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The removal of emerging micropollutants in the aquatic environment remains a global challenge.
Conventional routes are often chemically, energetically, and operationally intensive, which decreases
their sustainability during applications. Herein, we develop an advanced chemical-free strategy for
micropollutants decontamination that is solely based on sequential electrochemistry involving ubiqui-
tous sulfate anions in natural and engineered waters. This can be achieved via a chain reaction initiated
by electrocatalytic anodic sulfate (SO4

2�) oxidation to produce persulfate (S2O8
2�) and followed by a

cathodic persulfate reduction to produce sulfate radicals (SO4
��). These SO4

�� are powerful reactive
species that enable the unselective degradation of micropollutants and yield SO4

2� again in the treated
water. The proposed flow-through electrochemical system achieves the efficient degradation (100.0%)
and total organic carbon removal (65.0%) of aniline under optimized conditions with a single-pass mode.
We also reveal the effectiveness of the proposed system for the degradation of a wide array of emerging
micropollutants over a broad pH range and in complex matrices. This work provides the first proof-of-
concept demonstration using ubiquitous sulfate for micropollutants decontamination, making water
purification more sustainable and more economical.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, the widespread occurrence of organic micropollutants
in aquatic environments has become a global environmental issue.
Micropollutants—also known as emerging contaminants—
comprise a broad category of natural and/or anthropogenic
substances [1,2], including endocrine-disrupting chemicals, phar-
maceutical and personal care products, and so forth. Micropollu-
tants are usually present in water at trace concentrations ranging
from nanograms to micrograms per liter (ng�L�1 to lg�L�1). Their
limited concentration and vast diversity complicate the associated
detection techniques and pose formidable challenges for wastewa-
ter treatment [3]. Existing wastewater treatment plants are not
specifically designed to remove micropollutants. Hence, the
abovementioned micropollutants may re-enter aquatic environ-
ments due to their persistency, high toxicity, incomplete removal,
or/and continuous introduction. Moreover, it should be noted that
the concentration of micropollutants is generally several orders of
magnitude lower than that of coexisting substances in natural and
engineered water systems [4]. These coexisting substances may
change the degradation pathways of target micropollutants,
thereby affecting their transformation process and removal effi-
ciency [5,6].

Among these coexisting substances, sulfates are the most com-
mon anions, with a typical concentration on the level of dozens to
hundreds of milligrams per liter (mg∙L�1) [7]. Unlike other anions,
sulfate anions can be converted under certain conditions into
highly reactive sulfate radicals (SO4

��) [8], which can be employed
to degrade various refractory organic contaminants in water
[5,9,10]. Nonetheless, most reported pathways for SO4

�� generation
are associated with the activation of persulfate, and all of them
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exhibit specific limitations [11–13]. Transition metal catalysts are
the most widely used catalysts for persulfate activation due to
their effectiveness [14]. However, this technique can produce sec-
ondary pollution by dissolving metal ions into the water [15,16],
and it requires large amounts of chemicals for catalyst prepara-
tions. Ultraviolet light, heat, electricity, and ultrasound can also
be used to activate persulfate [17,18], but these technologies are
costly and energy-intensive, and are thus only suitable for small
volumes of wastewater. Direct and sole utilization of the sulfate
anions that are ubiquitous in water to produce SO4

�� would
undoubtedly provide a sustainable and revolutionary strategy for
water purification.

In fact, sulfate anions can be oxidized to persulfates under an
electric field (Eq. (1)) [19], and persulfates can be activated by elec-
trocatalysis on an appropriate cathode to form sulfate radicals (Eq.
(2)) [20]. Therefore, it is theoretically feasible to sequentially con-
vert SO4

2� to S2O8
2� and then to SO4

�� by rationally designing a
sequential electrochemical system. Such an advanced wastewater
treatment system is highly desirable, since it does not require
the addition of chemicals, uses only electric energy, and yields sul-
fate anions again in the treated water. This concept of persulfate
generation from sulfate oxidation has been demonstrated in a
recent report using a boron-doped diamond (BDD) plate electrode
[21]. However, this route may not be feasible for practical applica-
tions due to the costly BDD electrode and limited mass transport.
Likewise, the oxidation of sulfate to persulfate has been achieved
on specific crystal planes of metal oxides (e.g., TiO2, WO3, and
BiVO4) [22]. Again, the preparation of such catalysts involves com-
plex synthetic methods, posing a barrier to the large-scale imple-
mentation of this approach.

