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Efficient implementation of a catalyst-integrated cathode-based heterogeneous electro-Fenton (HEF)
process usually suffers from the conflict between the optimal potentials of the two targeted reduction
reactions (O, to H,O, and metal™* to metal™). In addition, the residual H>O5 in the HEF effluent poses
a potential environmental risk to aquatic ecosystems and would further make the HEF technology imprac-
tical. Herein, a tandem system of dual-cathode HEF and UV radiation is proposed to bypass these issues.
In the dual-cathode HEF unit, the air-diffusion cathode (ADC) without aeration and the FeOCl-functiona-
lized graphite felt (FeOCl/GF) perform their respective functions at different operating current densities
(100 mA cm™2 for ADC and 5 mA cm™2 for FeOCI/GF) to achieve efficient H,O, production, “OH for-
mation and Fe(n) electroreduction simultaneously. Subsequently, the underutilized H,O, in the HEF
effluent will be reactivated in the UV module to eliminate the risk of oxidant residues while further
improving the decontamination efficiency. Importantly, interesting antagonistic and synergistic phenom-
ena governed by the cathodic current density of the ADC in this tandem system were also highlighted by
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constructing different standalone/coupled processes. The HEF/UV tandem strategy proposed in the
present work offers a promising scheme for distributed wastewater treatment due to the demonstrated
preeminent process efficiency, as well as the reagent- and residual-oxidant-free green chemistry

rsc.li/greenchem concept.

(EAOPs), capable of degrading most hazardous organic com-
pounds, are appealing module options for such decentralized

1. Introduction

Decentralized water treatment systems with small-scale charac-
teristics offer a promising means of accessing clean water, as
they theoretically substantially reduce the energy input while
enabling the fulfillment of various end-user-specific treatment
needs."”” Unfortunately, the challenge of anthropogenically
exacerbated accumulation of persistent organic pollutants
(POPs) in aquatic ecosystems makes distributed schemes
impractical, due to the rather inefficient decontamination per-
formance of conventional wastewater treatment facilities for
POPs.>®  Electrochemical advanced oxidation processes
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systems.* Among the EAOP family, those based on the Fenton
reaction chemistry, such as electro-Fenton (EF), have proven to
be the most robust techniques.”® The efficiency of the EF
process lies in the generation of strongly oxidizing hydroxyl
radicals ("OH) via the Fenton reaction between the cathode-
produced hydrogen peroxide (H,0,) and the externally added
Fe®* catalyst.”” Nevertheless, the conventional homogeneous
EF process suffers from fundamental drawbacks, such as a
narrow working pH window (2.8-3.5) and the formation of
iron sludge.® In this context, heterogeneous EF (HEF) with
solid-phase iron catalyst-functionalized carbonaceous cathode
supports has recently been extensively developed and validated
to effectively overcome these bottlenecks while bypassing the
time-consuming and costly dispersion/separation procedures
of catalyst particles in typical suspended heterogeneous
processes.®®

Over the past few years, substantial efforts have focused on
the rational design of advanced catalytic cathodes to maximize
the production of "OH, such as heteroatom-incorporated
spinel-grafted carbon fibers,” transition metal-encapsulated
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carbon aerogels,’® and even atomically dispersed iron-
anchored porous carbons."! Despite these encouraging
achievements, the reaction kinetics of HEF processes are gen-
erally significantly inferior (at least by one order of magnitude)
to their homogeneous counterparts at equivalent catalyst load-
ings."” In addition to the inherent limited atom utilization of
solid catalysts, this phenomenon may also be closely related to
the difficulty in executing the expected dual functions (ie.,
generation of H,0, and "OH in a stepwise manner) of such
composite cathodes in real working scenarios. For one thing,
most foreign metal species were identified as being thermo-
dynamically more favorable for the 4e” pathway (O, + 4H' +
4e” — 2H,0) than the 2e” pathway (O, + 2H" + 2e~ — H,0,)
during the oxygen reduction reaction (ORR), which would
cause deterioration of H,0, production in the system.>'®'?
Although previous reports have attributed the observed drop in
H,0, yield entirely to an on-site activation mechanism,'*">
this has not been subjected to rigorous molecular-level justifica-
tion due to the hitherto elusive interaction between the catalyst
and the carbon matrix in the ORR. For another, such integrated
cathode-catalyzed HEF processes generally suffer from the
working current density problem, namely the mismatch of the
required potentials for H,0, generation (E° = 0.695 V per SHE)
and high-valent metal electroreduction (E° = 0.77 V per SHE for
Fe(m)).">"” As a result, it is difficult to achieve optimal H,0, pro-
duction and active metal regeneration as well as ‘OH formation
simultaneously in conventional operation with a single cathode.
Although there are several recent studies of homogeneous EF
designed dual-cathode systems to cope with this bottleneck,
they were not green and sustainable due to the necessity of
either complex iron salt dosing or costly oxygen/air aeration
procedures.'*'¢18

Another important but underappreciated issue is that most
of the current works exclusively pursue high decontamination
efficiency without concern for the residual H,0, in the HEF
effluent. Indeed, excessive accumulation of H,0, at the end of
EF treatment was frequently detected, either for homogeneous
or heterogeneous modes,*'*'® which not only causes an unde-
sired wastage of electrical energy but also poses a potential
risk to aquatic organisms and phytoplankton if the effluent is
discharged directly.? A recent endeavor couples a HEF system
with a Fe;04—carbon filter to quench residual H,0, and thus
makes the effluent safe for discharge into the environment.*!
However, this process relies on the catalytic disproportionation
of H,O0, to O, by the Fe;O,-carbon filter, resulting in a
decrease in H,O, utilization and potential secondary pollution
by Fe leaching. UV/H,0, is a well-established technique in
potable water facilities, which can effectively remove trace
organic contaminants by ‘OH generated from the photolytic
homolysis of H,0,.>'® More strikingly, benefiting from its
excellent activation efficiency, even a low concentration of
H,0, (e.g., 3 mg L") can still be rapidly converted to "OH
under UV irradiation.” Therefore, it would be highly desirable
if a low-power UV module was integrated into HEF systems.
This combined strategy is expected to yield H,O,-free treat-
ment solution while accelerating the mineralization of target
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pollutants through the generation of additional "OH and the
direct photolysis of photolabile intermediates.

