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Abstract: Herein, we report and demonstrate a photoelectrochemical filtration system that enables the
effective decontamination of micropollutants from water. The key to this system was a photoelectric–
active nanohybrid filter consisting of a carbon nanotube (CNT) and MIL–101(Fe). Various advanced
characterization techniques were employed to obtain detailed information on the microstructure,
morphology, and defect states of the nanohybrid filter. The results suggest that both radical and
nonradical pathways collectively contributed to the degradation of antibiotic tetracycline, a model
refractory micropollutant. The underlying working mechanism was proposed based on solid experi-
mental evidences. This study provides new insights into the effective removal of micropollutants
from water by integrating state–of–the–art advanced oxidation and microfiltration techniques.

Keywords: nanohybrid filter; photoelectrochemical filtration; carbon nanotubes; MIL-101(Fe);
tetracycline

1. Introduction

Recently, the environmental pollution associated with organic micropollutants in
aquatic environments has received increasing environmental concern [1,2]. Micropollutants
mainly consist of a vast and expanding category of anthropogenic substances such as phar-
maceutical and personal care products (PPCP) and many other emerging compounds [3,4].
Their limited concentration and vast diversity have posed tremendous challenges for
current wastewater treatment [5]. It is therefore highly desirable to develop advanced
treatment approaches to remove micropollutants from water.

Peroxymonosulfate (PMS)–based advanced oxidation technology has recently emerged
as a promising solution to address this issue [6]. Various heterogeneous catalysts have been
widely used for PMS activation to produce highly reactive species. Among these, iron–
based catalysts are of particular interest due to their exceptional high performance and cost
effectiveness [7,8]. Yet, their application is significantly hindered by the challenges associ-
ated with the post-separation of powder-like catalysts from the reaction solution, potential
Fe ion leaching and poor mass transport in conventional batch reactors. To immobilize the
catalysts onto a carbonaceous support could avoid the agglomeration issue of powder-like
materials. To this end, carbon nanotubes (CNTs) may serve as the ideal platform to host
these nanoscale catalysts because of their rich surface chemistry, excellent electrical con-
ductivity, large surface area and desirable chemical stability [9,10]. We have previously
developed a photoelectrochemical filtration system that enables the effective detoxification
of toxic heavy metal ions using photogenerated holes (h+) (e.g., to transform highly toxic
Sb(III) into less toxic Sb(V)) [11]. The key to this system was a nanohybrid filter consisting
of electroactive CNT and photo-responsive metal-organic frameworks (MOF, MIL-88(B)).
These introduced Fe ions were uniformly distributed onto oxylated functional moieties
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of CNT, and the exerted electric field favors the cycling of Fe3+/Fe2+ pairs [12]. This not
only avoids the post-separation of the MIL-88(B) catalysts, but also demonstrates enhanced
material stability. In addition, the flow-through design outperformed the conventional
batch reactor due to convection-enhanced mass transport [13].

Based on these findings, we hypothesized that such photoelectrochemical filtration
design may also serve as a high-performance system towards PMS activation and mi-
cropollutant decontamination. On one hand, under irradiation, the photogenerated holes
(h+) may directly contribute to the degradation of organic micropollutant molecules upon
contact or indirectly induce the generation of other aggressive reactive radicals (such as
hydroxyl radicals) [14]. The applied electric field would facilitate the cycling of Fe3+/Fe2+

within the system [15]. On the other hand, the photogenerated electrons (e−) may cleave
the O–O bond of PMS via the one-electron pathway; also, CNT itself was proven to be
effective to activate PMS via nonradical pathway [16,17]. All these routes collectively
contribute to the effective degradation of micropollutants in water. To do this, we firstly
report on the preparation and demonstration of a MIL-101(Fe)@CNT nanohybrid filter to
serve as both an electrode material and a filtration medium. Among them, the MIL-101(Fe)
exhibits excellent light absorptive ability and large specific surface area properties, while
the conductive CNT network structure promotes the separation of e− and h+. The catalytic
degradation performance was tested using antibiotic tetracycline as the model micropol-
lutant. Secondly, the effects of operational parameters and environmental factors on the
efficacy of the proposed photoelectrochemical filtration system was systematically investi-
gated. A plausible underlying working mechanism of the technology was proposed based
on extensive experimental evidence. The outcomes of the present study are dedicated to
providing an enhanced strategy towards the effective decontamination of micropollutants
from water.

