40S3-TT, SAN-EI ELECTRIC JAPAN) with an AM 1.5 filter with an irradiation intensity
of 1 kW/m2. The concentrations of phenol were analyzed by a high-performance liquid
chromatography device (HPLC, Agilent 1200) using a separation column (Agilent Eclipse
XDB-C18) (4.6 mm× 250 mm, 5 µm) and a fluorescence detector; the mobile phase was 50%
water and 50% methanol with a flow rate of 0.8 mL/min, and the emission and excitation
wavelengths were 275 and 313 nm, respectively.

2.5. Total Organic Chlorine and Total Organic Bromine Detection

A detailed total organic chlorine (TOCl) detection method was reported in our previous
work [31]. Typically, the condensed freshwater was oxidized by the UV/O3 process for
60 min to ensure that the organic compounds were completely mineralized. The ozone
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gas concentration was 10 mg/min with the gas flow rate of 0.3 L/min. A 10W UV lamp
(GPH212T5L/4, Hanau, Germany) with a wavelength of 254 nm was used as the UV
radiation source. The TOCl concentration was recorded as the sum of inorganic chloride
ions in the oxidized water. The sum of chloride ions, including Cl−, ClO2

−, ClO3
−, ClO4

−

ions were determined using an ion chromatograph (SeoulDX120, Dionex, Sunnyvale, CA,
USA). The method for measuring total organic bromine (TOBr) was the same as that for
measuring TOCl, except that total bromide ions were tested instead of total chloride ions.

2.6. Distillation By-Products Detection

For distillation by-product detection, 13C-phenols with a concentration of 10 mg/L
in different solutions (e.g., 3.5 wt% NaCl solution, 3.5 wt% NaBr solution, 3.5 wt% NaCl
mixed with 0.09 wt% NaBr solution, and seawater from the East China Sea) were used as
the target pollutants. The concentrations of the PMS and PDS were set at 1 mmol/L and
10 mmol/L respectively. After solar distillation, condensed freshwater was collected to test
the total amount and species of halogenated by-products. Total organic carbon (TOC) was
measured using a TOC analyzer (TOC-VCPN, Shimadzu, Kyoto, Japan). The halogenated
by-products were detected by ultra-performance liquid chromatography/electrospray
ionization triple quadrupole mass spectrometer (UPLC/ESI-tqMS).

3. Experimental Section
3.1. Solar Evaporation

Water evaporation based on interfacial solar heating takes advantage over other water
evaporation since it can localize the solar heat in the air–water interface to rapidly increase
the interface temperature. The average surface temperature of the EPE/PTFE/FB/MoS2
evaporator quickly reached 39.5 ◦C in the first 10 min under 1 sun irradiance, which
indicates the good light-to-heat conversion capability of the evaporator. Then, the average
surface temperature gradually enhanced to 42.1 ◦C after 30 min of irradiance and almost
remained unchanged in the following 30 min (Figure 2a). The water evaporation process
can be fitted with the zero-order kinetic, and the water evaporation rate was calculated
to 1.35 kg·m2/h (Figure 2b), which is about 5 times higher than that of the 3.5 wt% NaCl
solution evaporation without evaporator. The values of solar evaporation rate and air–
water interface temperature are within the range of most other reported work (Table S1,
Supporting Information).
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Figure 2. (a) The air–water interface temperature and (b) the mass of the evaporated water during the
solar evaporation process of the 3.5 wt% NaCl solution with and without the EPE/PTFE/FB/MoS2

evaporator under 1 sun solar irradiance. Inset in (a): IR images (top) with and (bottom) without the
evaporator at different times.

3.2. Solar Distillation by Activated Persulfate

Before solar distillation, the antioxidation property of the EPE/PTFE/FB/MoS2 evap-
orator was tested since PS is a strong oxidant that can corrode the evaporator. The TOC
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concentrations of the condensed freshwater with and without addition of PDS were 1.1
mg/L and 1 mg/L respectively under 4 sun solar irradiance with the initial PDS concen-
tration of 10 mmol/L (Figure S2, Supporting Information), which indicates that no other
new organic compounds are oxidized and enter into condensed freshwater. Therefore, the
EPE/PTFE/FB/MoS2 evaporator can resist the risk of being oxidized in the activation of
persulfate. Furthermore, it confirms that the EPE/PTFE/FB/MoS2 evaporator will not
cause interference during distillation by-product analysis. For solar distillation, phenol was
selected as a typical VOC. Here, the concentration of pollutants in the condensed freshwater
was evaluated using the “pollutant distillation concentration ratio (RD), Equation (1) [11]”.