Herein, a tandem system combining dual-cathode-based
HEF and UV irradiation was developed for the first time, in an
attempt to address the aforementioned challenges encoun-
tered in distributed EAOP treatment systems. For the dual-
cathode HEF module, an air-diffusion cathode (ADC) with self-
sustained aeration is employed for in situ electrosynthesis of
H,0,, and a graphite felt catalytic cathode with high iron oxy-
chloride loading (FeOCI/GF) is used for rapid conversion of
H,0, into active species. These two cathodes perform their
respective functions at different optimal working potentials to
simultaneously achieve efficient H,O, production, Fe() elec-
troreduction, and "OH formation. Of note is that the underuti-
lized H,0, remaining in the HEF effluent will be continuously
activated by the subsequently deployed UV irradiation module
to eliminate the risk of oxidant residues and further improve
the degradation efficiency. In addition, by -constructing
different independent/coupled systems (UV, H,0,, UV/H,0,,
HEF, and HEF/UV), the reaction kinetics and H,0, concen-
tration evolution corresponding to each isolated unit can be
well discriminated. Thus, this study also enables the decou-
pling of the exact contribution of each subprocess and the elu-
cidation of interesting antagonistic and synergistic phenom-
ena that occurred in the dual-cathode HEF and UV tandem
system.

2. Materials and methods
2.1. Electrode fabrication

A detailed description of the chemicals used is provided in
Text S1.T ADC for in situ H,0, generation was prepared by a
modified coating method.?* Specifically, the pristine graphite
felt (GF) was sequentially cleaned with ethanol and deionized
water in an ultrasonic bath for 30 min, and then annealed at
400 °C for 4 h to remove impurities. The cleaned GF was
soaked in the PTFE suspension (5 wt%) for 30 min and then
taken out and dried at room temperature before use. Carbon
black (CB) particles were ultrasonically dispersed in anhydrous
ethanol for 10 min, followed by the dropwise addition of PTFE
(at a CB-to-PTFE mass ratio of 5:3) and vigorous stirring at
70 °C until a wet paste was formed. The resulting paste was
uniformly coated on one side of GF with a CB loading of
12.44 mg cm 2, and calcined at 350 °C for 60 min.
Considering that the catalytic cathode here is only respon-
sible for the activation of ADC-produced H,O, but not for
H,O0, electrosynthesis, a FeOCl/GF composite with high FeOCl
loading was fabricated in this study by improving our pre-
viously reported thermal-induced strategy.'® In brief, the above
pretreated GF was immersed in 5 mL FeCl;-6H,0 ethanol solu-
tion with a concentration of 1.5 g mL ™" for 3 h, and then evap-
orated and dried at 45 °C for 12 h to obtain the FeCl;/GF pre-
cursor. Afterwards, the precursor was transferred to a covered
crucible and calcined at 220 °C for 1 h under atmospheric con-
ditions with a temperature increase rate of 10 °C min~*, and
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the resulting product was washed several times with deionized
water to remove unreacted soluble iron salts. Note that in
order to alleviate the shedding and leaching of active metals
from the catalytic cathode during the degradation process, the
FeOCl/GF composite was additionally subjected to a PTFE
post-treatment process (i.e., soaking in 1 wt% PTFE suspen-
sion followed by calcination at 180 °C). This not only improves
the adhesion between FeOCI and the GF matrix, but also slows
down the corrosive dissolution of the solid metal by the elec-
trolyte due to the slight hydrophobic evolution at the solid-
liquid interface.” A detailed description of the characterization
methods used for different cathodes is presented in Text S2.}

2.2. Electrolyzer and degradation system

The electrolysis experiments involved in this work were all
carried out in a custom-designed undivided reactor with a
cylindrical cavity (Fig. 1). The ADC was embedded on the side
wall of the reactor near the water inlet allowing one side of the
cathode to be exposed to the air, while the FeOCI/GF catalytic
cathode was placed inside the cavity for sufficient interaction
with the upstream H,O, solution. Two Ti/Pt mesh electrodes
were used as anodes and placed in parallel with the corres-
ponding cathodes with an inter-electrode gap of 1.5 cm. All
electrodes have an active area of 7.1 cm? (3 cm in diameter)
unless otherwise specified. Note that each electrode pair was
independently provided with the optimal current (galvano-
static mode) by different DC power supplies.

Degradation experiments were carried out with oxytetracy-
cline (OTC) as the model pollutant in a tandem system of a
dual-cathode electrolyzer and a pipeline type sterilizer
equipped with a 6 W UV lamp (emission at 254 nm). A total
volume of 300 mL of OTC aqueous solution (20 mg L") con-
taining 50 mM Na,SO, was used as the simulated wastewater
and supporting electrolyte in the feed reservoir, with its initial
pH adjusted using 1 M of H,SO, or NaOH. Typical water treat-
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ment processes were performed in a continuous recirculation
mode. Driven by the peristaltic pump (Longer), the sewage
containing OTC first enters the electrolysis unit and the rapid
accumulation of H,O, occurs when it comes in contact with
the ADC. The solution will then be forced to flow through the
FeOCI/GF catalytic cathode during which considerable reactive
radicals will be generated due to the activation of H,O, by the
iron active center. Finally, the effluent from the electrolysis
unit will enter the UV lamp module to completely consume
the residual H,0, and further mineralize pollutants and inter-
mediate molecules. In order to decouple the respective contri-
butions of different subprocesses in the system, five different
standalone or coupled systems, including UV (only UV
irradiation unit, Fig. S1}), H,O, (electrolytic unit with ADC
only, Fig. 1a), UV/H,0, (ADC + UV irradiation, Fig. 1b), HEF
(electrolysis unit with dual cathodes, Fig. 1c), and HEF/UV
(dual cathode + UV irradiation, Fig. 1d), were purposely con-
structed. H,0, accumulation over time was also performed in
these settings, in the absence of pollutants.