2. Results and Discussion
2.1. Characterization of the Nanohybrid Filter

Figure 1 compares the FESEM image of the conductive CNT filter in the absence and
presence of MIL-101(Fe) nanoparticles. As can be seen, the pristine CNT filter showed
a smooth surface with CNT intertwined with it to form a 3D porous network. The in-
troduction of MIL-101(Fe) led to a rather rough surface, and those nanoparticles were
uniformly distributed on the CNT surface. Furthermore, as the iron precursor concentra-
tion increased from 0 to 3 mM, the loading amount of MIL-101(Fe) gradually increased
consequently. However, further increasing the precursor concentration to 4.5 mM leads
to evident particle agglomeration. The successful loading of MIL-101(Fe) was further
verified by the XRD pattern of the MIL-101(Fe)@CNT nanohybrid filter. The characteristic
diffraction peaks centered at 8.5, 9.1, 18.6, 21.4 and 25.0◦ were observed, in good accordance
with that of MIL-101(Fe) [7] (Figure S1a). The TGA curve indicated that approximately
1.1 mg of MIL-101(Fe) was loaded onto an effective filtration area of 7.1 cm2 (Figure S1b).
In addition, the atomic ratio of C, O and Fe on the composite filter surface was 86.92%,
11.80% and 1.31%, as determined by the energy-dispersive spectra analysis (Figure S2). All
this evidence collectively indicated the successful preparation of the MIL-101(Fe)@CNT
nanohybrid filter. Since MIL-101(Fe) is a well-known photocatalyst with several intriguing
attributes, the cyclic voltammetry curve of the MIL-101(Fe)@CNT nanohybrid filter in
50 mM Na2SO4 electrolyte solution was examined (with/without UV light irradiation).
The saturated photocurrent intensity was 2.05 times higher than that in the absence of
light irradiation, suggesting a significant contribution from MIL-101(Fe) (Figure S3a). Elec-
trochemical impedance spectroscopy analysis showed a charge transport resistance of
141.7 Ω for the MIL-101(Fe)@CNT nanohybrid filter, much lower than that of MIL-101(Fe)
(1333.1 Ω, Figure S3b). This indicates that the combination of CNT and MIL-101(Fe) favors
the separation of photogenerated electron-hole pairs and the rapid transport of photogen-
erated electrons throughout the conductive networks [11].
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Figure 1. Characterization: comparison of the FESEM image of (a) CNT filter and (b–d) the presence
of varying amounts of MIL-101(Fe).

