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H I G H L I G H T S

• A novel UV-EFCM filtration system
was developed.

• Low-concentration antibiotic con-
taminant was efficiently degraded.

• The antibacterial activity was thor-
oughly eliminated with UV light pre-
treatment.

• Specific energy consumption of the
integrated system was significantly
reduced.

• Integrated system has the potential to
tackle the problem of antibiotic pol-
lution.
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A B S T R A C T

Antibiotics, especially halogenated antibiotics, which account for nearly 40% of the total antibiotics in China,
pose great environmental risks; however, the superior stability of C–F bond and low concentrations hinder their
degradation, indicating the need for developing of highly efficient treatment technologies. There is an additional
concern that some degradation products could be as active/toxic as or even more than their parent compound.
The stable C–F bond can be relative easily cleaved by UV light irradiation, which could come from sunlight.
Herein, a novel UV-driven electro-Fenton catalytic membrane (UV-EFCM) filtration system that favors resistance
elimination and efficient degradation of low-concentration antibiotics is proposed for the first time. The photo-
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electrochemical/electro-Fenton (PEC/EF) coupling reaction is synchronously conducted in a sequential filtration
system. Almost complete degradation and high mineralization (78.4 ± 9.1%) of florfenicol were achieved at a
concentration of as low as 14 µM with the hydraulic retention time of 0.98 h during the UV-EFCM filtration
system. Complete elimination of its antibacterial activity, and significant defluorination improvement
(56 ± 3.6%) compared to electro-Fenton filtration process (11 ± 5.3%) were achieved due to the prior
cleavage of the stable C–F bond with antibiotic potency under UV light pretreatment. This study thus proposes a
novel UV-EFCM filtration system, which couples PEC and EF with a potential to tackle the environmental
problems associated with antibiotic pollution.

1. Introduction

Antibiotics, especially the halogenated antibiotics, are widely used
in humans and animals, which account for about 40% of the total an-
tibiotic consumption in China. But their potential threat to the en-
vironment and human health has raised significant concerns in recent
years [1–3]. Florfenicol, one of the broad-spectrum halogenated anti-
biotics, is effective for the inhibition of transpeptidation in bacterial
protein synthesis process, and is therefore at the top usage of veterinary
antibiotic in China [3,4]. It is also used in many countries for the
control of several bacterial diseases in humans and animals [5]. Flor-
fenicol is against diverse Gram-positive and Gram-negative bacteria,
including most of anaerobic organisms [6], so it cannot be effectively
removed by conventional water treatment technologies, especially by
biological treatment method. Several efficient advanced treatment
technologies including photodegradation, electrochemical reduction,
catalytic membrane have been applied to remove florfenicol from water
[2,7,8]. However, the antibacterial characteristic and persistent C–F
bond of florfenicol results in its incompletely degradation and subse-
quently accumulation in aquatic or sedimentary environments, which
may lead to the development and spread of antibiotic resistance
[3,9–13]. Especially, florfenicol at low concentration cannot be effi-
ciently degraded by traditional water treatment technologies [8] and
their degradation products could be as active and/or toxic as their
parent compound [14]. Highly efficient and energy-saving advanced
treatment technologies are thus of great significance for degradation
and antibiotic resistance elimination of low-concentration antibiotic
contaminants (e.g. florfenicol) in ensuring the water safety [15–18].

Electro-Fenton (EF) technology, with hydroxyl radicals (%OH) as
strong oxidants, has been widely studied for antibiotics degradation.
However, some chemical bonds with high dissociation energy, such as
the C–F bond facilitate antibacterial activity (AA) in florfenicol
(105.4 kcal mol−1), is difficult to be cleaved compared to other
common bonds, such as C–O; (84.0 kcal mol−1), C–C (83.1 kcal mol−1),
C–Cl (78.5 kcal mol−1) or C–N (69.7 kcal mol−1) [19–23]. The C–F
bond gains its stability from the resultant electrostatic attraction be-
tween the polarized Cδ+ and Fδ– atoms [19]. Therefore, the inter-
mediate degradation products which retain the C–F bond, maintain
their AA, even after being treated by the EF process, thus still posing a
serious environmental threat. As reported, UV light can be used as a
pretreatment to eliminate antibiotic resistance by inducing cleavages,
rearrangements or substitutions to its structure [24]. Therefore, the
rapid photooxidation of the fluorochemicals is generally due to their
reactivity under UV–irradiation conditions [25], which is reasonably
beneficial for the defluorination. As reported previously, Cl– and F–

have been detected during the florfenicol photodegradation process
[26–29], confirming that the stable C–F bond can be easily cleaved by
UV light irradiation. Meanwhile, for practical applications, UV light
irradiation could be used as a pretreatment [27], which will clearly
increase the final degradation of antibiotic contaminants by the sub-
sequent EF oxidation when applied in sequence. Thus, combining UV
light irradiation with EF catalysis could be an interesting option for
advanced degradation and resistance elimination of antibiotics.