2.3. Analytical methods

The concentrations of H,O, and total Fe in the solution were
measured with a UV-vis spectrophotometer (UV-1100,
Shanghai Mapada Instruments Co. Ltd, China) by the potass-
ium titanium(iv) oxalate method at 400 nm and the 1,10-phe-
nanthroline method at 510 nm, respectively. The current
efficiency (CE) and electric energy consumption (EEC, kW h
kg™ for H,0, electrosynthesis were calculated by the follow-
ing two equations:

nFCv
E = x 100% (1)

where 7 is the number of electrons transferred for O, reduction
to H,0, (n = 2), F is the Faraday constant (96 486 C mol™ '), C is
the concentration of H,O, (mol L™"), V is the volume of the
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—
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Fig. 1 Schematic illustration of different standalone or coupled degradation systems: (a) H,O,, (b) UV/H,0,, (c) HEF, and (d) HEF/UV.
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electrolyte (L), I is the current (A), and ¢ is the electrolysis time
(s)-

1000UIt
EEC=—— (2)
cv

where U is the average cell voltage (absolute value, V), ¢ is the
electrolysis time (h), and C is the concentration of H,0, (mg L™%).
The evolution of the OTC concentration was monitored
using the same spectrophotometer at 357 nm. Prior to per-
forming the analyses, the collected samples were filtered using
a 0.22 pm filter. The OTC degradation kinetics for different
systems were determined using a pseudo-first-order model as

described in eqn (3):
Gt
In( — ) =—kt 3
n(g) ®)

where, k is the apparent pseudo-first-order rate constant; C,
and C; are the OTC concentrations at the initial time and fol-
lowing electrolysis for time ¢, respectively.

The concept of synergistic factor (sf) was introduced herein
to characterize the antagonistic and synergistic effects occur-
ring in the dual-cathode HEF-coupled UV radiation system,
and was calculated as follows:

of — kHEF/UV (4)
kuer + kuv/m,o,
where kygr/uv, kuer, and kyvim,o, represent the rate constants
of the HEF/UV system, HEF system, and UV/H,0, system,
respectively.

The OTC mineralization rate was monitored by a total
organic carbon (TOC) analyzer (TOC-L, Shimadzu, Japan). The
oxidation by-products of OTC were identified by ultrahigh per-
formance liquid chromatography coupled with a mass spec-
trometry (LC-MS-8050, Shimadzu, Japan) system equipped
with a C18 column (2.1 mm x 100 mm, 1.7 pm), and the
detailed measurement method is given in our previous work."
Ecological Structure-Activity Relationship (ECOSAR) software
was utilized to predict the acute and chronic toxicity of OTC
and its degradation intermediates. The active species gene-
ration in the system was identified by electron paramagnetic
resonance (EPR) spectroscopy (Micro-EPR, Bruker). DMPO was
applied as the spin-tapping agents for ‘OH, ‘O,” (methanol
system), and SO, ~. TEMP was used to detect 10,.

3. Results and discussion

3.1. Characterization and electrocatalytic performance of
different cathodes

Scanning electron microscopy (SEM) images reveal that the
prepared ADC is characterized by a double-layer structure with
PTFE-treated GF as the diffusion layer and CB as the catalytic
layer (Fig. S2t). The high macroporosity of the GF layer allows
the free mass transfer of O, from the atmosphere to the reac-
tion boundary, while the strong hydrophobicity of the CB layer
(contact angle of 136.1° in the inset of Fig. S2) ensures unim-
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peded O, capture at the three-phase interface. Therefore, this
electrode configuration can endow the H,0, production
process with an interesting self-sustained aeration character-
istic driven by a hydrophobicity-controlled O, concentration
gradient between the reaction interface and the atmosphere.
As a result, the significant energy consumption (even exceed-
ing 50% of the total cost) associated with aeration facilities in
conventional submerged or gas diffusion electrode systems is
effectively avoided.">*?

The H,0, production performance of ADC was then evalu-
ated (Fig. 2a). Obviously, the accumulation of H,0, increased
linearly with the reaction time for different current densities
(5-100 mA cm_Z). And the final H,O, concentration corres-
ponding to each measurement (60 min) was also observed to
increase linearly with the applied current density (R*> = 0.995,
inset in Fig. 2¢), with a maximum of 1261.9 mg L™" at 100 mA
cm™2. This indicated that the 2e” ORR process was no longer
limited by the O, mass transfer but only controlled by the elec-
tron transfer within the scope of the investigation. Generally,
CE and EEC were considered as the key parameters to deter-
mine the economic viability of an electrochemical system
applied toward H,O, production.* As revealed in Fig. 2b,
although the increase in the current density yielded a decrease
in CE (from 104.9% at 5 mA cm > to 85.3% at 100 mA cm™2),
the performance is still satisfactory because CE is always
higher than 85% or even higher than 90% in the range of
current density less than 45 mA cm™. The CE exceeding the
theoretical maximum value at 5 mA cm™ may be due to the
amplification of small sampling errors by the CE calculation
method (eqn (1)). And the observed decrease in CE at higher
current densities can be ascribed to the promotion of parasitic
reactions involving either H,0, decomposition (via anodic oxi-
dation and cathodic reduction) or the hydrogen evolution reac-
tion (eqn (5)-(7)). For EEC (Fig. 2c), in contrast, it exhibited a
positive correlation with the applied current density due to the
increased cell voltage. Nevertheless, the EEC of the ADC
system at 5 mA cm > (5.3 kW h kg™") was noted to be very com-
petitive with that of previously reported H,0, electrosynthesis
processes (3.7-53.9 kW h kg™', Table S1f). Furthermore,
although the application of a current density of 100 mA cm™>
(44.2 kW h kg ™) resulted in an 8.3-fold increase in EEC over
the value at 5 mA em™> (5.3 kW h kg™"), the corresponding
H,0, production (1261.9 mg L") was 16.2-fold higher than
that at 5 mA cm™2 (77.7 mg L™'). Therefore, ADC with cheap
and easy preparation is highly desirable for the subsequent
HEF process, due to its stable H,O, supply and excellent
process efficiency with respect to both yield and energy
consumption.