2.2. Photoelectrochemical Degradation of Tetracycline

After successful preparation of the MIL-101(Fe)@CNT nanohybrid filter, we further
examined its efficacy towards the photoelectrical activation of PMS to degrade antibiotic
tetracycline in a continuous-flow configuration. As shown in Figure 2, only 13.9% TC
removal within 20 min was achieved in the presence of PMS alone due to its limited
oxidative ability [18].
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Figure 2. Photoelectrochemical degradation of TC in different systems: (a) TC degradation and
(b) corresponding rate constants and rate constants of residual PMS concentrations without TC addition
in different systems. Experimental conditions: MIL-101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied
voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.
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Since the catalytic reaction was conducted after the sorption saturation of the CNT
filter, any contributions from physical adsorption of the filter can be excluded. A 25.9%
TC removal was observed using a CNT-alone filter when exerting UV irradiation and
electric field. This indicates that the PMS activation by UV and electric field is not very
effective. Further combining the CNT filter with the MIL-101(Fe) catalyst, i.e., the MIL-
101(Fe)@CNT nanohybrid filter, only leads to a TC removal efficiency of 36.8% without
applying UV irradiation and electric field, indicating that the catalytic activity of MIL-
101(Fe) towards PMS activation is limited as well, possibly due to the short residence time
within the filter [19,20]. Moreover, the composite (128.1 mg L−1) has a relatively high
specific area compared to CNT (99.6 mg L−1), which can be ascribed to the introduction
of MIL-101(Fe) and the formation of a densely covered three-dimensional network. The
TC removal efficiency further increased to 49.2% or 62.1%, respectively, by applying UV
irradiation or electric field to the MIL-101(Fe)@CNT nanohybrid filter with corresponding
pseudo-first-order rate constants (k) of 0.031 min−1 and 0.044 min−1 (Table S1). It is of
note that an evident photo-electric synergistic effect was identified. When simultaneously
applying UV irradiation and electric field, a complete TC removal was obtained using the
nanohybrid filter within the same reaction period. The k of 0.174 min−1 was 5.6 times and
3.95 times higher than that only applying UV irradiation and electric field, respectively. In
addition, PMS self-decomposition rate using the MIL-101(Fe)@CNT nanohybrid filter in
different catalytic systems was also determined. As shown in Figure S4, the residual PMS
in the photoelectrical catalytic, photocatalytic, electrocatalytic and PMS-alone systems was
0.35 mM, 0.56 mM, 0.71 mM and 0.85 mM, respectively, with a corresponding decay rate
constant of 0.047 min−1, 0.026 min−1, 0.017 min−1 and 0.008 min−1. As a comparison, the
residual PMS and decay rate constants using a CNT-alone filter in a photocatalytic system
were 0.90 mM and 0.014 min−1, respectively. All these encouraging results quantitatively
exemplified the advantages of combing UV irradiation, electric field, MIL-101(Fe) and CNT
towards effective cleavage of the O–O bond of PMS and efficient TC removal [21].

2.3. Mechanism Insights

EPR and quenching experiments were conducted to examine the responsible reactive
species within the proposed photoelectrochemical filtration system. As shown in Figure 3a
and b, in the PMS-alone system, only very weak signals associated with the quartet DMPO–
HO• adduct (1:2:2:1) and the triplet TEMP–1O2 adduct (1:1:1) were identified [22,23]. This
suggests that reactive oxide species (ROS) are hardly generated from the self-decomposition
of PMS. In other cases, characteristic peaks of DMPO–HO• and TEMP–1O2 adducts were
detected, and the strongest signals were obtained in the photoelectrochemical filtration
system. The characteristic signals of the DMPO–SO4

•− adduct was only detected in the
presence of the MIL-101(Fe)@CNT nanohybrid filter. This phenomenon could be explained
by the unique Fe3+/Fe2+ interconversion property of MIL-101(Fe) [24]. For example, Bi
et al. [25] prepared graphitic carbon-nitride-functionalized MIL-101(Fe) that removed 100%
of tetracycline hydrochloride within 40 min, which was attributed to the generation of
SO4

•− and HO• active species assisted by visible light coupled with the composite.
Furthermore, quenching experiments were further employed to identify the dominant re-

active species involved in the photoelectrochemical filtration system. Methanol can selectively
quench with both SO4

•− (k = 2.5 × 107 M−1 s−1) and HO• (k = 9.7 × 108 M−1 s−1), whereas
TBA is more selective for HO• (k = 3.8 × 108 M−1 s−1) than SO4

•− (k = 4.0 × 105 M−1 s−1)
and L-histidine was used to quench the 1O2 [6,19]. As displayed in Figure 3c, the TC re-
moval efficiency decreased from 100% (k = 0.165 min−1) to 46.7% (k = 0.028 min−1) with the
increase in spiked methanol from 0 to 100 mM (Table S2). Further increasing the methanol
concentration failed to further inhibit the TC removal, suggesting a limited amount of the
radical species. A similar phenomenon was also observed by spiking L-histidine as the 1O2
scavenger (Figure 3d). These observations inferred the collective contribution from both
radical and nonradical pathways towards TC removal. Based on the quenching analysis,
the specific contribution from SO4