RD = CD/CB (1)

where CD and CB are the concentrations of the contaminants in condensed freshwater
and the initial simulated seawater, respectively. The lower RD value indicates a relatively
lower concentration in condensed freshwater. The RD values of phenol were 76.5%, 104.9%,
and 85.7% in pure water, 3.5 wt% NaCl solution, and 3.5 wt% NaBr solution, respectively
(Figure 3), which means that the phenol evaporates with water vapor and condenses into
freshwater. With the addition of PMS, the RD values of phenol reduced to 6.4%, 0.0%, and
0.0% in the pure water, 3.5 wt% NaCl solution, and 3.5 wt% NaBr solution, respectively,
indicating no phenol in the freshwater when using salt solution as the feedwater. By
contrast, the RD values of phenol reduced to 44.6%, 62.6%, and 26.6% in the pure water, 3.5
wt% NaCl solution, and 3.5 wt% NaBr solution, respectively, with the addition of the PDS.
Here, the PMS has a lower RD value of phenol than that of the PDS both in NaCl solution
and NaBr solution. Because PMS can directly react with Cl− or Br− to generate HClO/Cl2
or HBrO/Br2 (Equations (2) and (3)), while PDS cannot [32].

Cl− + HSO5
− → HClO + SO4

2− (2)

2Cl− + HSO5
− + H+ → SO4

2− + Cl2 + H2O (3)

SO4
•− + Cl− → Cl• + SO4

2− (4)

Cl• + Cl− → Cl2•− (5)

Cl2•− + Cl2•− → 2 Cl− + Cl2 (6)

Cl• + Cl• → Cl2 (7)

Cl2 + H2O→ HClO + H + Cl− (8)

For optimization of the RD value, parameters such as PS dose, salinity, light initial
phenol concentration, and light intensity that affecting the RD values of phenol were
investigated, and the results are shown in Figure 4. All the RD values of phenol were
zero with the addition of PMS in the range of 0.1–10 mg/L (Figure 4a), which means
that a small dose (such as 0.1 mg/L) of PMS can completely inhibit phenol from entering
condensed freshwater. The RD values of phenol gradually decreased from 86.3% to 18.3%
when increasing the PDS dose from 0.1 mmol/L to 5 mmol/L, then the RD value of phenol
reached 0 when further increasing the PDS dosage to 10 mmol/L. The effects of salinity on
the RD values of phenol were investigated by tuning the NaCl concentration range from
1.5 wt% to 10 wt% while keeping other conditions unchanged. The phenol in condensed
freshwater could be completely removed with the addition of PMS at NaCl concentrations
ranging from 1.5 wt% to 10 wt% (Figure 4b). However, with the addition of PDS, the RD
value of phenol increased with enhanced salinity. This is because the main factors for the
activation of PDS are light and heat, and the halide ions have no effect on their activation
efficiency. Conversely, the increased salinity led to an increased Henry’s coefficient of
phenol, which causes phenol to be more likely to enter condensed freshwater [33]. The
RD values of phenol increased with the increased initial phenol concentration (Figure 4c)
due to the competition of the active species (e.g., SO4

•−, active chlorine) by the increased
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phenol molecules. The RD value of phenol increased with enhanced solar intensity with the
addition of both PMS and PDS (Figure 4d). This is because as the solar intensity becomes
higher, the temperature of the air–water interface continues to increase, which in the next
step activates PS to generate more active species.
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3.3. Activation Mechanism

It is believed that the existence of various influence factors, including light, heat,
MoS2 and Cl− for the activation of PS. To explore the contribution of each factor to the
activation of PS, the removal rate of phenol was tested by adjusting each single variable
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while keeping the other variables unchanged. For the activation of PMS, the removal
rates of phenol by light, heat, MoS2 and Cl− and blank activated PMS were 18%, 13%,
19%, 100%, and 19%, respectively (Figure 5), indicating that Cl− is the main factor for the
activation of PMS [34]. For the activation of PDS, the removal rates of phenol activated by
light, heat, MoS2 and Cl− and blank were 100%, 53%, 32%, 1%, and 4% (Figure 5), which
indicates that light and heat are the main factors for PDS activation during interfacial solar
distillation [35]. Therefore, it explains that the PMS has a lower RD value of phenol than
that of the PDS (see Figure 3). Moreover, it has been reported that Cl− can be oxidized by
SO4

•− to form active chlorine such as Cl•, Cl2•−, Cl2, and HClO [36] (Equations (4)–(8)),
Br− can undergo a transformation similar to Cl− under the action of SO4

•− [37]. The
reaction rate constant (k) of Br− and SO4

•− is 3.5 × 109/M·s [38], which is larger than that
of the k (=2.1 × 108/M·s [39]) value of Cl− and SO4

•−. Consequently, with the addition of
PDS, the RD value of phenol in the NaBr solution was lower than that in the NaCl solution
(see Figure 3).
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[Phenol]0 = 1 mg/L, [PMS] = 1 mmol/L, [PDS] = 1 mmol/L, solar intensity = 1 kW/m2, T = 42.2 ◦C,
[salinity] = 3.5 wt% NaCl, [MoS2] = 0.88 g/L.