H,0, — O +2H" +2¢” (5)
H,0, + 2H" +2e¢~ — 2H,0 (6)
2H" 4+ 2¢~ — H, (7)

The physicochemical properties of the catalytic cathode
were also characterized by different techniques. The diffraction

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Physicochemical properties and catalytic performance of different cathodes. Effect of current density on the (a) yield, (b) current efficiency,
and (c) energy consumption of the H,O, production at ADC; (d) XRD patterns of FeOCl, GF, and FeOCl/GF; and (e) SEM images of GF and FeOCl/GF;
effect of current density on the OTC degradation performance of the dual-cathode HEF system and the corresponding H,O, concentration evol-
ution (conditions: [OTC] = 20 mg L™ and pH = 4): (f) and (g) FeOCI/GF, (h) and (i) ADC.

peaks related to GF ((002))° and FeOCl ((010), (110), (021),
(111), (002), and (221))*>* were observed in the X-ray diffract-
ometer (XRD) pattern of FeOCl/GF (Fig. 2d), indicating the suc-
cessful formation of the composite. Note that the diffraction
peak corresponding to the (010) plane of FeOCl in the FeOCl/
GF composite was found to be shifted to higher angles com-
pared to the FeOCl sample, which may be attributed to the
interaction between the metal and the carbon substrate that
induces narrowing of the interlayer spacing of FeOCl through
structural modulation. According to the low-magnification
SEM images, pristine GF presents a porous network structure
composed of carbon fibers with smooth surfaces, while FeOCl/
GF fibers reveal a rather rough surface morphology (Fig. 2e).
High-magnification SEM images confirm that the rough tran-
sition on the carbon fiber surface is caused by the omnidirec-
tional coverage of sheet-like FeOCl. In previously reported
single-cathode HEF systems, the fine-tuning of the solid cata-
lyst growth process on the surface of the catalytic cathode,
although challenging, is necessary and mandatory to simul-
taneously expose carbon and metal sites for the realization of
the intended bifunctionality (i.e., sequential 2e” ORR and
Fenton activation).® However, the catalytic cathode in the
present work only exhibits activation function for H,0,, which

This journal is © The Royal Society of Chemistry 2023

allows high loading of FeOCl on GF to thoroughly stimulate
the catalytic potential of the composite cathode. The brighter
colors corresponding to Fe, O, and Cl elements compared to
the C element in the energy dispersive spectroscopy (EDS)
results strongly demonstrate the rather high FeOCI loading of
the synthesized FeOCl/GF composite cathode (Fig. S371). In
addition, a PTFE post-treatment process was also performed
on this catalytic cathode to alleviate the risk of catalyst shed-
ding and leaching exacerbated by high loading, relying on the
bonding and hydrophobic protection effects of PTFE.° A
characteristic peak indexed to the (100) plane of PTFE was
observed in the XRD pattern of the FeOCl/GF composite,
suggesting the successful functionalization of PTFE.’

The efficacy of the FeOCIl/GF catalytic cathode was then
investigated by fixing the current density applied to the ADC at
25 mA cm™>. It can be found that the degradation of OTC is
limited when the FeOCl/GF cathode was not supplied with
current (Fig. 2f). This may be because the collision probability
of the catalyst and H,O, in this filter configuration is much
lower than that of the typical HEF process with the catalyst sus-
pended. More importantly, the integrated catalysts of the com-
posite cathode are always exposed to the strong oxidizing
(aggressive oxygen species),

microenvironment reactive
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leading to the rapid depletion of low-valent active Fe(u) and
the passivation of the catalytic cathode.”® This can be con-
firmed by the concentration evolution of H,0,, as the accumu-
lated concentration of H,O, in the dual-cathode system with
no current applied to the FeOCl/GF cathode is only slightly
lower than that in the ADC single-cathode system (Fig. S47).
Interestingly, the OTC degradation kinetics were accelerated
once a constant current was applied to the catalytic cathode,
indicating a significant improvement in the activation of the
catalytic cathode to H,0,. This is indeed the case as demon-
strated in Fig. 2g that the accumulated concentration of H,0,
decreased rapidly as the current was applied, and even almost
no residual H,0, was detected when the catalytic cathode was
operated with a current density higher than 5 mA cm™. In this
work, the Fe(u)/Fe(u) redox cycling on the surface of the com-
posite cathode can be kept quasi-reversible with the assistance
of an electric field (as evidenced by the relative Fe(u) content
on the FeOCI/GF cathode surface increasing from 46.4%
before the reaction to 47.3% after the reaction, Fig. S571),'***
which accelerates catalytic activation of ADC-produced H,O,
and thus the degradation of OTC. However, a further increase
in the current density will lead to a decrease in the Fe(u)
reduction. This can be explained by the promotion of side
reactions, like the hydrogen evolution reaction, which not only
competed with the electroreduction of Fe(m), but more
seriously, caused the hydrolysis of active iron to inert hydrous
oxyhydroxides due to the local alkalinization near the cata-
lyst.'® For this reason, as the current density applied to the
FeOCI/GF cathode increased up to 15 mA cm ™2, the OTC degra-
dation efficiency did not change significantly compared to
5 mA cm™> (Fig. 2f). Note that the above discussions all
exclude Fe homogeneous oxidation contributions because the
concentration of total Fe leached from the catalytic cathode is
too low (1.4 mg L™ vs. 68.0 mg L™" for FeOCl/GF without PTFE
post-treatment, Fig. S6t1) to drive significant degradation of
OTC (Fig. S71).

The effect of the ADC on the reactivity of the dual-cathode
HEF was also investigated by fixing the operating current
density of the catalytic cathode at 5 mA cm™> (Fig. 2h). For
comparison with the conventional single-cathode HEF
process, the current density applied to the ADC was adjusted
to the same 5 mA cm™? as the catalytic cathode. A reduced
OTC degradation rate was observed compared with a current
density of 25 mA cm™2, which may be attributed to the fact
that the concentration of H,O, produced by the ADC was too
low to keep up with the demand of the FeOCI/GF cathode.
This is well supported by the evolution of the H,0, concen-
tration in Fig. 2i, with almost no H,O, accumulation for ADC
current densities in the range of 5 to 25 mA cm™>. It has been
recently reported that a single-cathode HEF system based on
the same FeOCI/GF catalytic cathode can afford a degradation
rate constant (k value) of 0.05629 min~" for 100 mL of OTC
solution (10 mg L") at 5 mA cm™2,'® while the k value of the
present dual-cathode HEF system was established to be
0.04505 min~" (Fig. $8t) for 300 mL of OTC solution (20 mg
L") under the same operating conditions (i.e., 5 mA cm™? for
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both ADC and FeOCl/GF cathodes). By comparing these
results, one can conclude that the dual-cathode HEF system
developed herein was highly competitive as it allowed a 6-fold
higher total pollutant treatment (6 mg vs. 1 mg) with only a
1.2-fold lower k value (0.04505 min™" vs. 0.05629 min™") com-
pared to the single-cathode HEF system. Therefore, this study
demonstrated that the separation of the composite cathode-
based HEF process into independent H,O, production and
activation processes may be highly desirable as it enabled the
two individual subprocesses to be performed optimally. Of
course, attention must be paid to the additional electricity cost
consumed by the FeOCl/GF electrode pair, and rational system
optimization to improve the economics of the dual-cathode
HEF process, which is necessary for future research. It is also
worth noting that increasing the working current density of
the ADC can further accelerate the degradation of OTC, but at
the expense of excessive H,O, residue in the effluent
(especially >100 mg L™" at 100 mA cm™2). This trade-off can be
overcome by adding a UV radiation module after the dual-
cathode HEF process, which will be discussed in detail in the
next section.