2SO4
2� ! 2SO4_

� þ 2e� ! S2O8
2� þ 2e� ð1Þ

S2O8
2� þ e� ! SO4

2� þ SO4_
� ð2Þ

Herein, we report and demonstrate a flow-through electro-
chemical system in which the generation of S2O8

2– and its transfor-
mation to SO4

�� can be achieved via sequential electrochemistry.
This flow-through design can maximize the contact between the
reactants and the active sites of the electrodes, thereby outper-
forming conventional batch reactors. The key to such a system is
a free-standing and three-dimensional (3D) porous anode consist-
ing of a carbon nanotube (CNT) filter functionalized with titanium
suboxides (TiSO) and a perforated titanium (Ti) foil cathode. The
CNT-based membrane electrode has the capability to couple the
electrochemical reaction with filtration, which improves the reac-
tion kinetics. More importantly, this process does not require addi-
tional chemical reagents and runs solely on the ubiquitous SO4

2–

and electricity; thus, it is a novel strategy for sustainable environ-
mental remediation.
2. Materials and methods

2.1. Chemicals and materials

Multi-walled CNTs were obtained from TimesNano Co., Ltd.
(China). The polytetrafluoroethylene (PTFE) support membrane
(diameter = 47 mm) was supplied by Millipore (Omnipore, JMWP;
USA). All solutions were prepared using ultra-pure water produced
from a Milli-Q Direct 8 purification system (18.2 MX�cm; Merck
KGaA, Germany). Ethanol (C2H5OH,� 96%), sodium sulfate (Na2SO4;
� 98%), sodium silicate (Na2SiO3; � 98%), sodium chloride (NaCl; �
98%), sodium perchlorate (NaClO4; � 98%), 5,5-dimethyl-1-
pyrroline-n-oxide (DMPO, C6H11NO; � 97%), tert-butyl alcohol
(TBA, C4H10O; � 98%), methanol (CH3OH; � 98%), methylene blue
(C16H18ClN3S;molecularweight (MW)=319.85g�mol�1) andmethyl
145
orange (C14H14N3SO3Na; MW = 327.33 g�mol�1) were supplied by
Sinopharm Chemical Reagent (China). Tetracycline (C22H24N2O8; �
98%), sulfamethoxazole (SMX, CHN3O3S; � 98%), and bisphenol A
(C15H16O2; � 96%) were provided by Sigma–Aldrich (China).

2.2. Characterization

The crystal phase characteristics of the as-prepared samples
were assessed by means of X-ray diffraction (XRD; D/max-2550VB
+/PC; Rigaku Co., Ltd., Japan) with Cu Ka radiation. The electro-
chemical properties of the CNT-TiSO nanohybrid filters were deter-
mined by means of linear sweep voltammetry (LSV),
electrochemical impedance spectroscopy (EIS), and cyclic voltam-
metry (CV) techniques using a three-electrode system (i.e., a CNT-
TiSO filter, whose preparation method is described in Appendix A
Section S1, as a working electrode; a perforated titanium sheet as
a counter electrode; and an Ag/AgCl reference electrode). EIS analy-
siswas conducted at an amplitude of 5mV over the frequency range
of 0.1–100.0 kHz. LSV and CV were performed in 50 mmol�L�1

Na2SO4 electrolyte at a scan rate of 10 mV�s�1. The morphology of
the as-prepared samples was characterized using a field-emission
scanning electron microscope (FESEM; S-4800; Hitachi, Japan).

2.3. Experimental setup and operation

The electrochemical oxidation of organic pollutants was carried
out using a Whatman polycarbonate filter case with electrochemi-
cal modifications (Fig. S1 in Appendix A). The difference between
systems I and II is the sequence in which the solution flows
through the cathode and anode, with different sequences resulting
in different key active species. The schematic illustration of sys-
tems I and II is shown in Fig. S1. In system I, the water first flows
through the Ti cathode and then through the CNT-TiSO anode. In
system II, the water first flows through the CNT-TiSO anode, in
which persulfate is generated, and then flows through the Ti cath-
ode. To achieve filter adsorption saturation, 360 mL of aniline solu-
tion (0.1 mmol�L�1) was allowed to flow through an Ismatec
ISM833C peristaltic pump (Ismatec, Switzerland) for 4.5 h to
explore the adsorption performance of CNT-TiSO for aniline
(Fig. S2 in Appendix A). Subsequently, the aniline degradation
experiments were carried out. Chronopotentiometric electrolysis
was performed using a CHI660E electrochemical workstation
(Shanghai Chenhua Technology, China) in the galvanostatic mode
at a current density of 2.5 mA�cm�2. The effects of the electrolyte,
sulfate concentration, and flow rate on the aniline degradation
kinetics were systematically evaluated. For the batch experiment,
the CNT-TiSO filter anode, a Ti sheet cathode, and an Ag/AgCl refe-
rence electrode were transferred into a beaker containing 50 mL of
aniline (0.1 mmol�L�1) and Na2SO4 solution (50 mmol�L�1) at
2.5 mA�cm�2. For selected aniline degradation experiments,
methanol was added to the Na2SO4 electrolyte to serve as a radical
scavenger in order to terminate radical-induced reactions.

