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Abstract: Triclosan (TCS), a broad-spectrum bacteriostatic agent with bactericidal and disinfectant
properties, is one of the emerging pollutants of great interest. The electrically activated persulfate-
coupled carbon membrane system was studied in this paper. The removal of triclosan achieved 90%
within 40 min. Complete degradation can be achieved within 90 min. The electrode was characterized
by scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS). The optimal
reaction conditions were explored. The catalytic mechanism of the reaction was investigated. It was
proved that hydroxyl radicals, sulfate radicals, and singlet oxygen were the main reactive oxygen
species in the reaction process by the free radical quenching experiment and electron paramagnetic
resonance spectrometer. The degradation path and mechanism of triclosan were investigated.

Keywords: advanced oxidation process; tubular carbon membrane; hydroxyl radical; singlet oxygen

1. Introduction

There are new pollutants, such as personal care products, that cause unavoidable
pollution of the environment. They have been getting a lot of attention, and their treatment
is therefore of increasing importance [1-5]. Triclosan (5-chloro-2-(2,4-dichlorophenoxy)
phenol, TCS), as one of the emerging pollutants of high concern, is a broad-spectrum
bacteriostatic agent with bactericidal and disinfectant properties. It was widely used in
antibacterial soaps, deodorants, mouthwashes, toothpastes, cosmetics, and other personal
hygiene products [6-8]. In recent years, due to the wider application of triclosan, it can
be detected in municipal wastewater, surface water, and groundwater [9,10]. In Europe,
at least 350 tons of TCS were discharged into the natural environment every year, and
TCS accounted for 0.1~0.3% of the mass fraction of care products used per person each
year [11-13]. In the United States, about 139 rivers have been tested, of which more
than 112 rivers have been tested for excessive TCS content [14]. TCS is hydrophobic
and lipophilic at the same time (logKow = 4.8 at pH = 7), with some accumulation in
the biome [15-18]. The potential toxicity of TCS to organisms has been demonstrated in
previous studies. According to reports, TCS can be transferred from birds to embryos and
impact the health of offspring [19]. In addition, the presence of TCS in water can lead to
the formation of chloroform and related trihalomethanes, as well as chlorinated dioxins
produced by chlorine disinfection [20]. TCS has a high adsorption potential and easily
precipitates in the environment due to its high octanol-water partition coefficient (logKow
of 4.8) [15,16].
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Persulfates (PS) have the ability to oxidize pollutants in water. Persulfates are water
soluble and stable in water for months. PS ionizes in water to form more stable persulfate
(S,0527) with a longer half-life. Its oxidation reduction potential (Eg = 2.01 V) is close to
ozone (Ep = 2.07 V) and higher than permanganate (Ey = 1.7 V) and hydrogen peroxide
(Eg = 1.77 V). PS has high redox potential and contains O-O bonds, but it has a high bond
energy (140 k] /mol) and does not easily react directly with organic matter [21]. Persulfates
activation is an advanced oxidation technique comparable to conventional Fenton reactions.
When PS is activated, many reactive free radicals, such as hydroxyl radical (*OH), sulfate
radical (504°~), and singlet oxygen ('O,), are generated. These active species can degrade
various aqueous organic pollutants. Compared with the Fenton reaction based on the
*OH, the sulfate radical has a high redox potential (2.5~3.1 V) and is more stable than the
*OH [22-24]. Due to their high redox potential, sulfate radicals can achieve the degrada-
tion of most of the pollutants in water [25,26]. As shown in previous studies, persulfate
can be activated by heat, ultraviolet (UV), alkali, hydrogen peroxide, and transition met-
als [10,27,28]. In recent years, activated-persulfate-based advanced oxidation techniques
have received increasing attention from researchers due to their high oxidative properties
and non-selectivity for pollutants. The combined electrochemical and persulfate process
for the treatment of pollutants has the advantages of a high removal rate, wide adaptability
to external conditions, and a long half-life of the generated radicals [21]. In recent years,
the commonly used electrochemical oxidation electrodes are mainly metal and metal oxide
electrodes, diamond electrodes, and photochemical electrodes. Electroactivated persulfate
degradation pollutants can achieve a higher removal rate. However, for electrically acti-
vated persulfate, limited mass transfer remains the main problem limiting the efficiency
of the reaction. Although the catalyst can provide more active sites, the reaction often
takes a long time for pollutant degradation due to mass transfer limitation, making it less
efficient. In addition, the choice of electrode materials is another important factor limiting
its reaction.