As with the formation of active chlorine and active bromine, halogenated distillation
by-products may be formed during solar distillation when the seawater contains organic
pollutants. To explore the total amount of halogenated distillation by-products, total
organic halogen (TOX) was used as a comprehensive index to quantitatively analyze and
compare different distillation by-products in condensed freshwater with the addition of
PMS and PDS [40,41]. Under 1 sun irradiance, the concentrations of TOCl in condensed
freshwater with the addition of PMS and PDS were 0.86 mg/L and 4.48 mg/L (Figure 6),
which means a lower amount of chlorinated distillation by-products were formed with
the addition of PMS. With the increase in solar intensity to 4 sun solar irradiance, the
concentrations of TOCl in the condensed freshwater with the addition of PMS and PDS
were 1.84 mg/L and 6.64 mg/L, respectively. This is because stronger solar intensity leads
to higher temperatures on the evaporator surface. The stronger solar intensity and higher
temperature are beneficial for the activation of PS to form more active chlorines, which in
the next step produce more chlorinated distillation by-products. Moreover, total organic
bromine (TOBr) with concentrations of 1.2 mg/L and 21 mg/L were found in condensed
freshwater with the addition of PMS and PDS, respectively, suggesting the existence of
brominated distillation by-products.
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Figure 6. Total organic halogen (TOX) concentration in condensed freshwater with the addition
of PMS and PDS under different solar intensities. Experimental conditions: [Phenol]0 = 10 mg/L,
[PMS] = 1 mmol/L, [PDS] = 10 mmol/L.

To further analyze the halogenated distillation by-products in condensed freshwater,
13C labeled phenols in different solutions (e.g., group 1: 3.5 wt% NaCl solution, group 2:
3.5 wt% NaBr solution, group 3: 3.5 wt% NaCl mixed with 0.09 wt% NaBr solution, and
group 4: actual seawater) with concentrations of 10 mg/L were used as the feedwater, and
the results are shown in Figure S3 and Table S2, Supporting Information. With the addition
of PMS, trichlorophenol, and monochlorophenol were detected in group 1, tribromophenol
was detected in group 2, trichlorophenol, 2-bromo-2,5-cyclohexadien-1-one, 4-bromo-
2,5-dichloropheno and tribromophenol were detected in group 3, and trichlorophenol,
dibromophenol, dibromobenzoquinone, tribromophenol, and 2,4-dibromo-5-chlorophenol
were detected in group 4. With the addition of PDS, trichlorophenol was detected in
group 1, dibromophenol, dibromobenzoquinone, and tribromophenol were detected in
group 2, and tribromophenol was detected in group 3, 2,4-dichlorophenol, 2,6-dichloro-
1,4-benzoquinone, trichlorophenol, 2,6-dibromophenol, 2,6-dibromo-1,4-benzoquinone,
2-chloro-4,6-dibromophenol, and 2-bromo-4,6-dichlorophenol were detected in group 4.
Based on the above by-product detection, a possible transformation pathway of the phe-
nol was speculated (Figure 7). First, the formed active halogen reacts with phenol to
form halogenated phenols, including monohalogenated phenols, dihalogenated phenols,
and trihalogenated phenols. Second, the halogenated phenols can be further oxidized by
the •OH and SO4

•− to form monohalogenated cyclohexadienone, dihalogenated cyclo-
hexadienone, and trihalogenated cyclohexadienone [42]. Meanwhile, monohalogenated
cyclohexadienone can be further halogenated to dihalogenated cyclohexadienone and
trihalogenated cyclohexadienone. Finally, the benzene ring is opened and transformed into
a small molecular organic species.
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4. Conclusions

In summary, we demonstrated the inhibition of phenol from entering condensed
freshwater by activated persulfate during solar-driven seawater desalination. The activated
persulfate process can make full use of the advantages of interfacial solar distillation, such
as high surface temperature, sufficient solar irradiance, photothermal material, and high
salinity, thereby effectively inhibiting phenol from entering freshwater. Compared with
PDS, PMS had a higher phenol removal efficiency, lower dosage, and lower halogenated
distillation by-products, which make it more suitable for inhibiting phenol from entering
freshwater. More importantly, the problem that the formation of halogenated distillation
by-products in condensed freshwater during the solar-driven seawater distillation process
by activated persulfate should be given more attention in the future.
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evaporator; Figure S2: TOC concentration in condensed freshwater by the EPE/PTFE/FB/MoS2
evaporator with and without addition of PDS; Figure S3: The halogenated distillation by-products in
freshwater detected by UPLC/ESI-tqMS in (a) group 1, (b) group 2, (c) group 3, and (d) group 4.; Table
S1: Summary of representative photothermal materials under solar irradiance; Table S2: Formation of
halogenated distillation by-products in freshwater in different groups. See refs. [7,43–55].