3.2. Process efficiency of the dual-cathode HEF and UV
tandem system

A matter scarcely addressed in previous HEF processes based
on in situ H,0, electrosynthesis is the examination of the
residual H,0, concentration. Most reports have been confined
solely to the analysis of pollutant removal, without considering
the fate of unreacted H,0O, remaining in the bulk solution
after treatment. The idea of the present study is to integrate a
low-power UV module at the outlet of the dual-cathode HEF
facility to eliminate the risk of the H,O, residue. In addition,
the purpose of the following experiments also involves evaluat-
ing the efficacy of the coupled process by comparing OTC
degradation and H,0O, concentration evolution achieved by
different configurations (i.e., UV, H,O,, UV/H,0,, HEF, and
HEF/UV). Experiments were carried out by fixing the optimum
current density of the FeOCI/GF catalytic cathode at 5 mA cm™>
(as demonstrated in section 3.1) but varying the current
density of the ADC (5-100 mA cm?).

Fig. 3 shows the decay of the OTC concentration over time
in different systems and the corresponding H,0, concen-
tration evolution. Regardless of the current density applied on
the ADC, H,0, alone can hardly oxidize OTC with almost negli-
gible k values due to its weak oxidizing ability (Fig. 3a, d, and
g). This is evidenced by the insignificant difference in the
accumulation of H,0, using the same ADC in the presence of
pollutants (Fig. 3b, e, and h) versus the absence of pollutants
(Fig. 2a). Although OTC can be degraded by direct photolysis
in the UV system, its efficiency is still limited and unsatisfac-
tory (Fig. 3a, d, and g). After incorporating UV radiation and/or
FeOCI/GF catalytic cathode into the H,O, system (i.e., HEF/UV,
UV/H,0,, and HEF), the concentration of OTC decreased sig-
nificantly due to the production of oxidant species homoge-
neously in the bulk solution (photolytic homolysis of H,0, by
UV radiation, eqn (8))*> and/or heterogeneously at the surface

This journal is © The Royal Society of Chemistry 2023
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Investigation of the reaction characteristics of each sub-process in the tandem system. Effect of different ADC operating current densities on

mA cm~2. OTC degradation performance in different systems (first row),

corresponding H,O, concentration evolution (second row), and comparison of apparent rate constant k (third row) (conditions: [OTC] = 20 mg L™,

pH = 4, Ireocycr = 5 MA cm™2, and UV = 6 W).

of the catalytic cathode (Fenton activation of H,0, by FeOCl/
GF, eqn (9)). These phenomena were consistent with the
greatly attenuated H,O, accumulation in HEF/UV, UV/H,0,,
and HEF systems compared with the H,0, standalone system
in Fig. 3b, e, and h. Furthermore, it is worth noting that the
H,0, consumption rate of the HEF/UV tandem system was
found to be close to 100% for all operating current densities of
the ADC, since there was almost no H,O, residue in the
treated solution. For the UV/H,0, and HEF systems, however,
a relatively high percentage of H,0, (especially 36.4%
(416.4 mg L") for UV/H,0, and 16.7% (201.8 mg L") for HEF
at 100 mA cm™?) did not participate in the treatment process
after 60 min of reaction. These results suggest that the techno-
logy proposed in this study is highly efficient for further
improving the oxidation capacity of the dual-cathode HEF
process without generating H,O,-containing effluent.

H,0, + hv — "OH (8)

Fe(m) + H,O, — Fe(m1) + "OH + OH™ (9)

In addition, the reaction kinetics of different independent
or coupled processes were carefully analyzed, and accordingly
the sf values at different operating current densities were
obtained. Interestingly, as presented in Fig. 3c, f, and i, the sf

This journal is © The Royal Society of Chemistry 2023

value of the tandem system increases with the current density
applied to the ADC and is >1 at 100 mA cm 2. This means that
the k value corresponding to the HEF/UV configuration is
higher than the sum of the individual HEF and UV/H,0, pro-
cesses, indicating that the tandem of dual-cathode HEF and
UV radiation within the same system leads to synergistic accel-
eration of OTC degradation. Whereas when the current density
is less than 100 mA cm™>, the sf value <1 suggests that there
seems to be some unfavorable interaction between HEF and
UV in the tandem system. Therefore, the following discussion
will emphasize the differences in the reaction characteristics at
different current densities to gain mechanistic insights into
the electrooxidation process of the HEF/UV tandem system.

At 5 mA cm™>, the OTC degradation in the dual-cathode
HEF and UV tandem systems was faster than the HEF or UV/
H,0, standalone systems before 50 min (Fig. 3a), due to the
additional free radicals generated by UV decomposition of the
residual trace H,0, (3.7 mg L™, Fig. 3b) in the HEF effluent.
After 50 min, however, the degradation rate of OTC gradually
slowed down and was even worse than that of the UV/H,0,
system, which resulted in the k value of the tandem system
being lower than that of the UV/H,0, standalone system
(Fig. 3c). Therefore, the sf value at a current density of 5 mA