In order to overcome these problems, new materials and techniques have been de-
veloped to activate persulfates. Carbon material is a new type of heterogeneous activated
persulfate catalyst. It has a large specific surface area and pore capacity, acid and base
resistance, and a high utilization rate [29-31]. Carbon materials exist in the environment,
such as activated carbon, biomass char, graphite, graphene, carbon nanotubes, etc. These
carbon materials can activate persulfate due to the defects of carbon produced by sp?/sp®
hybrid carbon and the oxygen groups on their surface. It has been shown that the catalytic
properties of carbon materials are related to the conformation, oxygen functional groups,
degree of defects, and size structure of the pristine carbon [32,33]. Activation of persulfate
by carbon-based catalysts generates both free and non-free radicals. Many carbon materials
(such as biomass carbon, graphite, and graphene) themselves have low economic cost
and rich resources, so they provide more possibilities and advantages in the selection
of activated persulfate materials. In actual wastewater treatment, when considering the
economic cost and the practicability of materials, the possibility of practical application
is wider. Therefore, the use of carbon membrane as an electrode material coupled with
electrochemical persulfate technology has largely solved the complex problems of electrode
materials brought by previous researchers in the electroactivated persulfate process. The
carbon membrane itself has a certain adsorption effect on pollutants, with a high specific
surface area and high electronic conductivity, therefore, it is an electrode material more
suitable for activating persulfates. During the reaction process of the electrochemically
activated persulfate-coupled carbon membrane, due to the high specific surface area of
the carbon membrane and its good conductivity, pollutants can be gathered on its surface,
which can achieve better mass transfer. In addition, the addition of carbon and electric-
ity can increase the possibility of activating persulfate, which can improve degradation
efficiency, and it is expected to be able to efficiently remove traces of refractory organic
pollutants in actual water bodies.
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In this study, electroactivated persulfate-coupled carbon membrane system was con-
structed. The removal mechanism of triclosan in this system was investigated. Various
characterization methods were used to characterize the tubular carbon membrane electrode.
In order to study the activation of persulfate, quenching experiments and electron param-
agnetic resonance (EPR) spectrometer characterization were conducted. The main active
species in the reaction were studied. Furthermore, the degradation pathway of triclosan
was investigated by liquid chromatography—tandem mass spectrometry (LC-MS/MS).

2. Results and Discussion
2.1. The Degradation of TCS

The degradation effect of TCS by the system of tubular carbon membrane/peroxydisulfate /
electric was studied. For comparison, we also performed experiments on two systems: tubu-
lar carbon membrane/peroxydisulfate and tubular carbon membrane/electric. As shown
in Figure 1a, the degradation of TCS in the three combined processes was very fast in the
first 10 min, which was due to the fact that the membrane electrode in the combined process
was made of carbon material, which had a certain adsorption effect [34,35]. However, the
prepared carbon membrane electrode itself has pores, and there is an intra-pore diffusion
pathway. Therefore, the dual effects of adsorption and intra-pore diffusion increased the
mass transfer of the system. When using tubular carbon membrane/peroxydisulfate to
degrade TCS, the degradation efficiency reached more than 80% in 90 min, from which it
can be known that carbon-material-activated persulfate to degrade pollutants has a good
degradation effect, which is in line with previous studies [36,37]. Additionally, the system of
tubular carbon membrane/peroxydisulfate/electric had a higher removal efficiency under
the same conditions, which can reach a removal efficiency of more than 90% within 90 min.
TCS adsorption experiments showed that the tubular carbon film electrode has some ad-
sorption capacity for TCS, but this was not its main role (Figure 1b). It suggested that the
increased TCS degradation efficiency was not caused by adsorption but by the activation of
peroxydisulfate (PDS). Compared with tubular carbon membrane/peroxydisulfate/electric
processes, the other combined processes did not exhibit a better result. This was mainly
because, firstly, the added PDS not only served as an electrolyte to facilitate electron transfer,
but it can also be activated by the carbon material [38]. Secondly, this was also due to the
adsorption of carbon materials and the presence of pores in the prepared carbon membrane
electrodes themselves, and the presence of intra-pore diffusion pathways. Therefore, the
dual effect of adsorption and intra-pore diffusion increased the mass transfer rate of the
system, and the system was able to further improve the oxidative capacity of the system
through the synergistic activation of peroxydisulfate by carbon materials and electrochem-
istry. From the scanning electron microscope images, it was clear that a large number of
small fragments appeared on the surface of the membrane after the reaction (Figure 2b),
compared with the one before the reaction (Figure 2a). This was due to the activation of
persulfate in the carbon membrane, the reaction of the carbon material in certain pores,
and the formation of small molecules after the degradation of the TCS, resulting in small
fragments of the carbon membrane electrode.