Recently, photo-electrochemical (PEC) oxidation, one of the elec-
trochemical advanced oxidation technologies (EAOTs), has been

extensively studied and applied to wastewater treatment [30–32]. In
the PEC oxidation process, separation of electron/hole pairs is en-
hanced through the application of bias potential via electron transfer by
an external circuit, leading to increased photocatalytic efficiency [33].
Meanwhile, photo-generated reactive oxygen species can efficiently
degrade various refractory organic pollutants [33–35]. For most re-
ported PEC systems, Pt counter electrode was generally used to accept
photogenerated electrons transferred from photoanode and for H2

generation [36,37], which will not waste electron as well as energy.
Meanwhile, PEC system was also applied for pollutants degradation
[33,38], which integrated photocatalytic membrane or filter as the
photoanode and metal mesh as the cathode. The pollutant then could be
degraded on the photoanode, while the cathode made little contribu-
tion to pollutants degradation and waste the photogenerated electrons,
leading to undesirable energy waste [30,39].

To overcome this issue, the electrons can be transferred to the EF
cathode in a PEC/EF coupling oxidation system [30] for additional
electro-reduction of O2, which will make use of cathode for pollutant
degradation and save the energy [40]. Although it has been reported
that this novel PEC/EF system could degrade dyes efficiently [30], no
report is available on advanced degradation of antibiotics or complete
elimination of its AA by a PEC/EF sequential filtration system combined
with membrane treatment. Additionally, most studies focused on the
antibiotics at high concentrations [2,4,30,34], leaving a research gap
about degradation efficiency and AA elimination at low concentration.
In our previous work, a novel electro-Fenton catalytic membrane
(EFCM) filtration system was proposed to concentrate and in situ de-
grade low-concentration antibiotics efficiently by coupling membrane
filtration with EF catalysis [8]. However, the anode was Pt mesh as has
been the case in other reports, which is very expensive and made no
contribution to antibiotic degradation.

In this study, a novel UV-driven EFCM (UV-EFCM) filtration system
with a TiO2-modified graphite felt filter (TiO2/GF) photoanode and
EFCM cathode, which combined UV light irradiation with EF catalysis
for membrane treatment of antibiotics at low concentration was first
constructed. The integrated system could make effective use of the
anode, eliminate the Pt cost, save energy requirement by using photo-
generated electrons, degrade low-concentration antibiotics efficiently,
and eliminate AA by photocatalysis pretreatment followed by EF oxi-
dation to control the development and spread of antibiotic resistance.
We also evaluated the property of the coupled PEC/EF sequential fil-
tration system and compared it with PEC/electrochemical (PEC/EC)
filtration, PEC filtration, EF filtration and single filtration counterparts.
Subsequently, the corresponding AA of the treated effluents was in-
vestigated, and was linked to changes in florfenicol structural [24]. This
study proposes a novel UV-EFCM filtration system to couple PEC and EF
with a potential to tackle the environmental problems of antibiotic
pollution.

2. Experiment

2.1. Preparation of TiO2/GF photoanode and EFCM cathode

Photoanodes were prepared by applying TiO2 nanopowder catalyst
(P25, ≥99.5% (wt%), Degussa AG), which consisted of anatase and
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rutile at the mass ratio of 80%:20%, with average particle size of
around 20 nm. The polytetrafluoroethylene (PTFE) solution (60%)
(0.25 µL of PTFE solution/mg of TiO2 catalyst) was used to load TiO2

onto one side of graphite felt (GF, CC, GF020, Ce Tech) [41–44] (SI Fig.
S1) and then connected to the external circuit through a titanium ring
current collector. Typically, the GF (geometric surface area of 33.2 cm2)
was pretreated as previously described [45]. The final TiO2 loading
with different content of 4.5, 6, 9, 12 and 15 mg cm−2 were produced,
and were denoted here as 4.5–TiO2/GF, 6–TiO2/GF, 9–TiO2/GF,
12–TiO2/GF and 15–TiO2/GF. The EFCM cathode was prepared in the
manner described in our previous work [8]. The TiO2/GF photoanode
and the EFCM cathode were connected together to form a closed circuit
through a 5 Ω resistance. The prepared photoanode was considered
successful to supply electrons for the EF reaction on the EFCM cathode
only when photocurrent was generated and kept stable for each pho-
toanode with the same TiO2 content.

2.2. Characterization of TiO2/GF photoanode

Electrode morphologies were characterized by a field emission
scanning electron microscope (FE–SEM) [8,46–48]. X–ray diffraction

(XRD) [49] was employed to characterize the crystallographic structure
of the TiO2 layer on the TiO2/GF photoanode. UV–vis diffuse re-
flectance spectra (DRS) and the photoluminescence emission spectra
were conducted using the same methods and parameters as previously
reported [50]. The electrochemical performance of the TiO2/GF pho-
toanode was conducted through liner sweep voltammetry (LSV) and
cyclic voltammetry (CV) techniques, with detailed descriptions of the
testing presented in the Supplementary material. Electrode potentials
and the sampling resistance (5 Ω) were recorded every 50 s, using a
data collection system [49].