2.4. Analytical methods

The concentration of aniline and other refractory contaminants
was detected using high-performance liquid chromatography
(HPLC) with a poroshell 120 EC-C18 column (150.0 mm � 4.6 mm,
3.5 lm; Waters XBridge, USA) and an ultraviolet–visible
(UV–vis; Agilent, USA) detector. The as-generated radicals were
trapped with DMPO and measured using a Bruker EMX nano
bench-top electron paramagnetic resonance (EPR) spectrometer
(Germany). Persulfate concentration was determined using a
potassium iodide (KI) method, in which the KI reacts with
hydrogen peroxide (H2O2) and persulfate. To further differentiate
the H2O2 and persulfate, the concentration of H2O2 was measured
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using potassium titanium oxalate, which does not react with per-
sulfate (Section S2 in Appendix A). The aniline degradation inter-
mediates were determined by means of liquid chromatography–
tandem mass spectrometry (LC–MS; PR-LCMS-2020; Shimadzu,
Japan). The total organic carbon (TOC) was determined using a
Multi N/C 3100 TOC/TN analyzer (Analytik Jena, Germany).

2.5. Density functional theory computation

Density functional theory (DFT) calculations were conducted
with Gaussian 09 software based on the gradient-corrected Becke
three-parameter Lee–Yang–Parr (B3LYP) functional. For geometry
optimization and frequency calculations, the 6–31+G(d) basis set
was selected for all elements. To obtain more accurate energies,
single energy calculations were subsequently conducted with the
6–311+G(3df, 2p) basis set according to the optimized geometries.
The solvation effect was considered with implicit water solvation
using the solvation model based on density (SMD), a continuum
solvation model based on the quantum mechanical charge density
of a solute molecule interacting with a continuum description of
the solvent [23]. The profiles of the Gibbs free energy of activation
versus the electrode potential for direct electron transfer reactions
were determined using the Marcus theory.

3. Results and discussion

3.1. Anodic persulfate production

We first employed the XRD technique to investigate the crystal
structure of the anode, which was a CNT-TiSO nanohybrid filter.
Since the intensity of the carbon reflections was too strong and
covered other characteristic XRD peaks (Fig. S3 (a) in Appendix
A), the XRD pattern of the CNT-TiSO was enlarged. Fig. S3(b) in
Appendix A shows the dominant peaks of Ti4O7 and minor peaks
originating from the Ti5O9 crystal (PDF#50–0787), possibly due
to their similar formation temperatures. Both Ti4O7 and Ti5O9 are
the most conductive titanium oxides and thus have excellent phys-
iochemical attributes for electrooxidation applications [24]. To bet-
Fig. 1. (a)Nyquist diagrams and (b) LSV curves of CNT andCNT-TiSO. (c) Concentrations of
formed by a persulfate-iodide reaction in different electrolytes (the blue shadow part indi
electrolytes at a current density of 2.5mA�cm�2. (f) Concentrations of persulfate formed at
uncertainty in the synthetic data from triplicate experiments). Z represents the projection
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ter understand the chemical composition of the filter surface, high-
resolution X-ray photoelectron spectroscopy were obtained
(Fig. S4 in Appendix A). The binding energies of 464.3, 463.6,
458.6, and 458.2 eV (1 eV = 1.602176 � 10�19 J) correspond to
the characteristic peaks of Ti4+ (2p1/2), Ti3+ (2p1/2), Ti4+ (2p3/2),
and Ti3+ (2p3/2), respectively [25]. In addition, a thorough charac-
terization was conducted to investigate the electrochemical behav-
ior of the CNT-TiSO nanohybrid filter. Fig. 1 showed the
electrochemical characterization of CNT-TiSO and persulfate con-
centrations at different times, electrolytes, and current densities.
The charge transfer resistance of the CNT-TiSO filter electrode
was first characterized by means of EIS. As shown in Fig. 1(a),
the circular arc related to the CNT-TiSO filter electrode exhibits a
lower radius than that of the pristine CNT filter, implying that
the addition of TiSO remarkably decreases the interfacial resistance
(58 vs 47 X) and accelerates the electron transfer process. Some
anode materials may be problematic for scale-up application due
to their low oxygen evolution potential (OEP; the minimal poten-
tial for an oxygen evolution reaction) during an electrochemical
oxidation process [26]. For example, aromatic hydrocarbons typi-
cally have a high OEP (e.g., 2.8 V vs saturated calomel electrode
(SCE) for benzene), making it difficult for them to be electrochem-
ically oxidized by commercial electrodes with a lower OEP (< 2.8 V
vs SCE). A high OEP can attenuate the side reactions of oxygen evo-
lution, thereby improving the oxidation efficiency of contaminants
and reducing energy consumption [27]. Thus, the electrochemical
behavior of the as-synthesized filter was examined via LSV. As
shown in Fig. 1(b), the addition of TiSO increased the OEP from
1.7 to 2.1 V versus Ag/AgCl, which exceeded the potential of the
anodic reactions (2.0 V vs Ag/AgCl).