2.2. Characterization of the Electrodes

To understand the basic structural properties of the tubular carbon membrane, the
XPS, Raman, and SEM mapping of it were performed (Figure 3). As shown in the XPS, the
main components of the tubular carbon membrane were carbon and minerals. According to
previous studies, carbon materials had the ability to activate persulfate [33,38]. In addition,
it has been reported that the presence of elemental nitrogen favors the generation of active
sites for the activation of persulfate, and, depending on the type of nitrogen present, it
favors the promotion of the oxidation process [39]. The common phenotypes of nitrogen
present are pyridine nitrogen, pyrrole nitrogen, graphitic nitrogen, and nitrogen oxides,
and the corresponding peak positions are 398 eV, 400 eV, 401 eV, and 403.3 eV. Whereas the
presence of pyridine nitrogen is favorable for the generation of redox sites, the presence
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of graphitic nitrogen is beneficial to the generation of activation sites, which are favorable
for the activation of persulfate [40]. As can be seen in Figure 3b, it was found to be mainly
composed of pyridine nitrogen and graphitic nitrogen. Further results of the split-peak
plot showed that graphitic nitrogen dominated the content. Therefore, it was considered
that the presence of nitrogen was likely to promote the activation of persulfate to produce
sulphate radicals. Raman spectroscopy is mainly used to characterize the crystal structure,
disorder, doping state, and defects of graphene-based materials [41]. The relative intensity
of the peaks in the D band reflected the degree of disorder in the graphite crystal structure,
with peaks located between 1200 and 1450 cm ™. The peaks in the G band represent first-
order scattered E2g vibrational modes to represent the sp? bonding structure of the carbon
material, with peaks located between 1550 and 1600 cm~!. The D/G intensity ratio is used
to measure the disordered structure of graphite, and, in general, the larger the D/G ratio,
the more obvious the nature of graphene’s edges (e.g., defects, vacancies, etc.) [42]. The
Raman spectrum in Figure 3¢ showed that the D peak (defective structure) of the tubular
carbon film appeared at about 1361 cm~! and the G peak (graphite structure) appeared
at about 1600 cm~!. The intensity ratio (Ip/Ig) of the tubular carbon membrane was 0.85,
which was much higher than graphite (0.65), suggesting that more defective sites were
formed and the sp2 cluster number increased [43]. These results can prove the distribution
of the main elements on the tubular carbon membrane and that it had more defect sites,
which was conducive to the degradation of TCS. As shown in Figure 3d, the surface of the
carbon membrane contains the elements C, N, O, S, and Cl, small amounts of Al and Si,
which was consistent with the XPS results.
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Figure 1. (a) Three combination modes on the TCS removal efficiency. (b) Effect of adsorption on
degradation: [TCS]y = 5 mg-L~!; [PDS]y = 20 mg-L~; [electric]y =2 V; pH = 7.0.
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Figure 2. SEM images of the carbon membrane surface: (a) before reaction, (b) after the reaction.
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Figure 3. (a,b) XPS survey. (c) Raman spectra of tubular carbon membrane. (d) The SEM mapping
image of tubular carbon membrane.
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2.3. Free Radical Recognition