2

cm™~ cannot be greater than 1, according to the calculation
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principle (eqn (4)). Regarding the extremely low sf value
(0.587) under these conditions, it can be explained by the fol-
lowing two aspects. For one thing, the residual concentration
of H,O, in the solution after HEF treatment in the tandem
system was too low to fully exert the efficiency of the sub-
sequent UV/H,0, system. The similar OTC degradation trends
of the HEF standalone system and HEF/UV system also indi-
cated that the HEF subprocess in the coupled process mainly
contributed to OTC degradation under these conditions. For
another, the UV/H,0, system achieved a higher OTC degra-
dation rate (0.05126 min~" vs. 0.02885 min ™", Fig. 3c) with less
H,0, consumption (69.9% vs. 95.1%, Fig. 3b) compared to the
HEF system, implying the ineffective decomposition of H,O,
in the HEF module. This is evidenced by the fact that FeOCl/
GF cathode always exhibited a significantly faster H,O,
decomposition rate than the UV lamp at different initial con-
centrations of H,0, (Fig. S9t). According to the well-estab-
lished reaction pathways in the literature,” there is actually a
competition between different species in the influent (pollu-
tant molecules and H,0,) for the reaction with ‘OH generated
heterogeneously on the FeOCl/GF surface (eqn (10)-(12)).” The
relatively high concentration of OTC in the early stage of the
reaction makes the degradation reaction between pollutant
molecules and free radicals (mainly "OH) in the system domi-
nate. However, as the OTC concentration decays to a critical
value (at 50 min), the quenching reaction between H,O, in the
flowing solution and the locally high concentration of surface
‘OH at the FeOCIl/GF catalytic cathode instead dominates,
which in turn deteriorates the OTC degradation efficiency. A
similar phenomenon to the wasting reaction between H,O,
and ‘OH affects the treatment performance of EAOPs was also
observed by Sanchez-Montes et al'® and Dong et al?®
Therefore, it can be concluded that the low sf value at 5 mA
cm™? is mainly attributed to the wasting reaction of reactive
oxygen species inherent in the dual-cathode HEF process,
which cannot be mitigated after the introduction of the UV
module.

Aromatic organics +° OH (10)
—CO, +H,0 k=10°—-10°M1s!

H,0, +'OH — H,0 +HO," k=2.7x10" M 's! (11)
HO,"+'OH - H,0+0, k=71x10°M1s! (12)

Different from 5 mA cm™>2, the OTC degradation of the
HEF/UV system at 45 mA cm > was significantly faster than
each standalone system throughout the entire reaction period
(Fig. 3d), and the corresponding k value was also higher than
each standalone system (Fig. 3f). This is because the residual
H,0, concentration in the effluent from the HEF unit at 45 mA
cm™? exceeds 11 times that at 5 mA cm > (47.1 mg L™ vs.
3.7 mg L"), which allows more homogeneous ‘OH to be gener-
ated in the subsequent UV module for oxidative degradation.
Nevertheless, the sf value under these conditions was noticed
to be still less than 1 (0.801), indicating that the self-scaven-
ging reaction between H,0, and heterogeneous "OH on the
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surface of the catalytic cathode still occurred. This can be con-
firmed by the decrease of H,O, concentration after 20 min of
reaction in the HEF/UV system (inset of Fig. 3e).
Encouragingly, the sf value was greater than 1 upon increasing
the current density of the ADC to 100 mA cm™> (Fig. 3i).
According to the kinetic constant information of the EF chain
reaction established by Brillas et al.,” the rate constant of the
'OH recombination reaction (eqn (13)) was determined to be
two orders of magnitude higher than that of the aforemen-
tioned self-scavenging reaction (eqn (11)). Based on this, it
could be speculated that due to the further increase in the rela-
tive content of homogeneous "OH in the UV unit (by activating
a higher concentration of residual H,O, in the HEF effluent at
100 mA cm™?, Fig. 3h), the dimerization reaction between
these homogeneous "OH and heterogeneous "OH generated at
the FeOCl/GF cathode might be promoted, thereby decreasing
the wasting reaction of H,0, with heterogeneous "OH. More
importantly, H,O,, the dimerization product of homogeneous
‘'OH and heterogeneous "OH, would flow back into the UV
irradiation module with higher H,0, activation efficiency and
be converted into "OH again to participate in the OTC degra-
dation process. The gradual increase of the accumulated con-
centration of H,0, in the HEF/UV system (inset of Fig. 3h) can
also support the above speculation, which is completely
different from the situations of 5 and 45 mA cm> (inset of
Fig. 3b and e). Note that the faster accumulation of H,0, after
20 min may be related to the conversion of the dominant reac-
tion in the system from the degradation reaction between pol-
lutant molecules and 'OH to the dimerization reaction
between 'OH (since OTC has been completely degraded at
20 min, Fig. 3g).
"OH+ 'OH — H,0, k=6.0x10° M 's7! (13)
Additionally, this interesting synergistic effect between
dual-cathode HEF and UV was noted independent of the
initial pH of the treatment solution. As illustrated in Fig. S10,7
under the optimal working current density justified above (i.e.,
5 mA ¢cm™? for FeOCI/GF and 100 mA cm™> for ADC), the pH
range was set from 4 to 8 to investigate the influence of initial
pH on the oxidation capacity of the HEF/UV tandem system.
Similar to the results at pH 4, the OTC degradation efficiency
of the HEF/UV tandem system at pH 6 and 8 was significantly
superior to that of various isolated systems, and the sf values
at pH 6 (1.515) and 8 (1.467) were both greater than 1 and
higher than that at pH 4 (1.231). This can be because the
increased residual H,O, in the HEF effluent at pH 6 and 8
would promote the generation of homogeneous ‘OH in the UV
module, thus further weakening the wasting reaction
(Fig. S10b, e, and ht). Notably, the highest sf (1.515) and &
(0.2978 min™") values corresponding to the HEF/UV tandem
system were achieved at a solution pH of 6, which was con-
sidered to be a compromise between the different reaction
characteristics of each subprocess in terms of initial solution
pH (see the discussion shown in Fig. $10 and S11} for detailed
reasons). This finding indicates that the HEF/UV tandem

This journal is © The Royal Society of Chemistry 2023
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system is of great practical value since the majority of the
effluents from industrial companies are at circumneutral pH.