Tafel plots can be deemed a significant kinetic parameter to
describe the underlyingmechanism indetail. According to Section S3
and Fig. S5 in Appendix A, the CNT-TiSO filter showed a Tafel slope of
2.7 mV per decacde (mV�dec�1), which was again lower than that of
the sole CNT counterpart, suggesting that CNT-TiSO exhibits faster
kinetics in electrochemical reactions. The lower Tafel slope may be
associated with the rapid electrochemical interactions between
CNT and TiSO and the excellent electric conductivity of TiSO [28].
persulfate anions formed at different times and (d) absorption spectra of triiodide ions
cates the characteristic peak). (e) Potentials during electrolysis in Na2SO4 and NaClO4

different current densities (the error bar represents one standard error of themean of
of the complex quantity on X axis (real: Z0) and Y axis (imaginary: Z00); PS: persulfate.
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Subsequently, the efficacy of producing persulfate anions on the
CNT-TiSO filter anode was evaluated. In the proposed electrochemi-
cal system, the sequence of water flow through different electrodes
must be considered. Research has shown that sulfate anions can be
transformed into persulfate (S2O8

2�) species at the anode under an
appropriate electric field [19] and are then decomposed into sul-
fate radicals (SO4

��) at the cathode [29]. We thus examined
whether persulfate anions could be generated in a cathode-to-
anode sequence (system I). As depicted in Fig. 1(c), a persulfate
concentration of 180 lmol�L�1 was obtained from the electrooxi-
dation of the Na2SO4 electrolyte (50 mmol�L�1) on the CNT-TiSO
anode at a current density of 2.5 mA�cm�2, and the effluent persul-
fate yield remained constant throughout the reaction. However, no
detectable persulfate was obtained using a pristine CNT anode, due
to the relatively low OEP (Fig. S6 in Appendix A). Notably, the
hydraulic residence time within the filter was < 2.0 s at a flow rate
of 2.0 mL�min�1 (Section S4 in Appendix A), which is shorter than
several state-of-the-art reports on aniline degradation (Table S1 in
Appendix A). Since sulfate is the only sulfur-containing species in
this system, it is reasonable to assume that SO4

2– could be the pre-
cursor for S2O8

2�. As predicted, no peak signal associated with per-
sulfate appeared when other sulfate-free electrolytes (e.g., NaNO3

and NaClO4) were used at a similar conductivity (r = (7240 ± 100)
lS�cm�1) (Fig. 1(d)), highlighting the essential role of sulfate in
persulfate generation. Besides, compared with the NaClO4 elec-
trolyte, the higher potential observed for the Na2SO4 electrolyte
may originate from the increased electron flow during the electro-
chemical oxidation of sulfate (Fig. 1(e)) [30]. Since the electrolysis
Fig. 2. (a) Possible reaction mechanism. (b) DFT-determined activation energy (Ea) versu
SO4

�� into the S2O8
2� anion. (d) DFT-determined Ea versus the cathode potential profile
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was carried out in the chronopotentiometry mode, a higher poten-
tial was needed to compensate for the charge consumption, so as
to maintain a constant current density. Therefore, we considered
two possible pathways for the electro-generation of persulfate
from sulfate based on DFT calculation (Fig. 2(a)): ① SO4

2– loses
electrons to form SO4

��, and then two SO4
�� species couple to pro-

duce S2O8
2� (Eqs. (3) and (4)) [8]; and/or② SO4

2– generates S2O8
4�,

and then loses two electrons to produce S2O8
2�. The DFT results

indicated that the structure of S2O8
4� cannot be determined using

geometry optimizations, suggesting that such a route can be
excluded in the proposed electrochemical filtration system. The
persulfate yield was highly correlated to the applied current den-
sity [31]. We further optimized the current density to maximize
the persulfate yield. As shown in Fig. 1(f), the persulfate concentra-
tion increases gradually as the current density increases from 0 to
2.5 mA�cm�2 and decreases when the current density further
increases to 3.0 mA�cm�2. This is related to the Gibbs free energy
of the sulfate oxidation reaction at the anode potentials corre-
sponding to the employed current densities.

SO4
2� ! SO4_

� þ e� ð3Þ
2SO4_
� ! S2O8

2� ð4Þ
Therefore, DFT calculations were used to calculate the activa-

tion energy (Ea; kJ�mol�1) for the direct electron transfer (DET)
reaction of sulfate oxidation. As indicated in Fig. 2(b), the Ea value
gradually decreases with the anode potential (0–2.1 V vs standard
s the anode potential profile. (c) Free energy (E) diagram for the reaction converting
at room temperature. SHE: standard hydrogen electrode.
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hydrogen electrode (SHE)). The Ea value for sulfate oxidation to
generate SO4

�� (Eq. (3)) almost approaches 0 kJ�mol�1 at 2.1 V ver-
sus SHE (equivalent to 1.7 V vs Ag/AgCl), which is very close to the
corresponding anode potential of 2.0 V versus Ag/AgCl at
2.5 mA�cm�2. This finding suggests that the DET reaction could
easily occur, in line with the experimental results mentioned
above. Thus, considering the persulfate yield and system efficiency,
a current density of 2.5 mA�cm�2 was considered to be optimal for
the proposed system. In addition, the transition state from SO4