Activation of PS has been reported to generate SO4°~, and SO4°~ can further re-
act with HyO to form *OH [44]. In this work, the EPR spin-trapping technique us-
ing 5,5-Dietyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-Tetramethylpiperidine-1-oxylwere
(TEMP) was used to identify the radical species generated by the tubular carbon mem-
brane/PDS/electric systems (Figure 4). The reaction solution at 10 min and 40 min in
the reaction process was drawn for the detection and the signal of free radicals. It can be
determined that the reactive oxygen species were SO;°*~, *OH, and 10, [45,46]. It was
found that the signal generated by free radicals and non-radicals in 40 min was stronger
than that in 10 min. At the same time, the contribution of singlet oxygen played a major
role, which showed that as the reaction time increased, the accumulation of free radicals
and non-radicals was increased.
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Figure 4. EPR spectra obtained by spin-trapping with (a) DMPO and (b) TEMP in the presence of the
tubular carbon membrane/PDS/ electric system: [TCS]y =5 rng-L_1 ; [PDS]p =20 mg~L_1 ; [DMPO],
=200 mM; [TEMP]y = 80 mM; pH =7.0.
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2.4. Effects of Radical Scavengers

In order to investigate the degradation of TCS by a tubular carbon membrane coupled
with an electrochemically activated persulfate system, free radical quenching experiments
were carried out (Figure 5). It is reported that methanol has a strong quenching effect on
both SO4°*~and *OH, and tert-butanol has a strong quenching effect on *OH and a weak
quenching effect on SO4°~. Therefore, SO4°*~and *OH in the system can be distinguished by
methanol and tert-butanol. Tert-butanol was used as a free radical scavenger for *OH [47],
and furfuryl alcohol was used as scavenger for singlet oxygen (1O5) [48,49]. It is shown
in Figure 4 that during the reaction process, furfuryl alcohol, tert-butanol, and methanol,
respectively, inhibited the degradation of TCS, which resulted in the removal efficiency
reaching about 45%, 25%, and 15%, indicating that the reactive oxygen species were mainly
S04°*~, *OH, and '0;. According to the above results, it can be determined that the reaction
involves both free radicals and non-radicals.
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Figure 5. Degradation of TCS by the tubular carbon membrane/PDS/ electric system with radical
scavengers: [TCS]y =5 mglL_l; [PDS]g =20 mg-L_l; [Methanol]y = 0.5 M; [Furfuryl alcohol]y = 0.5 M;
[Tert-butanol]y = 0.5 M; pH =7.0.

2.5. PDS Concentration, Cycle Pump Flow Rate, and pH Impact

The effect of the PDS concentration and the flow rate of the cycle pump on TCS
degradation was investigated. In Figure 6a, when the PDS concentration was 10 mg-L~?,
the removal efficiency was 71%. This was mainly because the reduced SO4°*~ production
failed to fully oxidize the target pollutant. As the initial PDS increased, more SO4°*~ would
participate in the oxidation reaction, so that the removal efficiency of TCS was signifi-
cantly increased [50,51]. When the concentration was further increased, the degradation
efficiency of TCS was not significantly increased, due to excessive SO;°~ self-reaction or
self-quenching reaction with excess PDS, according to Equations (1) and (2). This phe-
nomenon demonstrated that there was more SO4°~ production, but it was not involved in
the oxidation reaction [52].

S04~ +S04°~ — S,03~ (1)

SO4*~ + 5,05~ — SO~ +$,05~ @)
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Figure 6. Degradation of TCS by the tubular carbon membrane/PDS/electric system with radical
scavengers, with respect to (a) PDS concentration, (b) speed of revolution, (c¢) pH: [TCS]y =5 mg-L‘l.