2.3. Experimental setup and procedure

Performance of the UV-EFCM was investigated in a laboratory-scale
PEC/EF sequential filtration system (Fig. 1a). For this dead-end filtra-
tion reactor with the diameter of 52 mm and effective working volume
of 80 mL, a three-electrode mode was applied to test the relevant
electrode potential with the TiO2/GF filter as the photoanode, the
EFCM as the cathode and a saturated calomel electrode (SCE) as the
reference electrode. The reactor was made out of polytetra-
fluoroethylene (PTFE) material to protect it from being destructed by

Fig. 1. Configurations of the different filtration
systems: (a) PEC/EF filtration process of 9-
TiO2@GF|EFCM (P + E) (saturated with O2), (b)
PEC/EC filtration process of 9-TiO2@GF|EFCM
(P + E) (saturated with N2), (c) PEC filtration
process of 9–TiO2@GF|RGO membrane (P + E),
(d) EF filtration process of 9–TiO2@GF|EFCM (E)
and (e) single filtration process of
9–TiO2@GF|EFCM; where the right side and the
left side of the “|” represent the anode and the
cathode respectively, and the “P” and “E” in the
parentheses represent the presence of photo-
catalysis with UV light irradiation (≤400 nm)
and external electricity (applied voltage of
0.542 V), respectively.
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free radicals that had strong oxidant ability during reaction processes. A
little window covered with a piece of quartz glass on top of the reactor
was the part for UV light irradiation on the surface of TiO2/GF filter
photoanode. Overall, this system consisted of a pump (BT100–1L,
Longer Pump), an DC power to supply the applied voltage
(RPS3003D–2, Rek), and a 300 W Xe lamp (Perfectlight, China) with a
UV enhanced filter as the UV light source (with intensity of
66.3 mW cm−2). The TiO2/GF photoanode and EFCM cathode were
mechanically brought into contact and the applied voltage was set at
0.542 V using DC power supply during experiments. Under the positive
applied voltage, photogenerated electrons on the TiO2 catalyst would
be drained to the current collector and continuously transferred to the

EFCM cathode via the external circuit, resulting in an effective se-
paration of electron/hole pairs. 50 mM Na2SO4 was used as the elec-
trolyte and 14 µM florfenicol was used as the target antibiotic con-
taminant contained in an oxygen-saturated solution (dissolved oxygen
(DO) ~ 20.5 mg L−1) which was pumped into the reactor, flowing
through the electrode filter with a flux of 110.4 L m−2 h−1 Mpa−1 at
25 °C. The reactor was kept dark for 2 h single filtration, to establish
adsorption/desorption equilibrium between the influent and electrodes
in the reactor. After this, it was operated under UV light irradiation and
applied voltage supply for at least another 1 h, to ensure the stability of
the effluent, which was sampled every 10 or 30 min over 3 h. All of the
potential data reported herein were against SHE.

Fig. 2. (a) SEM images of GF, (b) SEM images of the 9–TiO2/GF filter, (c) representative linear scan voltammogram of the 9–TiO2/GF filter with a scan rate at
10 mV s−1, (d) XRD patterns, (e) UV–vis diffuse reflectance absorption spectra and (f) Photoluminescence emission spectra of TiO2 powders, GF and the 9–TiO2/GF
filter.
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The content of TiO2 powder loaded on the TiO2/GF photoanode was
further optimized based on the photo-generated current density and
florfenicol degradation, with the former measured in a conventional
three-electrode system at a bias potential of 0 V (versus a standard
hydrogen electrode, vs. SHE) in a photocatalytic reactor made of quartz
glass. The degradation of florfenicol by different TiO2/GF photoanodes
was conducted in the PEC/EF sequential filtration system. Samples
were selected every half hour and this treatment process lasted for 3 h.
To exclude the contribution of UV photolysis to florfenicol degradation
during TiO2/GF photocatalysis process, pure GF was used as a control
photoanode in a batch system. Meanwhile, homogeneous photo-
catalysis process with TiO2 powder was also conducted to compare with
TiO2/GF photoanode in the same batch quartz glass reactor.

To elucidate the role of EF and photocatalysis in florfenicol de-
gradation during the filtration process, PEC/EC sequential filtration
(Fig. 1b), PEC filtration (Fig. 1c), EF filtration (Fig. 1d) and single fil-
tration (Fig. 1e) processes were also carried out as controls. For the
different operation processes, experimental conditions were kept con-
sistent except for several parameters which were adjusted as follows.
For the PEC/EC filtration process, the influent was N2 saturated
(DO ~ 0.05 mg L−1) to prevent H2O2 and %OH generation on the EFCM
cathode, the EFCM cathode was replaced with a reduced graphene
oxide (RGO) membrane without Fe2+ catalyst to inhibit the production
of %OH during the PEC filtration process, UV light irradiation was
turned off during the EF filtration process and neither the applied
voltage nor the UV light were applied during the single filtration pro-
cess.

2.4. Analysis and calculation

The concentration of florfenicol and total organic carbon (TOC) in
the influent and effluent were analyzed using reverse-phase high per-
formance liquid chromatography (HPLC) and a TOC analyzer to in-
vestigate the degradation and mineralization of florfenicol as reported
in our previous work [8]. Ion chromatography (details in [49]) was
applied to measure Cl− and F−, to evaluate florfenicol dehalogenation
efficiency. To evaluate whether the proposed PEC/EF coupling oxida-
tion filtration system was economical, florfenicol mineralization effi-
ciency was compared for the different processes (Fig. 1), in terms of
apparent mineralization current efficiency (MCE) and specific energy
consumption (SEC), which were defined in Eqs. (S2) and (S5), respec-
tively. The florfenicol removal rate was also calculated for different
processes, and to assess the effectiveness of these processes in terms of
AA elimination, the residual activity of treated florfenicol solutions
against Staphylococcus aureus ATCC 6538 (S. aureus) bacteria was
determined using Eq. (S6), with method details shown in the
Supplementary material. To analyze C–F bond cleavage during florfe-
nicol degradation, ultraperformance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) (see details in [8]) was used to
identify the intermediate products.