3.3. Identification of reactive oxygen species responsible for
OTC removal

The above discussion on the removal of OTC was based on the
radical pathway dominated by ‘OH. However, an increasing
number of recent studies have reported that in addition to
‘OH, there may be other active species-controlled radical path-
ways, or even nonradical pathways, during EAOP
treatment.'”*”>° In view of this, EPR tests were implemented
in different systems to determine the generated reactive oxygen
species. When DMPO was used as a spin trapping agent
(Fig. 4a), a weak quadruple peak signal for DMPO-"OH (inten-
sity ratio 1:2:2:1) appeared in the UV system, which may be
caused by the ionization of H,O molecules by UV radiation
(eqn (14)).>° With the coupling of the ADC (i.e., the UV/H,0,
system), the photolytic activation of H,0, by UV radiation
resulted in a significant increase in the peak intensity of the
DMPO-"OH signal. A similar phenomenon in the HEF system
can be attributed to the Fenton activation of H,0, at the
FeOCI/GF catalytic cathode. The production of the highest con-
centration of "OH was achieved in the HEF/UV tandem system
due to the synergistic effect between these two subprocesses.
Importantly, the signal intensity of DMPO-"OH did not change
significantly as the reaction proceeded (5 min to 10 min), indi-
cating that "OH was continuously generated in this tandem
system to compensate for the self-quenching effect caused by
its short lifetime.>' Note that the DMPO-SO,"~ signal was also
detected in those systems equipped with the UV module,
although the signal intensity was generally weaker than that of
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‘OH. In a previous study of the photocatalytic oxidation reac-
tion, Liu et al. proved that minor SO,>” ions can be directly
excited to convert into SO,"~ under UV irradiation (eqn (15)).*?
This could also explain why no DMPO-SO,~ signal was
observed in the HEF standalone system.

H,O + v — "OH + H' (14)

SO4* +hv — SO,"~ (15)

For the case using TEMP as the spin trapping agent
(Fig. 4b), the 3-line TEMP-'O, signal was detected in all
systems except for HEF, with the order of peak intensity as
follows: HEF/UV > UV/H,0, > UV. Regarding the generation
path of '0,, although most previous studies emphasized that
‘0, as an intermediate is critical for the conversion of '0,,*
it may be trivial in our work. This was evidenced by the failure
to detect the DMPO-'0," signal in all systems (Fig. 4c). Similar
to SO,"~, the generation of 'O, in the present system may also
be closely related to UV radiation. When the solution flows
through the UV lamp module, both dissolved oxygen and "OH
are likely to be excited and transformed into 'O, (eqn (16) and
(17)), as demonstrated by Jin et al®* and Guo et al®’
Accordingly, the observed stronger TEMP-'O, signals in the
UV/H,0, and HEF/UV systems compared to the UV standalone
system could be interpreted as the elevated concentration of
homogeneous ‘OH, and the additional dissolved oxygen con-
tributed by the anodic oxygen evolution reaction during elec-
trolysis, respectively. Note, however, that the concentration of
'0, in the HEF/UV system was found to gradually decrease
(Fig. 4b) and remained stable after 20 min (Fig. S12t), due to
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Fig. 4 ldentification of active species formed in the tandem system. EPR spectra of (a) DMPO-'OH (DMPO-SO,7), (b) TEMP-'O,, and (c)

DMPO-"0;" in different systems (conditions: [DMPO] = 200 mM, [TEMP]
W); (d) effects of TBA (200 mM), MeOH (200 mM), BQ (5 mM), and TEMP

=25 mM, pH = 4, Iapc = 100 mA cm™2, lreocyar = 5 MA cm™, and UV = 6
(2.5 mM) on OTC degradation kinetics in HEF/UV tandem systems; (e) TOC

removal rate of different systems; and (f) EPR spectra of DMPO-"OH in the UV/H,0, and HEF systems at different reaction times.
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the consumption of dissolved oxygen at the ADC and FeOCl/
GF cathode via the ORR.

02 + hy — 102 (16)
4'0OH + hv — 0, + 2H,0 (17)

In order to distinguish the relative contributions of the
abovementioned different reactive oxygen species in the OTC
degradation process, chemical quenching experiments were
also performed with the HEF/UV system as a representative. As
shown in Fig. 4d, TBA, BQ, and TEMP were chosen as the sca-
vengers for "OH, ‘0,7, and "0,, respectively.'” And MeOH was
used to simultaneously quench "OH and SO, ~."” Apparently,
both TBA and MeOH could strongly inhibit OTC degradation
in the HEF/UV system, with MeOH-induced inhibition slightly
higher than TBA. This indicated that both "OH and SO, ™ were
involved in the degradation process of OTC. Whereas the con-
tribution of SO, may be negligible, as evidenced by the fact
that increasing the Na,SO, concentrations did not significantly
improve the process efficiency. When the Na,SO, concen-
tration was even higher than 100 mM, the degradation rate
was almost unchanged (Fig. S13f). Consistent with the
absence of DMPO-"O,~ signal in the EPR results, the addition
of BQ hardly affected the degradation of OTC, revealing that
‘0O,” was not involved in the oxidation process. Despite the
obvious TEMP-'O, signal in the EPR spectrum, the degra-
dation kinetics of OTC decreased only slightly from
0.24409 min~" to 0.22795 min~' in the presence of TEMP,
which may be due to the rapid deterioration of the 'O, pro-
duction rate with the reaction time (Fig. S121). Moreover,
similar results to the above can still be observed in Fig. S14f
when changing the doses of different quenchers. Note that the
contribution of potential chlorine radicals ("Cl) and high-
valent iron species (Fe(iv), Fe(v), and Fe(vi)) can also be
excluded, since no corresponding signals (DMPO-'Cl) were
detected in all EPR spectra (Fig. 4) and addition of dimethyl
sulfoxide (DMSO) (a quencher for high-valent iron species) did
not significantly affect the degradation kinetics of OTC
(Fig. S157). Overall, these facts reflect the contribution of "OH,
S0, and 0, to the degradation of OTC, with “OH playing a
dominant role. This is also supported by the fact that the min-
eralization rates of OTC in different systems (Fig. 4e) almost
coincide with the order of intensity of DMPO-"OH. The contra-
diction between the mineralization rate (Fig. 4e) and the
DMPO-'OH signal intensity (Fig. 4a) of the UV/H,0, system
and HEF system may be related to the difference in the evol-
ution of "OH production with reaction time. As depicted in
Fig. 4f, the UV/H,0, system contributed to a gradually
enhanced "OH concentration with the reaction time, while the
HEF system showed an opposite trend. This is precisely the
result of the scavenging of "OH by H,O, in the later stage of
the dual-cathode HEF reaction discussed in section 3.2.