��
to S2O8

2– anion (Eq. (4)) was determined. As shown in Fig. 2(c),
the transition state is positioned 103.3 kJ�mol�1 higher than the
SO4

�� in terms of energy. This energy barrier is slightly high, but
the reaction can still occur at ambient temperature according to
the calculation results, indicating that this reaction is still dynam-
ically favorable. Moreover, the convection-enhanced mass trans-
port accelerates the reaction kinetics. Furthermore, SO4

�� has
similar energy to S2O8

2�, which implies that this reaction has a
reversible nature.
3.2. Cathodic radical formation

To verify the transformation of persulfate anions to sulfate radi-
cals, we let the water flow first through the CNT-TiSO anode and
then flow through the Ti cathode (system II). The porous Ti sheet
at the cathode ensures the plug-flow operation and enables the
cleavage of the O–O bond of persulfate anions through electron
transfer to induce the formation of sulfate radicals [20]. First, we
analyzed the feasibility of this reduction reaction using DFT calcula-
tions. The Gibbs free energy of the persulfate activation profile as a
function of the cathode potential is displayed in Fig. 2(d). It can be
seen that the Gibbs free energy of activation for the DET reaction
approaches 0 when the cathode potential is �1.0 V versus SHE
(�1.4 V vs Ag/AgCl). The actual cathode potential at 2.5 mA�cm�2

is �1.0 V versus Ag/AgCl, indicating that this reaction is favorable.
Second, the decomposition of persulfate was detected, and the for-
mation pathway of the radicals was further explored. Fig. 3 showed
the persulfate concentrations formed in different systems and iden-
tification of active species. As presented in Fig. 3(a), the persulfate
concentration in the effluent of system II decreases significantly
comparedwith that in the effluent of system I, which fully indicates
that the decomposition of persulfate and the generation of sulfate
radicals occur in system II. This claim is vividly supported by the
characteristic signals of theDMPO–SO4

�� adduct (hyperfine splitting
constant aH = 0.78 G, aH = 1.48 G, aH = 9.6 G, and aN = 13.2 G), as
determined by the EPR technique (Fig. 3(b)). Two plausible reaction
pathways for SO4

�� generation are further proposed: ① S2O8
2–

receives an electron to produce S2O8
�3� and then transforms into

SO4
2� and SO4

��; and/or ② S2O8
2� directly decomposes into two
Fig. 3. (a) Concentrations of persulfate formed in systems I and II, (b) EPR spectra of CNT
TBA or methanol. Experimental conditions: flow rate J = 2 mL�min�1, [aniline]0 = 0.1
[TBA]0 = [methanol]0 = 100 mmol�L�1. The error bar represents one standard error of th
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SO4
�� (Eq. (2)), and then the SO4

�� is converted into SO4
2� again

(Eq. (5)). Pathway I can be excluded, because the structure of the
S2O8

�3� species cannot bedeterminedusing geometry optimizations
according to the DFT results.

SO4_
� þH2O ! SO4

2� þHO_þHþ ð5Þ
Notably, a typical EPR spectrum of the DMPO–HO_ adduct

(aN = aH = 14.9 G, spectral splitting factor g = 2.0055) with an
intensity of 1:2:2:1 also emerges. We inferred three routes for
the HO_ formation: ① SO4

�� reacts with water at all pH values to
form HO_(Eq. (5)) [32];② HO_can be directly produced at the anode
through the water oxidation reaction (Eq. (6)) [10]; and/or ③
hydrogen peroxide is electrochemically produced (Eq. (7)) [33]
and can be further decomposed to HO_ at the cathode (Eq. (8))
[34]. The first route was verified by adding TBA (a quencher of
HO_, rate constant k = 3.8 � 108 L�(mol�s)�1 [35]) and p-
hydroxybenzoic acid (a quencher of SO4

��, k = 2.5� 109 L�(mol�s)�1)
[36,37]) to determine the concentrations of HO_ and SO4

��. The
results indicated that the concentrations of HO_ were relatively
similar (2.5 vs 3.3 lmol�L�1) and those of SO4

�� were 40.1 and
1.2 lmol�L�1, respectively. These observations suggest that SO4

��
is the critical intermediate for the HO_production. The contribution
of the second pathway is less, because only weak characteristic
peaks are detected in system I (Fig. S7 in Appendix A). H2O2 is also
detected on the anode, although its concentration is rather limited.
This illustrates that the CNT-TiSO nanohybrid filter has the poten-
tial to be used in a two-electron water oxidation reaction. The reac-
tion may inhibit the persulfate production reaction because of the
competitive adsorption between water molecules and the SO4

2�

species. In the proposed electrochemical filtration system, the
adsorption free energy of O* (an intermediate state during
water oxidation) may be lower than the persulfate generation
energy, making persulfate formation more likely than H2O2 forma-
tion, according to the reported DFT calculation results [22]. A plau-
sible underlying working mechanism for system II is proposed in
Fig. 4.