3. Results and discussion

3.1. Characterization of the TiO2/GF photoanode

The morphology of the GF changed obviously after modification
with TiO2 powder. As compared to pure GF (Fig. 2a), the TiO2/GF was
uniformly covered by a TiO2 layer (Fig. 2b). The elemental mapping
spectra (SI Fig. S2) also confirmed the uniform distribution of Ti and O
elements, indicating successful loading of TiO2 onto the GF. The higher
surface area of the GF was beneficial for more TiO2 powder loading on
its surface and the effective catalytic area of TiO2/GF was therefore
enhanced. When used as the photoanode, the current density as a
function of corresponding potential was evaluated (Fig. 2c). The photo-
generated current clearly changed between with or without illumina-
tion conditions. In dark conditions, negligible current was observed,

while under light exposure, current generated when the potential was
positively scanned to −0.21 V at the scan rate of 10 mV s−1, finally
reaching 0.57 mA cm−2 at 1.2 V. This indicated that the TiO2/GF was
photo-responsive to UV light, which means that it was suitable to be
used as the photoanode. In addition, the stability of the TiO2/GF pho-
toanode in aqueous solution was investigated using CV analysis (SI Fig.
S3), and it could be seen that the photocurrent density had no obvious
decline even after 5 cycles, which revealed that the TiO2/GF photo-
anode was capable of maintaining considerable PEC performance in
aqueous solutions. According to XRD analysis (Fig. 2d), characteristic
TiO2 peaks (1 0 1), (0 0 4), (2 0 0), (2 1 1) and (2 0 4) were observed on
the TiO2/GF pattern, while no peaks for GF were seen, meaning that
TiO2 had been successfully loaded onto the GF and was mainly com-
posed of the anatase phase (80 wt%) that is active in photocatalysis
[33]. The optical property of the TiO2/GF filter was exhibited using
DRS (Fig. 2e). Pure TiO2 powder and the TiO2/GF filter displayed ab-
sorption in the UV (≤400 nm) region, and the DRS intensity
strengthened when TiO2 was loaded onto the GF due to its higher
specific surface area. This suggested that a TiO2/GF filter with similar
or even greater response to UV light, could act as the photoanode
during the PEC process. The photoluminescence emission intensity was
associated with the recombination of photogenerated electrons and
holes. Generally, low photoluminescence intensity signified long carrier
lifetime and a low degree of electrons-hole pairs recombination
[50,51]. The TiO2/GF filter presented lower emission intensity com-
pared to TiO2 (Fig. 2f), demonstrating the lower recombination rate of
electrons and holes. This could be ascribed to the GF supporting layer
with superior conductivity which provided unclogged electron trans-
port pathway for rapid separation/transport of charge to overwhelm its
recombination. All these results suggested that the TiO2/GF filer could
act as the photoanode in the PEC/EF sequential filtration system.

3.2. Optimization of the photocatalytic functional layer

The TiO2 powder content was crucial to the photocatalytic perfor-
mance of the TiO2/GF photoanode. To optimize this content, photo-
generated current intensity and florfenicol degradation were evaluated
using series of photoanodes with different TiO2 content under UV light
illumination. XPS measurement (Table 1) firstly confirmed that the
TiO2 powder was well deposited on the GF surface. With its amount
increasing, the content of the titanium and oxygen elements were sig-
nificantly increased from approximately 0 to 27.3% and 3.36 to 54.1%,
respectively. This indicated that more TiO2 powder were loaded on the
GF, which was further confirmed by the decrease in carbon element
from 95.93 to 18.6%. With TiO2 content increasing, the current density
increased from 4.5 to 9 (mg cm−2) (Fig. 3a), while a further increase
then resulted in current density decline. The maximum current density
was approximately 0.06 mA cm−2 generated by the 9–TiO2/GF pho-
toanode. Variation of florfenicol removal efficiency as a function of
reaction time in the dead-end filtration system followed a trend similar
to that of current density (Fig. 3b), with the 9–TiO2/GF photoanode
achieving the maximum florfenicol removal efficiency (95 ± 4.8%).

Table 1
Surface elemental compositions of TiO2/GF filer photoanode with different
content of TiO2.

GF anode TiO2 amount (mg/cm2) Elements content (%)

C O Ti Total

GF 0 95.93 3.36 0.37 100
4.5-TiO2/GF 4.5 36.56 44.96 18.48 100
6-TiO2/GF 6 32.92 45.56 21.52 100
9-TiO2/GF 9 25.22 50.55 24.23 100
12-TiO2/GF 12 15.56 58.14 26.30 100
15-TiO2/GF 15 18.60 54.10 27.30 100

W.-L. Jiang, et al. Chemical Engineering Journal 391 (2020) 123503

5



This might be due to the fact that photoanode with dense photocatalytic
layer possessed higher electro transfer resistance, which was unfavor-
able for electro-hole pairs separation. However, a thinner photocatalyst
layer also impaired the performance due to its poor adsorption of UV
light [38]. As it turned out, when the content was excessive, not all the
TiO2 catalyst on the GF could produce photocurrent or enhance the
removal of florfenicol, which was why the PEC and catalytic perfor-
mance of the 9–TiO2/GF photoanode was superior to the others for
current generation and florfenicol removal. The generated photocurrent
was studied by the alternating ON-OFF illumination test with 9–TiO2/
GF. The removal efficiency of florfenicol was coordinated with the
current generation trend, which was only detected under illumination