Author Contributions: Conceptualization, M.Y. and T.Z.; Methodology, X.Z.; Validation, X.Z. and
M.Y.; Investigation, X.Z., N.T., W.J., X.W. and M.Y.; Resources, M.Y.; Data curation, X.Z. and M.Y.;
Writing—original draft preparation, X.Z.; Writing—review and editing, M.Y.; Supervision, M.Y. and
T.Z.; Project administration, M.Y.; Funding acquisition, M.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: The present work was financially supported by the National Natural Science Foundation
of China (Grant No. 52070161) and the Science Foundation of Donghai Laboratory (Grant No.
DH-2022KF0301).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/molecules27217160/s1
https://www.mdpi.com/article/10.3390/molecules27217160/s1


Molecules 2022, 27, 7160 10 of 12

Nomenclature

VOCs volatile organic compounds
PS persulfate
PMS peroxymonosulfate
PDS peroxodisulfate
RD pollutant distillation concentration ratio
EPE expandable polyethylene
PTFE polytetrafluoroethylene
FB fiberglass membrane
TOCl total organic chlorine

References
1. Zhang, T.; Li, Y.T.; Li, C.U.; Sun, S.Y. Effect of salinity on oil production: Review on low salinity waterflooding mechanisms and

exploratory study on pipeline scaling. Oil Gas Sci. Technol. 2020, 75, 16. [CrossRef]
2. Chen, R.; Zhu, K.H.; Gan, Q.M.; Yu, Y.Q.; Zhang, T.Q.; Liu, X.W.; Ye, M.M.; Yin, Y.D. Interfacial solar heating by self-assembled

Fe3O4@C film for steam generation. Mat. Chem. Front. 2017, 1, 2620–2626. [CrossRef]
3. Hao, D.D.; Yang, Y.D.; Xu, B.; Cai, Z.S. Efficient solar water vapor generation enabled by water-absorbing polypyrrole coated

cotton fabric with enhanced heat localization. Appl. Therm. Eng. 2018, 141, 406–412. [CrossRef]
4. Wang, Z.Z.; Ye, Q.X.; Liang, X.B.; Xu, J.L.; Chang, C.; Song, C.Y.; Shang, W.; Wu, J.B.; Tao, P.; Deng, T. Paper-based membranes on

silicone floaters for efficient and fast solar-driven interfacial evaporation under one sun. J. Mater. Chem. A 2017, 5, 16359–16368.
[CrossRef]

5. Wang, Q.; Wang, L.; Song, S.; Li, Y.; Jia, F.; Feng, T.; Hu, N. Flexible 2D@3D Janus evaporators for high-performance and
continuous solar desalination. Desalination 2022, 525, 9. [CrossRef]

6. Han, X.; Wang, W.P.; Zuo, K.C.; Chen, L.; Yuan, L.; Liang, J.; Li, Q.L.; Ajayan, P.M.; Zhao, Y.; Lou, J. Bio-derived ultrathin
membrane for solar driven water purification. Nano Energy 2019, 60, 567–575. [CrossRef]

7. Noureen, L.; Xie, Z.J.; Gao, Y.J.; Li, M.M.; Hussain, M.; Wang, K.; Zhang, L.B.; Zhu, J.T. Multifunctional Ag3PO4-rgo-coated
textiles for clean water production by solar-driven evaporation, photocatalysis, and disinfection. ACS Appl. Mater. Interfaces 2020,
12, 6343–6350. [CrossRef]

8. Huang, H.; Zhao, L.; Yu, Q.; Lin, P.L.; Xu, J.; Yin, X.Z.; Chen, S.H.; Wang, H.; Wang, L.X. Flexible and highly efficient bilayer
photothermal paper for water desalination and purification: Self-floating, rapid water transport, and localized heat. ACS Appl.
Mater. Interfaces 2020, 12, 11204–11213. [CrossRef]

9. Li, W.B.; Wang, J.X.; Gong, H. Catalytic combustion of VOCs on non-noble metal catalysts. Catal. Today 2009, 148, 81–87.
[CrossRef]

10. Zhang, K.F.; Chang, S.; Fu, Q.; Sun, X.B.; Fan, Y.T.; Zhang, M.L.; Tu, X.; Qadeer, A. Occurrence and risk assessment of volatile
organic compounds in multiple drinking water sources in the Yangtze River Delta region, China. Ecotox. Environ. Safe 2021, 225,
11. [CrossRef]