H2O ! HO_þ e� þHþ ð6Þ

2H2O ! H2O2 þ 2Hþ þ 2e� ð7Þ

H2O2 þ e� ! HO_þ OH� ð8Þ
3.3. System performance evaluation

Aniline—an important precursor for several commercial prod-
ucts and a common degradation intermediate during water treat-
ment [38]—was selected as a model recalcitrant aqueous
-TiSO in system II, and (c) degradation efficiency of aniline before and after adding
mmol�L�1, pH = 6.0, [Na2SO4]0 = 50.0 mmol�L�1, current density = 2.5 mA�cm�2,
e mean of uncertainty in the synthetic data from triplicate experiments.



Fig. 4. Illustration of the working mechanism for system II.
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micropollutant to evaluate the system efficacy for organic
degradation. As shown in Fig. 5(a), only 33.5% aniline degradation
is observed in the single-pass mode in system I, which may be
attributed to the limited oxidative capability of persulfate gener-
ated in situ. Nevertheless, by spiking a similar persulfate concentra-
tion via system I (without exerting an electric field), only 23.7%
aniline removal is achieved. This result suggests that in situ-
generated persulfate possesses an enhanced oxidation ability, pos-
sibly because the active species produced at the anode, such as
SO4

�� and HO_, can contribute to the electrochemical oxidation of
aniline [8]. In stark contrast, system II demonstrates evidently
increased aniline degradation kinetics, with complete aniline
removal in a single pass, because the change of electrode sequence
alters the active species acting on the aniline degradation from
Fig. 5. (a) Degradation efficiency of aniline and (b) TOC removal in different system
[Na2SO4]0 = 50.0 mmol�L�1, current density = 2.5 mA�cm�2, [persulfate]0 = 180.0 lmol�
synthetic data from triplicate experiments.
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persulfate in system I to radicals in system II. In addition, the
removal efficiency of system II by the external spiking of a similar
concentration of persulfate was slightly lower than that of the per-
sulfate generated in situ (92.5% vs 100.0%), which further con-
firmed the outstanding performance of the proposed technology.
The change in TOC of aniline was compared between systems I
and II (Fig. 5(b)), and the results suggest enhanced TOC removal
in system II (63.2%–65.0%) compared with system I (25.0%–25.6%).

The aniline degradation mechanism was further analyzed. To
investigate whether the aniline oxidation reaction proceeds via
the DET pathway, we recorded a CV scan (Fig. S8 in Appendix A).
The obtained results exhibited no obvious oxidation current com-
pared with that attained in an aniline-free solution with ex situ
spiked aniline, suggesting the electrochemical inactivity of aniline
within this potential range. Alternatively, it is most likely that ani-
line is oxidized indirectly by reactive species. To identify these
reactive species, we performed chemical quenching experiments
by spiking with different radical scavengers (i.e., TBA and metha-
nol). The addition of 100 mmol�L�1 TBA or methanol suppresses
the aniline degradation efficiency from 100.0% to 25.5% or 15.6%,
respectively (Fig. 3(c)), suggesting that both SO4

�� and HO_ con-
tribute to the aniline degradation. The corresponding concentra-
tions of HO_ and SO4

�� and their contributions to aniline
degradation were 20.5 lmol�L�1 (29.5%) and 48.9 lmol�L�1

(70.5%). To further verify whether the dominant product of the
anodic reaction is persulfate, the concentrations of HO_ and SO4

��
in system I were determined to be 8.4 and 10.9 lmol�L�1, respec-
tively. It is well-known that these radicals (SO4

��, redox potential
E0 = 2.6–3.1 V vs SHE; HO_, E0 = 1.9–2.7 V vs SHE) possess much
higher oxidation capacity than persulfate (E0 = 2.01 V vs SHE))
[39,40]. These results further verify the decomposition of persul-
fate at the cathode to induce the formation of more reactive radi-
cals. In addition, it has been reported that certain redox-active
polymeric intermediates, such as benzoquinone, may form during
the electrochemical oxidation of aniline. These intermediates
may undergo nucleophilic addition with persulfate to initiate the
production of reactive oxygen species, which in turn improves
the degradation efficiency of aniline [41]. However, the formation
of benzoquinone cannot be traced by determining the intermedi-
ates in both systems because of the improper electrochemical envi-
ronment for benzoquinone generation or extremely low yield,
which lower than detection limit (Fig. S9 in Appendix A). Therefore,
this pathway can be excluded as well.
s. Experimental conditions: J = 2 mL�min�1, [aniline]0 = 0.1 mmol�L�1, pH = 6.0,
L�1. The error bar represents one standard error of the mean of uncertainty in the
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3.4. Role of TiSO in sulfate oxidation