(Fig. 3c). These observations confirmed that both the removal of flor-
fenicol and generation of photocurrent depended on the illumination
dosing at the photoanode. Florfenicol removal efficiency by the
9–TiO2/GF photoanode was also evaluated using a batch system. With
the initial florfenicol concentration at 14 µM, a removal efficiency of
98 ± 1.9% (Fig. 3d) was achieved after 2 h reaction. To exclude the
contribution of UV photolysis [5,26], a control experiment was con-
ducted using pure GF and only 24 ± 2.9% of the florfenicol was re-
moved after 2 h operation, indicating that photocatalysis played a
major role compared to direct photolysis. For TiO2 powder, 100% re-
moval efficiency was achieved after approximately 30 min of reaction
time. However, TiO2 powder cannot transfer photo-generated electron

Fig. 3. (a) Photocurrent density generated by UV light irradiation of TiO2/GF filters with different content of TiO2 powder, (b) removal efficiency of florfenicol by
TiO2/GF filters with different content of TiO2 powder, (c) representative current density of TiO2/GF photocatalytic filter and (d) removal efficiency of florfenicol by
GF, TiO2 powder and 9–TiO2/GF filter in a batch reactor.

Fig. 4. (a) Removal efficiency of florfenicol at different applied voltages, (b) MCE and SEC of PEC/EF filtration process at different applied voltages and (c) MCE and
SEC of single filtration, EF filtration, PEC filtration, PEC/EC filtration and PEC/EF filtration processes.
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to the EFCM cathode, where it was used for oxygen reduction reaction.
For the 9–TiO2/GF photoanode, even though the removal rate was a
little lower than that of TiO2 powder, florfenicol was removed after 2 h
operation. These results demonstrated that the TiO2/GF photoanode
could effectively improve florfenicol removal, while stimulating pho-
tocurrent generation. In addition, in a continuous treatment system,
TiO2 powder could be washed out and its recovery and reusability is
very difficult.

3.3. Influence of applied voltage and electric energy consumption

The performance of the PEC/EF coupling filtration system for flor-
fenicol removal as a function of applied voltage was further studied.
Removal efficiency increased gradually as the voltage increased from
0.242 to 0.542 V (Fig. 4a) with 99.8 ± 0.2% being the maximum
achieved, while a further voltage increase led to the removal efficiency
declining. It was supposed that at voltages lower than 0.542 V, very
little O2 could be reduced to H2O2 via a two-electron reduction reac-
tion. This was because the O2 reduction potential of EFCM cathode was
lower than −0.6 V, which was consistent with the results previously
obtained for H2O2 production [8]. At voltages higher than 0.542 V, the
potential of EFCM cathode was apparently higher than −0.6 V, re-
sulting in the generated H2O2 further reducing to H2O or being out-
competed in the reduction of oxygen to H2O (4 e–) and to H2O2 (2 e–).
The applied voltage of 0.542 V was therefore sufficient to enable the
EFCM cathode to reach its optimal potential (−0.6 V) for H2O2 pro-
duction in combination with the photo-generated electrons.

The variation of MCE and SEC in the PEC/EF coupling filtration
system with applied voltage was further studied. The MCE reduced
gradually as the applied voltage increased from 0.242 to 0.442 V
(Fig. 4b), while the value at 0.542 V (53.2 ± 0.9%) was even higher
than at both 0.342 V (45.8 ± 4.2%) and 0.442 V (41.3 ± 1.7%). As
described in the formula to calculate MCE (SI Eq. S2), the extremely
high MCE value at 0.042 V (337.7 ± 6.5%) might have been due to the
relatively high mineralization efficiency (Δ(TOC)exp) (49 ± 0.2%)
induced by photocatalysis and the low current at this applied voltage,
which would lead to lower theoretical TOC removal (Δ(TOC)theor). The
value of Δ(TOC)exp changed a little at voltage lower than 0.542 V, be-
cause very little O2 could be reduced to H2O2 for florfenicol miner-
alization by EF oxidation as mentioned above. Therefore, the MCE
further reduced with the increase in applied voltage, mainly due to the
increase in current. The rapid decline of MCE with further applied
voltage increase was because the bigger current generated from the
elevated voltage could not be effectively used for H2O2 generation
followed by the decreasing Δ(TOC)exp. The SEC obtained at different
applied voltages was diametrically opposed to the MCE, which could be
clearly elucidated by inspection of the calculation formula (SI Eq. S2).
The dramatically increased SEC at voltages 1.242 V (526.2 kW h kg−1)
and 1.542 V (720.6 kW h kg−1) (Fig. 4c), revealed that the extra ap-
plied voltage could not be effectively used. For the applied voltage

increase from 0.042 to 0.542 V, the SEC increased from 0.14 to
11.76 kW h kg−1, which was significantly lower than that obtained in
the EF filtration process (144.3 kW h kg−1), indicating that photo-
generated electrons were able to contribute considerable electric energy
to the EF reaction on the EFCM cathode.