11. Chen, R.; Zhang, T.Q.; Kim, J.; Peng, H.; Ye, M.M.; Huang, C.H. Interfacial solar distillation for freshwater production: Fate of
volatile and semivolatile organic contaminants. Environ. Sci. Technol. 2021, 55, 6248–6256. [CrossRef]

12. Shi, L.; Shi, Y.; Zhuo, S.F.; Zhang, C.L.; Aldrees, Y.; Aleid, S.; Wang, P. Multi-functional 3D honeycomb ceramic plate for clean
water production by heterogeneous photo-Fenton reaction and solar-driven water evaporation. Nano Energy 2019, 60, 222–230.
[CrossRef]

13. Davidson, C.J.; Hannigan, J.H.; Bowen, S.E. Effects of inhaled combined Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX):
Toward an environmental exposure model. Environ. Toxicol. Pharmacol. 2021, 81, 14. [CrossRef] [PubMed]

14. Yang, Y.; Luo, H.; Liu, R.R.; Li, G.Y.; Yu, Y.X.; An, T.C. The exposure risk of typical VOCs to the human beings via inhalation
based on the respiratory deposition rates by proton transfer reaction-time of flight-mass spectrometer. Ecotox. Environ. Safe 2020,
197, 8. [CrossRef] [PubMed]

15. Sarma, S.N.; Kim, Y.J.; Ryu, J.C. Gene expression profiles of human promyelocytic leukemia cell lines exposed to volatile organic
compounds. Toxicology 2010, 271, 122–130. [CrossRef]

16. Williams, P.; Benton, L.; Warmerdam, J.; Sheehan, P. Comparative risk analysis of six volatile organic compounds in California
drinking water. Environ. Sci. Technol. 2002, 36, 4721–4728. [CrossRef]

17. Zhou, X.Y.; Guo, Y.H.; Zhao, F.; Yu, G.H. Hydrogels as an emerging material platform for solar water purification. Acc. Chem. Res.
2019, 52, 3244–3253. [CrossRef]

18. Song, C.J.; Qi, D.P.; Han, Y.; Xu, Y.; Xu, H.B.; You, S.J.; Wang, W.; Wang, C.; Wei, Y.; Ma, J. Volatile-organic-compound-intercepting
solar distillation enabled by a photothermal/photocatalytic nanofibrous membrane with dual-scale pores. Environ. Sci. Technol.
2020, 54, 9025–9033. [CrossRef]

19. Wen, C.Y.; Yang, J.; Guo, H.S.; Li, Q.S.; Zhang, X.Y.; Wang, X.D.; Cao, M.Y.; Zhang, L. Zwitterionic functionalized catalytic
evaporator enables simultaneous solar distillation and organic pollutant degradation. Appl. Energy 2022, 321, 10. [CrossRef]

http://doi.org/10.2516/ogst/2020045
http://doi.org/10.1039/C7QM00374A
http://doi.org/10.1016/j.applthermaleng.2018.05.117
http://doi.org/10.1039/C7TA03262E
http://doi.org/10.1016/j.desal.2021.115483
http://doi.org/10.1016/j.nanoen.2019.03.089
http://doi.org/10.1021/acsami.9b16043
http://doi.org/10.1021/acsami.9b22338
http://doi.org/10.1016/j.cattod.2009.03.007
http://doi.org/10.1016/j.ecoenv.2021.112741
http://doi.org/10.1021/acs.est.0c07191
http://doi.org/10.1016/j.nanoen.2019.03.039
http://doi.org/10.1016/j.etap.2020.103518
http://www.ncbi.nlm.nih.gov/pubmed/33132182
http://doi.org/10.1016/j.ecoenv.2020.110615
http://www.ncbi.nlm.nih.gov/pubmed/32325328
http://doi.org/10.1016/j.tox.2010.03.014
http://doi.org/10.1021/es020725y
http://doi.org/10.1021/acs.accounts.9b00455
http://doi.org/10.1021/acs.est.9b07903
http://doi.org/10.1016/j.apenergy.2022.119372


Molecules 2022, 27, 7160 11 of 12

20. Zuo, S.Y.; Xia, D.S.; Guan, Z.Y.; Yang, F.; Cheng, S.; Xu, H.M.; Wan, R.Z.; Li, D.Y.; Liu, M. Dual-functional CuO/CN for highly
efficient solar evaporation and water purification. Sep. Purif. Technol. 2021, 254, 10. [CrossRef]

21. Liu, H.L.; Xu, M.J.; Li, G.Y.; Zhang, W.P.; An, T.C. Solar-light-triggered regenerative adsorption removal of styrene by silver
nanoparticles incorporated in metal-organic frameworks. Environ. Sci. Nano 2021, 8, 543–553. [CrossRef]