Previous studies suggest that sulfate can be converted into
SO4

�� within a narrow pH range [22]. Direct electron transfer from
SO4

2� to the anode (Faradaic process) and indirect oxidation of
SO4

2� by physisorbed HO_ (non-Faradaic process) are responsible
for this SO4

2� oxidation [30]. Sulfate ions can be electrochemically
activated via the direct and/or indirect discharge of SO4

2� and/or
HSO4

� at the anode. Sulfate also exists in the form of HSO4
�, which

provides an additional channel for SO4
�� generation (non-Faradaic

process) under acidic pH conditions (Eqs. (9) and (10)) [30]. How-
ever, it has been reported that this route is also accessible in pH-
neutral solutions due to the porous structure of TiSO, in which a
low pH environment can be created in the local zones of solid/liq-
uid interfaces [30]. This environment is favorable for sulfate activa-
tion to produce SO4

�� even when the bulk solution has a neutral
pH. Thus, we measured the local pH of TiSO. The pH value declines
dramatically to 2.5 when the electrolysis ends up in 40 min.
According to a previous report, the sodium sulfate solution at pH
2.5 contains approximately 20% HSO4

� [30]. In addition to measur-
ing the local pH directly, an attempt was made to theoretically cal-
culate the local pH during electrolysis (Fig. S10 and Section S5 in
Appendix A). According to the results of the calculations, it can
be inferred that the local pH within the pores of TiSO can be kept
acidic during the electrolysis process.

SO 2�
4 þHþ � HSO �

4 ð9Þ
HSO4
� þHO_! SO4_

� þH2O ð10Þ
The electric double-layer structure may contribute to the

adsorption of positively charged protons in the apertures, since
TiSO exhibits capacitive characteristics originating from its devel-
oped porous structure and high surface area [24]. Moreover, the
H+ diffusion coefficient in a porous medium would be significantly
decreased compared with that in the bulk solution, according to
the calculation results given in Section S5. Hence, the accumulated
H+ ions within the pores of TiSO promote the combination of H+

and SO4
2� to produce HSO4

�, providing another pathway to form
SO4

�� [30].
3.5. Importance of a sulfate electrolyte

To highlight the essential role played by the Na2SO4 electrolyte,
we also explored the use of other common electrolytes
(e.g., nitrate, chloride, and silicate) with the same conductivity
(r = (7240 ± 100) lS�cm�1). As shown in Appendix A Fig. S11(a),
sodium nitrate and sodium silicate electrolytes significantly reduce
the aniline degradation kinetics. Since these inert electrolytes fail
to generate reactive species in the electrooxidation reaction, only
about 10% aniline degradation is achieved. The chloride electrolyte
demonstrates moderate reduction of the aniline degradation
(53.8%). Chloride oxidation at the anode surface generates chloride
radicals, which collectively contribute to the aniline degradation.
The addition of TBA (a quencher of chloride radicals; k = 1.9 � 109

L�(mol�s)�1) inhibits the degradation of aniline from 53.8% to 6.6%,
further confirming the existence of chloride radicals. Unfortu-
nately, compared with HO_ and SO4

��, the chloride radicals possess
much weaker oxidative potential [42]. Moreover, other undesirable
chlorinated byproducts (e.g., trihalomethanes and chloramines)
may pose a health risk to the ecosystem [43].

The impact of sulfate concentration was further optimized
(Fig. S11(b) in Appendix A). Increased aniline degradation from
2.6% to 100.0% is observed as the sulfate concentration increases
from 0 to 50 mmol�L�1, resulting from the improved conductivity
and from the presence of precursors for persulfate formation. Thus,
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the effect on the aniline degradation kinetics of spiking different
concentrations of nitrate together with 25 mmol�L�1 sulfate was
examined. The results show a negligible effect of conductivity, as
the removal efficiencies obtained for nitrate electrolytes of differ-
ent molarities were very similar (Fig. S11(c) in Appendix A). Hence,
the Na2SO4 electrolyte is an essential component to induce the
generation of persulfate and reactive radicals.