The mineralization efficiency of florfenicol was compared among
the PEC/EF filtration and control processes in terms of MCE and SEC.
The calculated MCE (53.2 ± 0.8%) (Fig. 4c) of the PEC/EF filtration
process was 1.9 times that of the PEC filtration process (28.5 ± 3.8%)
and 2.8 times better than the EF filtration process (19.4 ± 2.1%), even
reaching approximately 1.1 times their sum (47.9%), which suggested
an 11.1% enhancement of MCE after combining the PEC and EF fil-
tration processes. The SEC for the PEC/EF filtration process was
11.8 ± 0.2 kW h kg−1, which was significantly smaller than was
achieved by both the PEC (22.2 ± 2.9 kW h kg−1) and EF
(144.3 ± 5.7 kW h kg−1) filtration processes. Compared to the EF
filtration process in particular, significant MCE improvement (175%)
and SEC reduction (133 kW h kg−1) were observed after coupling with
the PEC process, which might be ascribed to the efficient transfer of the
photo-generated electrons to the cathode. The remaining holes on the
photoanode could facilitate the mineralization of florfenicol as well due
to its high defluorination efficiency. Even though the energy con-
sumption for EF reaction was reduced by coupling with the PEC pro-
cess, the electric energy provided by photo-generated electrons was still
not enough, and this needs to be further investigated in the future.

3.4. Removal of antibiotic florfenicol

The florfenicol removal efficiency of the PEC/EF filtration system
was evaluated and compared with the control processes. Removal ef-
ficiencies of 26 ± 3.7% and 61 ± 3.0% (Fig. 5a) were achieved
during single filtration and EF filtration processes, respectively, with
the initial concentration of florfenicol at 14 µM. For the PEC/EF fil-
tration process, it was up to 99.8 ± 0.2%, confirming that besides EF
degradation and rejection by the EFCM cathode, the removal of low-
concentration florfenicol was greatly improved by photocatalysis. This
further indicated that the combination of UV light irradiation with EF
catalysis for membrane treatment of antibiotics at low concentration
was an appropriate advanced oxidation process. Production of %OH on
the EFCM cathode surface was prevented in nitrogen saturated condi-
tions during the PEC filtration process, so the removal of florfenicol
(93 ± 2.7%) could be mainly due to the production of reactive oxygen
species (ROS), i.e. superoxide anion radical (%O2

–), hydrogen peroxide
(H2O2), singlet oxygen (1O2) or hydroxyl radical (%OH) in photo-
catalysis [52]. Similarly, the generated holes with strong oxidizing
property also contributed to florfenicol removal [53–55]. For the PEC/
EC filtration process, H2O2 and %OH generation was also hindered by
the nitrogen-saturated influent. 94 ± 2.6% removal of florfenicol,
which was slightly greater than that achieved by the PEC filtration
process, could be ascribed to the EC reaction on the EFCM cathode. The

Fig. 5. (a) Removal efficiency, (b) Mineralization efficiency and (c) Mineralization rate of effluent from different filtration processes.
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C–F bond with much stronger bond energy in florfenicol was com-
paratively stable and non-biodegradable [20–22], but could be easily
destroyed by UV light irradiation [24,27–29]. The advantage that the
PEC/EF filtration process obtained compared with the PEC filtration
and PEC/EC filtration processes was obvious, and confirming that the
C–F bond cleavage by photocatalysis allowed the following EF reaction
on the EFCM cathode to degrade florfenicol more efficiently.

The TOC content of both the influent and effluent were also mea-
sured to characterize the mineralization of florfenicol in different pro-
cesses. A relatively high and constant mineralization efficiency of
78 ± 9.0% was obtained for the PEC/EF filtration process, while only
27 ± 3.6% for the single filtration process and 34 ± 1.7% for the EF
filtration process (Fig. 5b). It was consistent with florfenicol removal
efficiency (26%) in single filtration process, which had been confirmed
in our previous work that it could be merely due to the rejection
property of EFCM [8]. During the PEC/EC filtration process, the mi-
neralization efficiency (63 ± 4.5%) was apparently higher than PEC
filtration process (49 ± 5.6%). For the PEC/EF filtration process, the
mineralization efficiency of florfenicol was 44% higher than that of the
EF filtration process, while it was only 38% higher for the removal
efficiency. In contrast, for the PEC/EC filtration process, the miner-
alization and removal efficiencies were 14% and 1% higher than those
of the PEC filtration process, respectively. These observations con-
firmed that florfenicol was more easily mineralized by either the EF
reaction or EC degradation after photocatalysis pretreatment, which
could be due to the easier cleavage of the chemical bonds in the smaller
molecular weight intermediate products [56–58].