•−, HO• and 1O2 accounts for 16.6%, 36.7% and 46.7%,
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respectively (Figure S5a). In addition, to further confirm the role of 1O2, the TC degrada-
tion experiment was repeated in the deuterated solvent, since the lifetime of 1O2 in D2O
(20–32 µs) is one order of magnitude longer than that in H2O (2 µs) [19]. As shown in
Figure S5b, at a TC concentration of 40 mg L−1, the degradation efficiency in D2O (79.2%,
k = 0.071 min−1) was much higher than in H2O (57.1%, k = 0.037 min−1), again suggesting
that 1O2 was the dominant reactive species in the proposed system.
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Figure 3. Identification of active species: EPR spectra for the presence of (a) DMPO and (b) TEMP,
(c,d) and effect of different capture agents on TC removal. Experimental conditions: MIL-
101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V,
pH = 6.0.

A plausible working mechanism of the proposed photoelectrical filtration system was
proposed as follows: Firstly, under UV irradiation, photogenerated electrons (e−) and photo-
generated holes (h+) were generated at the solid/liquid interface of the MIL-101(Fe)@CNT
nanohybrid filter (Equation (1)) [11]. Thus, Fe3+–MOF reacts with e− to form Fe2+–MOF
(Equation (2)), and the highly aggressive h+ (E0 =2.67 V vs. NHE) reacts with TC molecules
to achieve degradation or reacts with H2O to generate HO• (E0 =2.8 V vs. NHE) [11,19].
The applied external electric field facilitates the effective separation of e− and h+ and de-
creases their recombination rate. Meanwhile, PMS can also generate active species with strong
oxidation under the action of UV light, such as SO4

•− (E0 = 2.5–3.1 V vs. SHE) and HO•

(Equation (3)). The applied electric field can not only promote the cycling of Fe3+/Fe2+, but
also promote the decomposition of PMS to generate reactive radicals (Equation (4)) [26,27].
Subsequently, these in situformed Fe2+ species can activate the cleavage of the PMS O–O bond
to generate SO4

•− (Equation (5)). In addition, SO4
•− can be further transformed into HO• rad-

icals under certain conditions (Equation (6)) [28] and participate in the oxidative degradation
of TC. On the other hand, the nonradical route also plays an essential role in TC degrada-
tion. The generation of 1O2 can either be generated by the reaction of SO5

− with FeMOF
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(Equations (7) and (8)) [22] or by receiving electrons from Fe2+ through dissolved O2 to
generate O2

− and then 1O2 (Equations (9) and (10)).
Moreover, it has been reported that the carbonyl groups (C=O) of CNT may also

facilitate the PMS decomposition to generate 1O2 [16]. The XPS results (Figure S6a and
Table S3) suggest that the C=O content of the nanohybrid filter decreases by 9% after
the catalytic reaction, while the C–O content increases by 11%. This indicates that these
electronrich C=O groups may be involved in the cleavage of the PMS O–O bonds by sacri-
ficing electrons. It has been reported that glutaraldehyde surface modification significantly
increased the surface density of carbonyl groups on carbon nanotubes and promoted per-
oxydisulfate generation of 1O2 [29]. The XPS spectra also suggested a decreased Fe2+/Fe3+

ratio (by 10%) on a used nanohybrid filter after the photoelectrocatalytic reaction, confirm-
ing that the redox conversion of Fe3+/Fe2+ acts as an electron transfer mediator during the
PMS activation process (Figure S6b and Table S4). Finally, the effective TC degradation was
further verified by a TOC mineralization of 51.7% over a 20 min reaction (Equation (11)).