3.6. Advantage of the flow-through design

Conventional batch electrochemistry is typically limited by
mass transfer [8,10,20] due to its reliance on slow diffusion relative
to electron transfer [44]. In stark contrast, the proposed electro-
chemical filtration system, in which water flows perpendicular to
and through the porous filter electrodes, can be employed to over-
come the mass transfer limitation. This forced convection, com-
bined with the confinement effect of the solution within the
electrode internal pores, collectively boosts the transfer of reac-
tants and electrons at the membrane/solution interface [45,46].
This synergy also facilitates the intimate contact of reactants to
maximally exploit the oxidation capacity of CNT-TiSO for persul-
fate synthesis, as well as the reducing capacity of Ti for radical pro-
duction [47]. The experimental results confirm this demonstration,
as a 2.3-fold increase in the aniline removal kinetics is observed for
the flow-through configuration compared with a conventional
batch mode (70.2% vs 30.5%) (Fig. S12(a) in Appendix A). This ben-
efit is further enhanced by a decreased flow rate, as the resulting
degradation efficiency reaches 70.2%, 85.5%, and 100.0% at flow
rates of 3.0, 2.5, and 2.0 mL�min�1, respectively. This result can
be attributed to an increased hydraulic residence time within the
hybrid filter at a lower flow rate, which results in adequate contact
between the generated reactive species and the aniline molecules
[48]. Moreover, the effect of the initial aniline concentration on
the degradation efficiency is displayed in Appendix A Fig. S12(b).
Once the aniline concentration is below 0.1 mmol�L�1, complete
aniline degradation can be achieved. However, a slight decrease
in aniline degradation efficiency is observed with an increase in
aniline concentration from 0.1 to 0.2 mmol�L�1. This decrease
might be associated with competition for limited reactive sites
on the filter surface at an elevated concentration of aniline.

3.7. Feasibility and practical considerations

Sulfates are ubiquitous in natural water bodies, with concentra-
tion that vary from dozens to hundreds of milligrams per liter
(mg�L�1); thus, they can serve as an intrinsic sulfate source for
the in situ production of persulfates and sulfate radicals. We have
developed a sustainable reagent-free strategy for the electrochem-
ical generation of SO4

��. The economic aspect is an important fac-
tor in assessing the remediation techniques for practical
application. The cost of this system has two predominant compo-
nents: energy consumption and material cost. The proposed tech-
nology has no costs associated with the addition of chemical
reagents, due to the ubiquitous presence of sulfates in water
[49]. It has been estimated that 0.66 g of CNTs can form a 1 lm
thick layer over an area of 1 m2, implying a material cost of about
1.83 USD�m�2. In recent years, the price of CNTs has decreased
remarkably due to advances in mass production technologies,
which can overcome the limitations of cost budgets and technical
obstacles [50]. Thus, the need for CNTs may not hinder the com-
mercial application of the proposed technology. Importantly, the
proposed electrochemical filtration process requires an energy
consumption of only 0.00024 kW�h�L�1 (Section S6 in Appendix
A) at an anode potential of 2.0 V versus Ag/AgCl at 2.5 mA�cm�2

(r = (7240 ± 100) lS�cm�1), which is comparable to or even lower
than various state-of-the-art aniline degradation processes
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(Table S1). Furthermore, no obvious decrease in aniline degrada-
tion was observed over 9 h of continuous operation (Fig. S13 in
Appendix A). To further explore the potential of system II for
organic decontamination, four other refractory organic contami-
nants with varying molecular structures were tested (Table S2 in
Appendix A). The obtained results suggest that all these contami-
nants—including SMX, methylene blue, methyl orange, tetracy-
cline, and bisphenol A—can be effectively degraded by the
proposed electrochemical filtration system by just a single pass
through the system (all > 90%; Fig. S14(a) in Appendix A), indicat-
ing the wide applicability of the sulfate radical-mediated advanced
oxidation processes. Moreover, the limited decrease in aniline
removal in water from other sources (3.5% for tap water and 6.0%
for lake water) compared with ultra-pure water within a hydraulic
retention time of < 2 s is highly encouraging (Fig. S14(b) in Appen-
dix A); this finding may be due to the slower reaction rate between
SO4

�� and natural organic matter (k = 2.5 � 107–8.1 � 107

L�(mol�s)�1) compared with the reaction rate between SO4
�� and

aniline (k = 7.7 � 109 L�(mol�s)�1). XRD and FESEM analyses of
the CNT-TiSO nanohybrid filter before and after filtration suggest
negligible changes to its surface chemistry, demonstrating the fil-
ter’s excellent structural and chemical robustness, which ensures
the continuous production of reactive species (Figs. S14(c) and
(d) and S15 in Appendix A).

4. Conclusions

In summary, we have demonstrated a sustainable strategy to
directly transform the ubiquitous sulfate anions in water into per-
sulfate and then into highly reactive sulfate radicals via sequential
electrochemistry. The proposed technology does not require the
addition of any chemical reagents and is commercially viable.
The underlying working mechanism was collectively unveiled
based on theoretical calculation and experimental evidence. Under
optimal conditions, the degradation and TOC removal efficiency of
aniline reached 100% and 65%, respectively. Thanks to convection-
enhanced mass transfer, the flow-through configuration outper-
forms conventional batch electrochemistry. The effectiveness of
this excellent system can be maintained over a broad pH range,
complex water matrices, and an array of refractory micropollu-
tants. Encouragingly, the required electricity can be supplied by
renewable energy resources (e.g., wind and solar) to further reduce
greenhouse gas emissions from the power sector and help to
address climate change. This work successfully implemented the
green chemistry of sulfate-radical-mediated advanced oxidation
processes to decontaminate diverse refractory micropollutants in
water.
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