The corresponding mineralization rate was further calculated to
clarify the contribution from the filtration, PEC and EF degradation for
florfenicol removal. In the PEC/EF filtration process, the rate was
35.3 ± 0.9 mg m–2 h−1, which was much higher than the PEC/EC
(27.2 ± 0.4 mg m–2 h−1), EF (10.4 ± 0.7 mg m–2 h−1) and single
(8.6 ± 0.9 mg m–2 h−1) filtration processes (Fig. 5c). The trend for
florfenicol mineralization rate was replicated by the trend for florfe-
nicol removal (Fig. 5a) and mineralization (Fig. 5b). For the batch PEC
process without filtration, it was also calculated according to the re-
duction of florfenicol concentration as a function of time (Fig. 3d) and
the average value was 8.1 mg m–2 h−1 when the removal efficiency
reached 100%. Notably, the mineralization rate in the PEC filtration
process (20.5 ± 0.2 mg m–2 h−1) was even higher than the sum of the
batch PEC and single filtration processes (16.6 mg m–2 h−1). This might
be due to the faster mass transfer of pollutant molecules towards the
photoanode during the filtration process, which was noted in our pre-
vious work for the EF filtration process [8]. Therefore, the coupling
effect of the PEC, EF and filtration three processes greatly enhanced the
possibility of pollutant molecules being degraded by oxidants from the
photoanode and EFCM cathode. Once again, these observations con-
firmed the effectiveness of this UV light irradiation and EF catalysis
with membrane filtration coupling system for low-concentration flor-
fenicol removal. The coupling effect of the photocatalysis, EF and
membrane filtration processes was further quantitatively evaluated
using the synergy index value (SIV) as shown in Eq. (S1) [30]. The
calculated SIV value was 1.16, indicating a 16% improvement of flor-
fenicol removal could be achieved by this combined oxidation filtration

system. This obvious improvement might be due to the combined effect
of better electron/hole separation on the photoanode, the transfer of
photoelectrons via the external circuit to the EFCM cathode to save
energy consumption in the filtration mode, as well as the florfenicol
degradation by both the photocatalysis and EF oxidation reaction.

3.5. Evaluation of antibacterial activity

Evaluating effluent AA is important to characterize the degradation
degree of florfenicol. In some cases, the resultant effluent can still have
AA, even though the antibiotic had been completely removed [59,60].
Therefore, the ability of different filtration processes to eliminate flor-
fenicol AA was assessed using S. aureus as the indicator microorganism.
The minimum inhibitory concentration (MIC, that is the lowest con-
centration of antibiotic that induced detectable AA on the indicator
microorganism) for florfenicol was 0.84 µM, so there would be no
corresponding AA when florfenicol concentration in the effluent was
lower than its MIC [24].

The elimination of AA as a function of florfenicol removal during
different treatment processes was consistent with the removal effi-
ciency. For the PEC/EF, PEC/EC and PEC filtration processes, negative
AA values indicated that AA could be removed completely (Table 2),
while for the single filtration and EF filtration processes, the AA was
decreased as florfenicol removal efficiency increased. This clearly sug-
gested that under the process with photocatalysis, the AA of florfenicol
or its degradation products was completely eliminated. Especially,
florfenicol concentration in the effluent for AA testing (0.54 µM) was
obviously lower than its MIC during the EF filtration process, which
meant that there should be no AA associated with it. In fact, the AA was
approximately 0.17 in the treated solution, indicating that the inter-
mediate products from florfenicol degradation in the EF filtration pro-
cess still had AA.

Reducing of AA with florfenicol degradation was caused by cleavage
of corresponding high potency functional groups. As fluorine sub-
stituent was one of the functional groups that controlled its antibiotic
resistance [3,4,10,11], fluorine ions the concentration in effluent and
the defluorination efficiency were measured and calculated. No fluorine
ion generated during the single filtration process as there was no flor-
fenicol degradation, while for filtration processes with photocatalysis,
the ion concentration was higher than for the others processes (Fig. 6a).
This result agreed well with florfenicol removal efficiency (Fig. 5a),
indicating that the cleavage of the fluorine substituent by photo-
catalysis pretreatment benefitted the further degradation of florfenicol
and its intermediate products by the followed EF oxidation process.
What’s more, the defluorination efficiency in the PEC/EF filtration
process (56 ± 3.6%) was significantly greater than that of the EF fil-
tration (11 ± 5.3%) and PEC filtration (38 ± 4.8%) processes
(Fig. 6a). This might be due to fluorine functional group of florfenicol
could be more easily removed after pretreated with photocatalysis
process, which strongly indicated that the PEC/EF filtration process was
not simply a formal combination of UV light irradiation and EF catalysis
with membrane filtration process. This coupling effect greatly enhanced
the performance of the TiO2/GF photoanode and the EFCM cathode in
terms of AA elimination. Fragment spectra for intermediate products
were analyzed and their possible structures were reviewed using the
method described in our previous work [8] (SI Fig. S4). Three inter-
mediate products with C–F bond were revealed at detectable levels even
after florfenicol treatment by the PEC/EF filtration process (Fig. 6c),
while seven were detected after the EF filtration process (Fig. 6b).
Based on the identified products, we assumed that the C–F bond in
florfenicol was more easily degraded by the PEC/EF filtration process,
resulting in more intermediate products with C–F bond accumulated
during the EF filtration process, which was in accordance with the
defluorination results (Fig. 6a). The distinct advantage might be due to
easier cleavage of C–F bond by photocatalysis, which could decrease
the antibiotic resistance of florfenicol and finally enhance its advanced

Table 2
Antibacterial activity of influent and effluent from different
filtration processes.

Process Antibacterial activity

Influent 0.52
Fil 0.36
EF + Fil 0.17
PEC + Fil –0.02
PEC/EC + Fil –0.04
PEC/EF + Fil –0.09
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Fig. 6. (a) Concentration of fluorine ion in the effluent and the defluorination efficiency of different processes and (b) By-products detected with a C–F bond during
the treatment of florfenicol using EF filtration process and (c) By-products detected with a C–F bond during the treatment of florfenicol using PEC/EF filtration
process.
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degradation as well as the degradation efficiency (Fig. 5a).