In Figure 6b, when the rotation speed increased from 10 to 15 rpm, the final removal
efficiency was not improved, and the removal efficiency in the interval time was not as
high as that of 10 rpm. This is attributed to the fact that increasing the rotational speed of
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the circulating pump can further promote the mass transfer of the system. Meanwhile, the
high mass transfer would cause TCS to occupy part of the active site, leading to slower
efficiency. When the speed reached 20 rpm, this resulted in some contaminants entering the
effluent vessel directly with the PDS without having time to react, resulting in a removal
efficiency of only 41%.

The pH is an important factor influencing the free radical production and degradation
effect during the PDS activation process [53,54]. Therefore, the initial pH was adjusted to
values of 3, 5, 7, and 9, respectively. In Figure 6¢, the degradation efficiency continuously
increases from 37% to the maximum as the pH increases from 3 to 7. Under acidic conditions,
more H* ions will remove the resulting SO4*~ and *OH, limiting the removal efficiency [55].
Under alkaline conditions, on the one hand, the adsorption capacity of carbon materials
for TCS was weakened. On the other hand, degradation of TCS by sulfate radicals was
reduced. In the meantime, the existence time of the hydroxyl radical was shorter than that
of the sulfate radical, and the mass transfer effect was not as good as that of the sulfate
radical. Therefore, TCS removal was less effective under alkaline conditions. In conclusion,
the best removal efficiency was achieved in neutral conditions [53].

2.6. Proposed Mechanism for the Removal of TCS

In this study, it was found that the carbon-membrane-coupled electric field exhibited
high catalytic activity toward PDS decomposition for TCS degradation. Therefore, iden-
tifying the substances involved in the reaction process will help to better understand the
degradation pathways. The solution of TCS was chosen as simulated wastewater to study
the degradation process in the present system with a voltage of 2 V.

The degradation products of triclosan were analyzed by negative ion mode electro-
spray mass spectrometry (-ESI-MS), and the structure of the degradation products was
determined according to the obtained mass spectra. The initial substrate was triclosan
(deprotonated quasi-molecular ion peak [M]" m/z 287 obtained by ionization in electro-
spray mass spectrometry). When the degradation reaction occurred, the main degradation
site occurred on the benzene ring in the molecular structure. On the benzene ring in the
structure, there were two main degradation reaction pathways: hydroxylation and dechlo-
rination. The first degradation reaction path is the cleavage of the Cyp>—O bond connecting
the benzene ring. The m/z 143 and m/z 161 are obtained, respectively. The latter is oxidized,
which obtained the hydroxylated products of the benzene ring m/z 177 and m/z 193. The
second degradation reaction pathway is represented by the continuous removal of chlorine
atoms from the benzene ring and the oxidative hydroxylation process to obtain the initial
intermediate products m/z 269, m/z 251, and m/z 233. Dechlorination was mainly due to
electron transfer induced by sulfate radicals [56]. In addition, electron transfer can form
carbon-centred radicals in the benzene ring, thus inducing hydroxylation in the benzene
ring [57]. The further degradation of the above products is proved by the oxidative ring
opening of the benzene ring. The further decarboxylation and the decarboxylation and
reoxidation correspond to three paths, respectively: the degradation products m/z 275,
m/z 231, m/z 205, and m/z 187; the degradation products m/z 257, m/z 213, and m/z 187;
and the degradation products m/z 239, m/z 195, m/z 169, etc. From the product m/z 233,
ring cracking can occur to obtain m/z 195. In addition, m/z 195 can be obtained from the
product m/z 233 by ring cracking.

The further degradation of the above products showed the oxidative ring opening
of the ring to obtain products, such as m/z 131 and m/z 133, which further degrade to
produce small molecules of carboxylic acid and that finally degrade to obtain H,O, CO32,
Cl™, etc. (Figure 7).
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Figure 7. Degradation pathways and mechanism of triclosan.

3. Materials and Methods
3.1. Chemicals

Triclosan (97%), furfuryl alcohol, and tert-butyl alcohol were obtained from Shanghai
Macklin Biochemical Bechnology Co., Ltd. (Shanghai, China). Potassium peroxodisulfate
was provided by Tianjin Beilian Fine Chemicals Development Co., Ltd. (Tianjin, China).
HPLC-grade methanol (MeOH) was used for sample analyses provided by Tianjin North
Tianyi Chemical Reagent Factory (Tianjin, China). All chemicals were of analytical grade
or higher and used as received without further purification. Deionized water was used in
all experiments.