≡Fe-MOF→ e− + h+ (1)

≡Fe3+-MOF + e− →≡Fe2+-MOF (2)

HSO−5
hν→ SO4

•− + HO• (3)

HSO5
− + e− → SO4

2− + HO• (4)

≡Fe2+-MOF + HSO5
− →≡Fe3+-MOF + SO4

•− + OH− (5)

SO4
•− + OH− → SO4

2− + HO• (6)

≡Fe3+-MOF + HSO5
− →≡Fe2+-MOF + SO5

− + H+ (7)

≡Fe2+-MOF + SO5
− →≡Fe3+-MOF + SO4

2− + 0.51O2 (8)

≡Fe2+-MOF + O2 →≡Fe3+-MOF + O2
− (9)

≡Fe3+-MOF + O2
− + e− →≡Fe2+-MOF + 1O2 (10)

HO•/SO4
•−/1O2/h+ + TC→ CO2 + H2O (11)

2.4. Operational Parameters Optimization
2.4.1. Impacts of MIL-101(Fe) Loading and Applied Voltage

As displayed in Figure 4a, as the precursor concentration increased from 1.5 to
3 mM, the TC degradation efficiency and the corresponding k increased from 68.1% to
97.5% and 0.053 min−1 to 0.179 min−1, respectively (Table S5). This suggested that a higher
MIL-101(Fe) loading favors the acceleration of the TC degradation kinetics by providing
abundant reactive sites for the catalytic reaction. However, further increasing the precursor
concentration to 4.5 mM deteriorated the TC removal kinetics, owing to the agglomeration
of the as-formed MIL-101(Fe) particles as well as the inevitable burying of the surface-active
sites on the nanohybrid filter (Figure 1d) [11]. An optimal loading amount of 3 mM was
then used in subsequent investigations.

The applied voltage is critical for the cycling of Fe3+/Fe2+ pairs of the Fe–MOF [30].
The TC degradation efficiency was 58.3% (k = 0.039 min−1), 78.2% (k = 0.066 min−1) and
98.3% (k = 0.159 min−1) at applied voltages of −0.5 V, −1.5 V and −2 V, respectively
(Figure 4b). The above results indicated that a more negative potential is favorable to
boost the TC degradation efficiency [12]. Nevertheless, further decreasing the applied
voltage to −2.5 V only led to a decreased TC removal efficiency of 83.3% (k = 0.082 min−1),
possibly due to the occurrence of other side reactions (e.g., hydrogen generation reaction)
that decrease the current efficiencies [31].
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Figure 4. Impact of operational parameters on the TC degradation kinetics: effects of (a) MIL-101(Fe)
loading, (b) applied voltage, (c) PMS concentration, (d) flow rate and (e) pH on the TC degradation and
(f) concentration of leachable Fe at different pHs. Experimental conditions: MIL-101(Fe)@CNT = 3 mM,
[TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.

2.4.2. Impacts of PMS Concentration and Flow Rate

In the photoelectrochemical filtration system, PMS acts not only as an electrolyte, but
also as a precursor for the reactive species. We, hence, evaluated the effect of PMS dosage
on the degradation of TC. As shown in Figure 4c, the TC removal efficiency was only 11.9%
in the absence of PMS. The TC removal efficiency (67.5% to 97.1%) and k value (0.028 min−1

to 0.181 min−1) were obviously enhanced with increasing PMS concentration from 0.25 to
1.0 mM, which was attributed to more active species being generated. However, further
increasing the PMS concentration to 1.5 mM contributed negatively to the TC degradation
kinetics (83.1%, k = 0.084 min−1). This could be associated with active species derived from
the catalytic reaction being quenched at higher concentrations of PMS [26].

The effects of flow rate on TC degradation efficiency are shown in Figure 4d. The TC
degradation efficiencies were 69.4%, 76.6%, 98.2%, 83.3% and 46.9%, and corresponding k
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values were 0.057 min−1, 0.066 min−1, 0.158 min−1, 0.079 min−1 and 0.031 min−1 at flow
rates of 1 mL min-1, 2 mL min−1, 3 mL min−1, 4 mL min−1 and batch mode, respectively.
Such performance enhancement was attributed to the convection−enhanced mass trans-
port, whereas the batch system relied on diffusion [12]. In addition, the TC degradation
efficiency decreased by 14.9% at a higher flow rate in the circulation mode (4 mL min−1),
mainly because of the reduced residence time and contact between TC molecules and
reactive species at the higher flow rates [13].