22. Chen, K.Y.; Lai, W.W.P.; Wang, H.J.; Lin, C.C.; Chen, C.W.; Lin, A.Y.C. Clean water generation through a multifunctional activated
carbon-TiO2 interfacial solar distillation system. RSC Adv. 2021, 11, 23036–23044. [CrossRef] [PubMed]

23. Liang, X.; Feng, W.H.; Liang, D.; Xu, Y.; Qiu, X.Q. Hydroxyl/amino and Fe (III) co-grafted graphite carbon nitride for photocatalytic
removal of volatile organic compounds. Environ. Res. 2021, 197, 14. [CrossRef] [PubMed]

24. Jiang, N.; Xu, H.D.; Wang, L.H.; Jiang, J.; Zhang, T. Nonradical oxidation of pollutants with single-atom-Fe (III)-activated
persulfate: Fe(V) being the possible intermediate oxidant. Environ. Sci. Technol. 2020, 54, 14057–14065. [CrossRef] [PubMed]

25. Manos, D.; Miserli, K.; Konstantinou, I. Perovskite and spinel catalysts for sulfate radical-based advanced oxidation of organic
pollutants in water and wastewater systems. Catalysts 2020, 10, 1299. [CrossRef]

26. Wang, S.Z.; Wang, J.L. Degradation of carbamazepine by radiation-induced activation of peroxymonosulfate. Chem. Eng. J. 2018,
336, 595–601. [CrossRef]

27. Tang, S.F.; Tang, J.C.; Yuan, D.L.; Wang, Z.T.; Zhang, Y.T.; Rao, Y.D. Elimination of humic acid in water: Comparison of UV/PDS
and UV/PMS. RSC Adv. 2020, 10, 17627–17634. [CrossRef]

28. Milh, H.; Cabooter, D.; Dewil, R. Role of process parameters in the degradation of sulfamethoxazole by heat-activated per-
oxymonosulfate oxidation: Radical identification and elucidation of the degradation mechanism. Chem. Eng. J. 2021, 422, 11.
[CrossRef]

29. Chen, R.; Wang, X.; Gan, Q.M.; Zhang, T.Q.; Zhu, K.H.; Ye, M.M. A bifunctional MoS2-based solar evaporator for both efficient
water evaporation and clean freshwater collection. J. Mater. Chem. A 2019, 7, 11177–11185. [CrossRef]

30. Wang, X.; Gan, M.; Chen, R.; Peng, H.; Zhang, T.Q.; Ye, M.M. Water Delivery Channel Design in Solar Evaporator for Efficient
and Durable Water Evaporation with Salt Rejection. ACS Sustain. Chem. Eng. 2020, 8, 7753–7761. [CrossRef]

31. Xiao, Y.Y.; Li, C.X.; Zhou, X.J.; Tao, N.Y.; Ye, M.M. Removal of typical volatile organic compounds in condensed freshwater by
activated persulfate during interfacial solar distillation. ACS ES&T Water 2021, 1, 2423–2430.

32. Oyekunle, D.T.; Cai, J.Y.; Gendy, E.A.; Chen, Z.Q. Impact of chloride ions on activated persulfates based advanced oxidation
process (AOPs): A mini review. Chemosphere 2021, 280, 13. [CrossRef] [PubMed]

33. Peng, J.; Wan, A.M. Effect of ionic strength on Henry’s constants of volatile organic compounds. Chemosphere 1998, 36, 2731–2740.
[CrossRef]

34. Guo, Y.G.; Zhou, J.; Lou, X.Y.; Liu, R.L.; Xiao, D.X.; Fang, C.L.; Wang, Z.H.; Liu, J.S. Enhanced degradation of tetrabromobisphenol
A in water by a UV/base/persulfate system: Kinetics and intermediates. Chem. Eng. J. 2014, 254, 538–544. [CrossRef]

35. Guo, Y.Q.; Liang, H.; Li, G.B.; Xu, D.L.; Yan, Z.S.; Chen, R.; Zhao, J.; Tang, X.B. A solar photo-thermochemical hybrid system using
peroxydisulfate for organic matters removal and improving ultrafiltration membrane performance in surface water treatment.
Water Res. 2021, 188, 13. [CrossRef]

36. Ma, J.; Li, H.Y.; Yang, Y.Q.; Li, X.N. Influence of water matrix species on persulfate oxidation of phenol: Reaction kinetics and
formation of undesired degradation byproducts. Water Sci. Technol. 2018, 2017, 340–350. [CrossRef]

37. Liu, K.; Lu, J.H.; Ji, Y.F. Formation of brominated disinfection by-products and bromate in cobalt catalyzed peroxymonosulfate
oxidation of phenol. Water Res. 2015, 84, 1–7. [CrossRef]