3.4. Assessment of practical application potential

The practical application potential of the constructed HEF/UV
tandem system was evaluated from multiple perspectives.
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Fig. 5a shows that refractory organic compounds with different
chemical structures (tetracycline (TC), ranitidine (RNTD), and
sulfamethoxazole (SMX)) can all be effectively degraded in this
HEF/UV process, demonstrating its versatility and universality.
In addition, the effect of real water matrices (tap water, river
water, and lake water) was also evaluated. The OTC degra-
dation rate decreased to varying degrees in this tandem system
compared to the deionized water background, as shown in
Fig. 5b. This phenomenon occurred because of the presence of
complex inorganic anions (especially ClI”) and dissolved
organic matter in natural waters (see Table S21 for water
quality parameters of different real water matrices), which
were well established as "OH scavengers and will strongly affect
the degradation efficiency of organic molecules.?® Despite the
reduced performance, it is still acceptable because the com-
plete degradation of OTC within 60 min was achieved in
different natural waters.

Service life is critical to the large-scale application of water
treatment technologies, for which successive cycles of OTC
degradation experiments in the HEF/UV system were per-
formed (Fig. 5¢ and d). Both the degradation kinetics and min-
eralization rate of OTC showed a slight decrease after 10 runs.
Considering the robust durability of the ADC electrode and UV
lamp, the fading of the oxidation capacity of this tandem
system was identified to originate from the gradual leaching of
Fe ions from the surface of the FeOCI/GF catalytic cathode
(Fig. S16,T ~1.2 mg in each run). Therefore, the development
of innovative and practical fabrication strategies to enhance
the stability of catalytic cathodes under realistic harsh electro-
lysis conditions is suggested to be a priority for future
research. Fig. 5d also shows the residual H,O, concentration
corresponding to each cycle, and only about 40 mg L™ of
unactivated H,O, was detected in the HEF/UV effluent.
Meanwhile, although nearly half of the degradation intermedi-
ates were predicted to be more toxic than OTC in the early
stages of remediation, this HEF/UV tandem system still
enabled a detoxification process for OTC as the oxidative con-
version of these intermediates proceeded (Fig. S17, S18 and
Tables S3, S41). These abovementioned characteristics allowed
to greatly reduce the environmental risk of OTC-containing
sewage to aquatic ecosystems. Nonetheless, follow-up studies
are recommended to examine the intermittent power supply
mode (i.e., interruption of electric current when OTC is almost
completely degraded at 20 min) to further eliminate the H,O,
residue and minimize energy consumption.

To further illustrate the superiority of the HEF/UV tandem
system, a comparison of the k values for OTC degradation with
other advanced oxidation-based technologies was carried out.
As shown in Fig. 5e, HEF/UV probably represents the state-of-
the-art catalytic performance with corresponding k values 2.7
to 48.4-fold higher than other systems,>'***™** suggesting the
significant synergy between electro- and photo-catalysis. In
view of the excellent performance of the HEF/UV tandem
system, its feasibility for real industrial antibiotic wastewater
treatment was evaluated. Wastewater samples were obtained
from an antibiotic pharmaceutical factory (CP group,

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Practicability of the dual-cathode HEF and UV radiation tandem system. Evaluation of the universality of the HEF/UV tandem system in terms
of (a) contaminant species and (b) natural water matrix background; durability of the HEF/UV tandem system over 10 consecutive runs: (c) OTC
degradation and (d) TOC removal rate and H,0, residue (conditions: [OTC] = 20 mg L™, pH = 4, Iapc = 100 mA cm™2, Ireocyar = 5 MA cm™2, and UV
= 6 W); (e) comparison of OTC degradation performance between different AOP technologies reported in the literature and the HEF/UV tandem
system in this study; and (f) treatment of real antibiotic wastewater using the HEF/UV tandem system (conditions: /apc = 100 mA cm™2, lreocycr =

5mAcm=2 and UV = 6 W).

Zhengzhou, China), and the main water quality parameters are
shown in Table S5.1 Note that this real antibiotic wastewater is
characterized by high salinity (conductivity up to 5030 pS
cm ™), for which the treatment process was performed without
any supporting electrolyte addition. After 120 min, the treated
wastewater became clear and transparent with a TOC removal
rate of nearly 50%, even without pre-adjustment of the solu-
tion pH (Fig. 5f). Endowed with the aforementioned merits,
the proposed HEF/UV tandem system may be regarded as a
powerful solution for distributed water pollution remediation,
due to its reagent- (i.e., catalyst dosing and oxygen aeration)
and oxidant-free philosophy of green chemistry.

4. Conclusions

In summary, a coupled system of a dual-cathode HEF process
in series with UV radiation was developed for efficient distribu-
ted water pollution control. In the dual-cathode electrolysis
unit, H,O0, was first efficiently produced in situ at the ADC
without aeration and then rapidly converted into active free
radicals at the highly loaded FeOCIl/GF catalytic cathode. The
optimal operating current densities of the two cathodes were
experimentally verified to be different (100 mA cm™> at ADC
and 5 mA cm™> at FeOCl/GF), thus enabling simultaneous
efficient 2e” ORR, H,0, activation and Fe(u) electroreduction.
Importantly, the underutilized H,0, remaining in the HEF
effluent will continue to be activated in the UV irradiation
module, resulting in the elimination of the risk of oxidant resi-
dues and helping in further improving the degradation

This journal is © The Royal Society of Chemistry 2023

efficiency. The current density applied to the ADC has a signifi-
cant impact on the synergy between the electro- and photo-cat-
alysis subprocesses in the HEF/UV tandem system. For Iypc <
100 mA cm™2, the deployment of the UV module cannot elim-
inate the wasting reaction of "OH heterogeneously produced at
the FeOCIl/GF cathode with H,0, produced at the ADC, while
for Iypc > 100 mA cm ™2, UV photolysis of relatively high con-
centrations of H,0, in the HEF effluent will generate consider-
ably homogeneous ‘OH, which can outcompete the above
wasting reactions by dimerization with heterogeneous "OH at
the FeOCl/GF cathode. The HEF/UV tandem strategy proposed
in the present work offers an efficient, green and residual
oxidant-free wastewater treatment solution, which is promising
especially for distributed wastewater treatment.
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