2.4.3. Impact of Solution pH

The solution pH poses an effect on the surface charge of the nanohybrid filter as
well as the speciation of PMS. As displayed in Figure 4e, the highest removal efficiency
of TC (98.8%, k = 0.166 min−1) was obtained under a neutral pH of 6.0. Under acidic
pH conditions, an 85.3% TC can still be obtained since the nanohybrid filter (pHzpc = 3.5,
Figure S7) became positively charged, which attracts the negatively charged HSO5

− to-
wards the filter surface to complete the catalytic reactions, while the evident performance
decay under alkaline condition (77.6%, k = 0.069 min−1) could be explained by the con-
version of HSO5

− to the weakly reactive SO5
2− and the electrostatic repulsion effect

(Equation (12)) [19]. In addition, the leachable Fe during the catalytic reaction was deter-
mined as a function of solution pH. As depicted in Figure 4f, the leached iron concentrations
were 0.26 mg L−1, 0.09 mg L−1 and 0.16 mg L−1 at pH values of 3, 6 and 9, respectively.
These results indicated that the nanohybrid filter possesses relatively high pH tolerance.

HSO5
− + OH− → SO5

2− + H2O (12)

2.5. System Stability Evaluation

Several ubiquitous anions (e.g., Cl−, NO3
−, and HCO3

−) may present in natural
waters to negatively impact the system efficacy [32,33]. Thus, the impacts of inorganic
constituents on the degradation of TC were investigated. As expected, the presence of
Cl− and NO3

− posed a negligible influence on the system efficacy with >90% TC degrada-
tion (Figure S8a). However, HCO3

− posed an evident inhibition on the TC degradation
efficiency (72.8%) due to its buffering capability to maintain the reaction solution under
basic [19]. Moreover, the efficacy of the nanohybrid filter towards the degradation of
other refractory organic micropollutants was also evaluated. As displayed in Figure S8b,
under similar operation conditions, the photoelectrochemical filtration system still showed
excellent degradation performance toward methylene blue (99.8%), Congo red (99.7%) and
p-nitrophenol (85.6%).

The efficacy of the nanohybrid filter was further examined by spiking TC into tap
water, lake water and municipal WWTP effluent, which was considered to be much more
complex compared with the ultrapure water used (Figure 5a and Table S6) [12,34].

The results showed that TC degradation efficiencies of 94.3%, 85.9% and 75.6% with
corresponding k values of 0.137 min−1, 0.090 min−1 and 0.058 min−1, respectively, could
be achieved in spiked tap water, lake water and municipal WWTP effluent. Moreover, the
stability of the nanohybrid filter was evaluated in consecutive cycles toward TC degradation.
The TC degradation efficiencies slightly dropped by 6.1%, 8.9%, 12.2% and 14.2% over five
consecutive running cycles, which indicated a decent stability of the system (Figure 5b).
These encouraging results indicate that the proposed technology with promising practical
application prospects may provide a viable solution for water decontamination.
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(b) Degradation efficiency of TC in different cycle times. Experimental conditions: MIL-101(Fe)@CNT = 3 mM,
[TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.

3. Materials and Methods
3.1. Chemicals and Materials

Potassium peroxymonosulfate (PMS, HKSO5·0.5HKSO4·0.5K2SO4,≥98.0%), dimethyl-
formamide (DMF, C3H7NO, ≥99.5%), iron chloride hexahydrate (FeCl3·6H2O, ≥99.5%),
1,4–benzenedicarboxylic acid (BDC, C8H6O4, ≥99.9%), tetracycline hydrochloride (TC,
C22H25ClN2O8, ≥99.5%), Congo red (C32H22N6Na2O6S2, ≥98.0%), methylene blue
(C16H18ClN3S, ≥99.9%), p-nitrophenol (C6H5NO3, ≥98.0%), ethanol (C2H5OH, ≥96.0%),
methanol (CH3OH,≥98.0%), hydrochloric acid (HCl,≥36–38%), sodium hydroxide (NaOH,
≥96.0%), sodium nitrate (NaNO3, ≥99.9%), sodium sulfate (Na2SO4, ≥99.0%), sodium
chloride (NaCl, ≥99.5%) and sodium bicarbonate (NaHCO3, ≥99.5%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 2,2,6,6-tetramethyl-4-piperidinol
(TEMP, C9H20N2, ≥96.0%), 5,5-dimethyl-1-pyrroline-n-oxide (DMPO, C6H11NO, ≥97.0%),
furfuryl alcohol (FFA, C5H6O2, ≥98.0%), L-histidine (C6H9N3O2, ≥99.5%), tert-butyl al-
cohol (TBA, C4H10O, ≥98.0%) and deuterium oxide (D2O, ≥99.0%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Acidified multi-walled carbon nanotubes (O–CNT)
were provided by Times Nano Co., Ltd. (Chengdu, China). All aqueous solutions were
prepared by using the ultrapure water produced from a Milli-Q Direct 8 purification system
(Millipore, Billerica, MA, USA).