38. Neta, P.; Grodkowski, J.; Ross, A.B. Rate constants for reactions of aliphatic carbon-centered radicals in aqueous solution. J. Phys.
Chem. Ref. Data 1996, 25, 709–1050. [CrossRef]

39. Buxton, G.V.; Bydder, M.; Salmon, G.A. The reactivity of chlorine atoms in aqueous solution—Part II. The equilibrium
SO4−+Cl−reversible arrow Cl−+SO4

2. PCCP Phys. Chem. Chem. Phys. 1999, 1, 269–273. [CrossRef]
40. Abusallout, I.; Rahman, S.; Hua, G.H. Effect of temperature and pH on dehalogenation of total organic chlorine, bromine and

iodine in drinking water. Chemosphere 2017, 187, 11–18. [CrossRef]
41. Kristiana, I.; McDonald, S.; Joll, C.A. The forest or the trees: A critical review on the analysis of total organic halogen (TOX) in

drinking waters and its utility as a water quality parameter. Environ. Sci. Water Res. Technol. 2020, 6, 2313–2330. [CrossRef]
42. Fischer, A.; Henderson, G.N. Ipso chlorination of 4-alkylphenols-formation of 4-alkyl-4-chlorocyclohexa-2,5-dienones. Can. J.

Chem. Rev. Can. Chim. 1979, 57, 552–557. [CrossRef]
43. Li, J.Y.; Zhou, X.; Chen, G.B.; Wang, F.; Mao, J.L.; Long, Y.; Sun, H.X.; Zhu, Z.Q.; Liang, W.D.; Li, A. Evaporation efficiency

monitoring device based on biomass photothermal material for salt-resistant solar-driven interfacial evaporation. Sol. Energy
Mater. Sol. Cells 2021, 222, 9. [CrossRef]

44. Xu, Y.; Xu, H.B.; Zhu, Z.G.; Hou, H.Q.; Zuo, J.L.; Cui, F.Y.; Liu, D.M.; Wang, W. A mechanically durable, sustained corrosion-
resistant photothermal nanofiber membrane for highly efficient solar distillation. J. Mater. Chem. A 2019, 7, 22296–22306.
[CrossRef]

45. Chen, Z.C.; Li, A.; Chen, X.M. Porous graphene/polyimide membrane with a three-dimensional architecture for rapid and
efficient solar desalination via interfacial evaporation. ACS Sustain. Chem. Eng. 2020, 8, 13850–13858. [CrossRef]

46. Zhu, B.; Kou, H.; Liu, Z.X.; Wang, Z.J.; Macharia, D.K.; Zhu, M.F.; Wu, B.H.; Liu, X.G.; Chen, Z.G. Flexible and washable
CNT-embedded pan nonwoven fabrics for solar-enabled evaporation and desalination of seawater. ACS Appl. Mater. Interfaces
2019, 11, 35005–35014. [CrossRef] [PubMed]

http://doi.org/10.1016/j.seppur.2020.117611
http://doi.org/10.1039/D0EN01011A
http://doi.org/10.1039/D1RA02185K
http://www.ncbi.nlm.nih.gov/pubmed/35480454
http://doi.org/10.1016/j.envres.2021.111044
http://www.ncbi.nlm.nih.gov/pubmed/33753076
http://doi.org/10.1021/acs.est.0c04867
http://www.ncbi.nlm.nih.gov/pubmed/33094996
http://doi.org/10.3390/catal10111299
http://doi.org/10.1016/j.cej.2017.12.068
http://doi.org/10.1039/D0RA01787F
http://doi.org/10.1016/j.cej.2021.130457
http://doi.org/10.1039/C9TA02002K
http://doi.org/10.1021/acssuschemeng.9b06844
http://doi.org/10.1016/j.chemosphere.2021.130949
http://www.ncbi.nlm.nih.gov/pubmed/34162111
http://doi.org/10.1016/S0045-6535(97)10232-6
http://doi.org/10.1016/j.cej.2014.05.143
http://doi.org/10.1016/j.watres.2020.116482
http://doi.org/10.2166/wst.2018.147
http://doi.org/10.1016/j.watres.2015.07.015
http://doi.org/10.1063/1.555978
http://doi.org/10.1039/a807808d
http://doi.org/10.1016/j.chemosphere.2017.07.149
http://doi.org/10.1039/D0EW00300J
http://doi.org/10.1139/v79-089
http://doi.org/10.1016/j.solmat.2020.110941
http://doi.org/10.1039/C9TA05042F
http://doi.org/10.1021/acssuschemeng.0c05306
http://doi.org/10.1021/acsami.9b12806
http://www.ncbi.nlm.nih.gov/pubmed/31466452