3.2. Preparation of Carbon Membrane Electrode

Tubular carbon membranes (1 cm in diameter) were used for preparing the desired
electrodes. The tubular carbon membrane was cut into 7 cm long sections, rinsed with
deionized water and sonicated for 30 min, and then soaked in concentrated hydrochloric
acid for 24 h to remove surface impurities. Then, it was rinsed with deionized water until it
was neutral and put in an oven to dry. Both ends of the dried tubular carbon membrane
were sealed with epoxy resin and used as a carbon membrane electrode.

3.3. Degradation Experiments

An electrically activated persulfate-coupled carbon membrane reaction was performed
at room temperature (20 &£ 2 °C) in a single-chamber reactor (length 20 cm, 5 cm diameter)
made of quartz glass material. A tubular carbon membrane (length 7 cm) electrode was
used as the anode and a stainless steel mesh electrode was used as the cathode. The
stainless steel mesh surrounded the tubular carbon membrane, and the distance between
the stainless steel mesh and the tubular carbon membrane was 2.5 cm. The electrode
assembly was connected to a DC power supply (DJS-292C, Shanghai Xinrui Instrument Co.,
Ltd., Shanghai, China). The voltage used for the experiment was a constant voltage of 2 V.
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The concentration of triclosan was 5 mg-L~!. The concentration of potassium persulfate was
20 mg-L~!. Samples were extracted at predetermined intervals during the 90 min reaction
using 1 mL syringes and immediately filtered using 0.22 um polytetrafluoroethylene syringe
filters. The whole experiment was repeated three times.

3.4. Analytical Methods

The TCS concentration was measured using high-performance liquid chromatogra-
phy (HPLC, Shimadzu Corporation, Kyoto, Japan) with a UV detector wavelength of
282 nm equipped with a C18 column (5 um, 4.6 x 250 mm). The mobile phase was a
methanol/water mixture (80%/20%, v/v) with a flow rate of 1 mL-min ~! and a sample
volume of 20 uL with a column temperature of 40 °C. Intermediate products were identified
using a liquid chromatography-tandem mass spectrometry (LC-MS/MS) system (Waters
1/ Xevo G2Q-Tof, Waters, Milford, MA, USA) with a C18 column (1.8 um, 2.1 x 50 mm).
The active ingredients produced during the potassium peroxodisulfate activation process
were detected using electron paramagnetic resonance. DMPO was used to capture radicals
(504°*~ and *OH) and TEMP was used to capture singlet oxygen. The instrument was set
to a microwave frequency of 9.77 GHz, with a center field of 3498.68 G, a scan width of
100 G, and a modulation amplitude of 1 G.

4. Conclusions

In this study, an electroactivated persulfate-coupled carbon membrane system was con-
structed. The tubular carbon membrane/peroxydisulfate/electrochemical system achieved
more than 90% degradation of TCS within 90 min. The results showed that electrolysis had
a synergistic effect with the activation of persulfate by carbon materials. The adsorption
of carbon materials as well as the prepared carbon membrane electrodes themselves had
pores, and there was an intra-pore diffusion pathway. Thus, the dual effect of adsorption
and intra-pore diffusion increased the mass transfer capacity of the system and therefore
further improved the oxidative capacity of the system. In this case, appropriate operating
conditions favored the synergistic process and could promote the degradation of TCS. The
optimized conditions were as follows: a PDS dose of 20 mg L~!; an applied voltage of
2 V; an initial pH of 7; and a cycle pump flow rate of 15 rpm. The triclosan degradation
mechanism was proposed based on the LC-MS analysis. EPR results confirmed the forma-
tion of sulfate radical anions (SO4°~), hydroxyl radical (*OH), and singlet oxygen (10,) in
PDS activation.

This study contributed to a better understanding of the interaction between carbon ma-
terials and combined electrochemical and membrane technologies and provided potential
strategies for wastewater treatment based on persulfate activation.
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