3.2. Synthesis of the Nanohybrid Filter

An MIL-101(Fe)@CNT hybrid filter was synthesized by using a reported solvothermal
protocol with modifications [18]. Briefly, in a typical process, 24.3 mg (3 mM) FeCl3·6H2O
and 25 mg CNT were first separately dissolved into 15 mL DMF, followed by sonication for
40 min. Afterwards, 7.5 mg BDC was mixed into 15 mL DMF and then added dropwise
into the above solution. The as-obtained mixture was transferred to a 50 mL Teflon-lined
autoclave and heated at 110 ◦C for 24 h. The product was loaded onto a polytetrafluoroethy-
lene membrane by vacuum filtration and further purified with DMF and ethanol, and then
dried at 60 ◦C under vacuum overnight to obtain the MIL-101(Fe)@CNT nanohybrid filter.

3.3. Characterization

The crystallinity and morphology of the filter samples were characterized, respectively,
on a Rigaku D/max-2550 PC thin-film X-ray diffractometer (XRD, Rigaku, Japan) and a
field emission scanning electron microscope (FESEM, Hitachi S-4800, Hitachi, Tokyo, Japan).
The X-ray photoelectron spectroscopy (XPS) analysis was performed under high vacuum
(1 × 10−9 Torr) using a Thermo Fisher Scientific ESCALAB 250Xi (Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer. The photochemical and electrochemical activity of the
prepared filters were characterized on a CHI660E electrochemical workstation (Shanghai
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Chenhua Co., Ltd., Shanghai, China) in a three-electrode system (i.e., MIL-101(Fe)@CNT
working anode, Pt counter electrode and Ag/AgCl reference electrode). The preparation of
MIL-101(Fe) electrode was referred to in a previous report [11]. Zeta potential was deter-
mined on a JS94H micro electrophoresis instrument (Shanghai Zhongchen, China). Reactive
species were determined by using a Bruker EMX nano Bench-Top electron paramagnetic
resonance (EPR) spectrometer (Bruker, Karlsruhe, Germany).

3.4. TC Degradation Experiments

A commercial filtration casing with photoelectrochemical modifications was employed
for organic degradation experiments (Figure S9) [11,13]. All TC degradation experiments
were performed after the filter adsorption saturation was reached to eliminate the contribu-
tion of physical adsorption. Two operational modes, i.e., recirculated filtration and batch,
were conducted for comparison. For the batch mode, the MIL-101(Fe)@CNT nanohybrid
filter and titanium sheet were used as a cathode and anode, respectively, and suspended in
a beaker containing 50 mL of 20 mg L−1 TC and 1 mM PMS at 2 V. UV LED illumination
was introduced by eight NSPU510CS UV LED lamps (NICHIA, Japan) installed on the top
of the filtration apparatus. For the recirculation mode, the solution was passed through the
filtration system and returned. The PMS concentration (0.25 to 1.5 mM), applied voltage
(0.5 to 2 V), MIL-101(Fe) dose (1.5 to 4.5 mM), flow rate (1 to 4 mL min−1) and solution pH
(3 to 9) were evaluated and optimized.