Molecules 2022, 27, 7160 12 of 12

47. Xu, Y.; Ma, J.X.; Liu, D.Q.; Xu, H.B.; Cui, F.Y.; Wang, W. Origami system for efficient solar driven distillation in emergency water
supply. Chem. Eng. J. 2019, 356, 869–876. [CrossRef]

48. Qiao, P.Z.; Wu, J.X.; Li, H.Z.; Xu, Y.C.; Ren, L.; Lin, K.; Zhou, W. Plasmon ag-promoted solar-thermal conversion on floating
carbon cloth for seawater desalination and sewage disposal. ACS Appl. Mater. Interfaces 2019, 11, 7066–7073. [CrossRef]

49. Shang, M.Y.; Xu, S.H.; Li, J.L.; Sun, H.J.; Peng, J.; Wang, S.; Zhang, M. CuS hollow nanospheres/cellulose composite film as a
recyclable interfacial photothermal evaporator for solar steam generation. Energy Technol. 2022, 10, 9. [CrossRef]

50. Mnoyan, A.; Choi, M.; Kim, D.H.; Ku, B.J.; Kim, H.; Lee, K.J.; Yasin, A.S.; Nam, S.; Lee, K. Cheap, facile, and upscalable activated
carbon-based photothermal layers for solar steam generation. RSC Adv. 2020, 10, 42432–42440. [CrossRef]

51. Wu, S.H.; Gong, B.Y.; Yang, H.C.; Tian, Y.K.; Xu, C.X.; Guo, X.Z.; Xiong, G.P.; Luo, T.F.; Yan, J.H.; Cen, K.F.; et al. Plasma-made
graphene nanostructures with molecularly dispersedF and Na sites for solar desalination of oil-contaminated seawater with
complete in-water and in-air oil rejection. ACS Appl. Mater. Interfaces 2020, 12, 38512–38521. [CrossRef] [PubMed]

52. Peng, G.L.; Ding, H.R.; Sharshir, S.W.; Li, X.J.; Liu, H.C.; Ma, D.K.; Wu, L.R.; Zang, J.F.; Liu, H.; Yu, W.; et al. Low-cost
high-efficiency solar steam generator by combining thin film evaporation and heat localization: Both experimental and theoretical
study. Appl. Therm. Eng. 2018, 143, 1079–1084. [CrossRef]

53. Xue, G.B.; Liu, K.; Chen, Q.; Yang, P.H.; Li, J.; Ding, T.P.; Duan, J.J.; Qi, B.; Zhou, J. Robust and Low-Cost Flame-Treated Wood for
High-Performance Solar Steam Generation. ACS Appl. Mater. Interfaces 2017, 9, 15052–15057. [CrossRef] [PubMed]

54. Zhang, C.; Peng, X.; Feng, N.; Yan, L.K.; Liu, Q.Q.; Zhang, D.; Gu, J.C.; Wang, W.Q.; Chen, T. Converting pomelo peel into
eco-friendly and low-consumption photothermic biomass sponge toward multifunctioal solar-to-heat conversion. ACS Sustain.
Chem. Eng. 2020, 8, 5328–5337. [CrossRef]

55. Ni, F.; Xiao, P.; Qiu, N.X.; Zhang, C.; Liang, Y.; Gu, J.C.; Xia, J.Y.; Zeng, Z.X.; Wang, L.P.; Xue, Q.J.; et al. Collective behaviors
mediated multifunctional black sand aggregate towards environmentally adaptive solar-to-thermal purified water harvesting.
Nano Energy 2020, 68, 10. [CrossRef]

http://doi.org/10.1016/j.cej.2018.09.070
http://doi.org/10.1021/acsami.8b20665
http://doi.org/10.1002/ente.202100805
http://doi.org/10.1039/D0RA07746A
http://doi.org/10.1021/acsami.0c07921
http://www.ncbi.nlm.nih.gov/pubmed/32657570
http://doi.org/10.1016/j.applthermaleng.2018.08.004
http://doi.org/10.1021/acsami.7b01992
http://www.ncbi.nlm.nih.gov/pubmed/28402107
http://doi.org/10.1021/acssuschemeng.0c00681
http://doi.org/10.1016/j.nanoen.2019.104311

	Introduction 
	Experimental Section 
	Materials 
	Preparation of the EPE/PTFE/FB/MoS2 Evaporator 
	Solar Evaporation 
	Solar Distillation 
	Total Organic Chlorine and Total Organic Bromine Detection 
	Distillation By-Products Detection 

	Experimental Section 
	Solar Evaporation 
	Solar Distillation by Activated Persulfate 
	Activation Mechanism 

	Conclusions 
	References