3.6. The possible mechanism for the coupling effect

Based on the abovementioned results and discussion, to better un-
derstand the extraordinary performance of UV-EFCM for low-con-
centration florfenicol removal with lower energy consumption, the
mechanism of this coupling PEC/EF filtration process for florfenicol
degradation was proposed. We attributed the coupling effect arisen to
better separation of electron/hole on the TiO2/GF photoanode and
transfer of photoelectrons via the external circuit to the EFCM cathode
for H2O2 generation in the PEC/EF coupling filtration system (Fig. 7).
Under UV–irradiation conditions, the electro-hole pairs were generated
on the TiO2 layer and the photoelectrons (e–) on the valence band (VB)
could be triggered and transfer to the conduction bond (CB), with
photoanode holes still remaining on the VB (Eq. (1)) (Fig. 7) [30].

+ → +
+ −TiO UV light h e2 (1)

These remaining holes would oxidize water on their surface to
generate %OH radicals for florfenicol degradation (Eqs. (2) and (3))
[30].

H2O+h+→%OH+H+ (2)

%OH+florfenicol→Degradation products (3)

As reported, the top of the valence band (EVB) (2.74 V vs. SHE) of
TiO2 [56] was obviously more positive than the standard half-cell
oxidation potential (E0) of florfenicol/florfenicol* (~0.45 V vs. SHE) (SI
Fig. S5), so florfenicol could be simultaneously oxidized by holes at the
VB (Eq. (4)) [34].

+ →
+h florfenicol Degradation products (4)

As calculated, the bottom of the CB (ECB) (–0.46 V = 0.1 eV vs. SHE,
calculated according to Yuan et al.) [61] of TiO2 was also more positive
than the standard half-cell reduction potentials (E0) of O2/HO2 and O2/

O2
− (−0.05 and −0.33 eV vs. SHE, respectively), so the photoelec-

trons (e–) at the CB could not react with surface adsorbed O2 to reduce
it to superoxide radical anions (O2

%−). What’s more, O2
%− was the first

step for O2 reducing to H2O2 and further reducing to %OH [52]. Ob-
viously, there would be no %OH generated via the O2 reduction ap-
proach. Instead, photoelectrons were intended to recombine with the
remaining holes at the VB, which did not benefit florfenicol removal.

Once the applied voltage (0.542 V) was present between the two
electrodes, the photoelectrons on the VB would be triggered and
transferred to the CB and then brought away efficiently, and would flow
continuously to the EFCM cathode via the external circuit to inhibit
recombination of electron-hole pairs. Meanwhile, the holes remaining
on the TiO2 layer would oxidize antibiotic florfenicol directly into CO2,
H2O and other intermediate products with smaller molecular weight. In
addition, they could oxidize water to generate hydroxyl radicals (%OH)
with powerful oxidation for florfenicol degradation [52]. However, the
relative intensity of %OH generated on the cathode was much stronger
than that of anode (SI Fig. S6), indicating that the %OH generated from
water oxidation by the holes at the VB on the surface of photoanode
was weaker compared to that of from O2 reduction on cathode. This
could be ascribed to the reason that most of the holes on the VB were
more likely to oxidate florfenicol directly (Eq. (4)) instead of oxidating
water to %OH followed with florfenicol degradation by %OH (Eqs. (2)
and (3)). The photoelectrons at the CB of TiO2 would be transferred to
the EFCM cathode and combine together with those from the applied
power to produce H2O2, which would then react with the Fe2+ catalyst
to produce plenty of %OH to degrade florfenicol and ease membrane
fouling [8]. This could also reduce electric energy consumption by the
EF process and enhance advanced degradation of florfenicol, resulting
in increased removal efficiency. All these results confirmed that the
coupled PEC/EF filtration system was much more efficient for low-
concentration antibiotic contaminants containing wastewater treatment
than traditional PEC or EF filtration process.

Fig. 7. Schematic representation of the reactive oxygen species mediated mechanisms for florfenicol degradation in the PEC/EF filtration process.
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4. Conclusion

A novel UV-EFCM filtration system combing UV light irradiation
and EF catalysis with membrane process that favored AA elimination
and efficient degradation of low-concentration antibiotics, as well as
provided photoelectrons for the EFCM cathode has been developed. The
PEC/EF coupling reaction was synchronously conducted in a sequential
filtration system and showed much higher activity in terms of the
complete elimination of AA and the advanced degradation of antibiotic
contaminants at low concentration. These obvious enhancements could
be ascribed to three possible mechanisms. The first was the effective use
of both the TiO2/GF anode and EFCM cathode, which could not only
efficiently eliminate AA through UV light pretreatment but was also
able to concentrate and enhance in situ degradation of low-concentra-
tion antibiotics by EF oxidation reactions on the EFCM surface. The
second was the better separation of electron/hole in the photoanode,
resulting in the enhancement of degradation efficiency for florfenicol
oxidized by the remaining photoanode holes with high defluorination
efficiency. The third was the faster transfer of photoelectrons from the
TiO2/GF photoanode to the EFCM cathode. The present work has
shown the feasibility of a novel remediation technique for low-con-
centration antibiotic containing water treatment with high perfor-
mance, which was important for designing next-generation advanced
water treatment technology to meet future needs.
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