The stability of the nanohybrid filter was assessed by performing five consecutive cy-
cles under optimal conditions. A new cycle was initiated after washing the exhausted filter
with NaOH solution (5 mM 100 mL) and abundant water solution until the effluent became
neutral. The effluent (1 mL) was sampled at predetermined time intervals and immediately
mixed with 300 µL methanol to quench any remaining radical species. Subsequently, the
TC concentration was quantified by high-performance liquid chromatography (HPLC) [13].
The PMS residual concentration was measured by potassium iodide method [27]. To ex-
amine the impact of common coexisting anions on the TC degradation kinetics, 5 mM of
nitrate, carbonate or chloride were spiked into TC solution before the recirculated filtration.
The practical application potential of the system was verified using the TC-spiked tap water,
lake water and municipal wastewater treatment plant (WWTP) effluent as well as an array
of other refractory organic contaminants. Detailed characteristics of different water matrices
are available in Table S6. The concentration of Congo red, methylene blue and p-nitrophenol
were determined via a UV-2600 Shimadzu ultraviolet-visible spectrophotometry (Japan) at
wavelengths of 497 nm, 665 nm and 317 nm, respectively.

4. Conclusions

In conclusion, we reported and demonstrated a photoelectrochemical filtration system
that enables the effective decontamination of antibiotic tetracycline from water. The key
to this technology was a nanohybrid filter consisting of electrically conductive CNT and
photo-responsive MIL-101(Fe). Various advanced characterizations collectively provided
detailed compositional and morphological information on the filter. Results suggested that
both radical and nonradical pathways contributed to the effective tetracycline degradation.
Moreover, the plug-flow configuration facilitated a convection-enhanced mass transport,
further promoting the organic degradation kinetics. Such excellent system efficacy can be
maintained across a wide range of solution pH as well as complex water matrices. Overall,
the outcomes of this study provide a viable strategy toward water remediation by integrat-
ing the state-of-the-art photoelectrochemistry, membrane separation, nanotechnology, and
advanced oxidation technologies.
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Supplementary Materials: The following are available online at: https://www.mdpi.com/article/10.3
390/catal12040416/s1. Figure S1: (a) XRD pattern and (b) TGA curves of 3 mM MIL-101(Fe)@CNT and
O–CNT; Figure S2: Energy dispersive spectra of the MIL-101(Fe)@CNT filter. Figure S3: (a) Cyclic
voltammetry curves of 3 mM MIL-101(Fe)@CNT with or without UV irradiation. (b) Nyquist dia-
grams of 3 mM MIL-101(Fe)@CNT and MIL-101(Fe). Environmental conditions: [Na2SO4]0 = 50 mM;
Figure S4: Residual concentration of PMS in different systems. Experimental conditions: MIL-101(Fe)
@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0;
Figure S5: Effects of (a) adding TBA and (b) reaction solvent (H2O and D2O) on the TC degradation.
Experimental conditions: MIL-101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage =−2 V, illumi-
nation voltage = 3.8 V, pH = 6.0; Figure S6: XPS spectra of MIL-101(Fe)@CNT: (a) O 1s and (b) Fe 2p
before and after reaction; Figure S7: Zeta spectra of 3 mM MIL-101(Fe)@CNT and O–CNT; Figure S8:
(a) Effect of coexisting ions on TC degradation and (b) degradation efficiency of four typical organic
compounds by MIL-101(Fe)@CNT filter in circulation mode. Experimental conditions: [Congo red]0
= [Methylene blue]0 = 20 mg L−1, [p-nitrophenol]0 = 10 mg L−1, MIL-101(Fe)@CNT = 3 mM, [TC]0
= 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0; Figure S9: Schematic
illustration of photoelectric reactor device; Table S1: Corresponding k value to TC degradation in
different systems according to the pseudo first order kinetic model; Table S2: Corresponding k value
to TC degradation in different quenchers according to the pseudo first order kinetic model; Table S3:
XPS results of O1s; Table S4: XPS results of Fe 2p; Table S5: Corresponding k value to TC degrada-
tion of different operational parameters according to the pseudo first order kinetic model; Table S6:
Characteristics of different water samples and corresponding k value to TC degradation.
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