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values and water matrixes. The outcomes of this study can facilitate mechanistic insights into photoelec-
trocatalysis and provide a promising nanotechnology for efficient Sb(III) decontamination.

1. Introduction

The removal of antimony (Sb), an emerging contaminant, from
surface waters is becoming highly demanded (Qi et al., 2018;
Ungureanu et al., 2015). The most abundant species of Sb are those
based on inorganic antimonite (i.e. Sb(IIl)) and antimonate (i.e. Sb(V)),
and Sb(III) is 10 times more toxic than Sb(V) (Filella et al., 2012).
Various advanced technologies have been developed to address this
challenging issue, e.g. adsorption, membrane filtration, and chemical
precipitation (Qi et al., 2019; Zhao et al., 2019; Kong et al., 2015; Guo
et al., 2018a). Among these methods, adsorption is evolving as a pro-
mising remediation technique for Sb decontamination due to its cost
effectiveness and robust operation (Das et al., 2017; Saleh et al., 2017).
However, even though negatively charged Sb(V) could be efficiently
removed by adsorption, these neutrally charged Sb(III) with higher
toxicity may still survive during this removal process. In consequence, a
two-step “oxidation-precipitation” strategy is adopted for Sb(IIl) re-
moval, i.e. to oxidize Sb(III) to less toxic Sb(V) firstly, followed by
chemical precipitation treatment (Wu et al., 2019). Unfortunately,
there are three practical deficiencies in such two-step approach: (i)
increased system complexity and cost, (ii) slow reaction kinetics due to
the limited concentration of Sb(III) in water bodies, and (iii) excessive
consumption of chemicals (e.g flocculants/bases for Sb(V) precipita-
tion) (Guo et al., 2018a).

Among these various adsorbents that have been developed and in-
vestigated (Zhao et al., 2019; Rangwani et al., 2018; Li et al., 2019),
metal-organic framework (MOFs) materials hold considerable promise.
MOFs are a class of porous materials composed of metal nodes and
organic linkers by coordination binding, well known for their tailorable
functionality, high surface area, and tunable channel dimensions (Wang
et al., 2014; Trickett et al., 2017). On one hand, recent studies have
demonstrated the efficacy of few MOFs materials (e.g. UiO-66, ZIF-8
and Fe-BTC) for the sorption-removal of heavy metal ions (e.g. As and
Sb) (Rangwani et al., 2018; He et al., 2017; Jian et al., 2016; Zhu et al.,
2012). In particular, the employment of Fe-based MOFs as sorbents
have drawn widespread attention due to their cost-effectiveness, earth-
abundance, and non-toxic (Lin et al., 2018; Dao et al., 2019). For ex-
ample, Cai et al. reported that the regular fine pores of MIL-100(Fe)
nanoparticles facilitated the transport of arsenate anions towards un-
saturated Fe(III) sites (Cai et al., 2016). However, these nanoscale
sorbents have rarely been applied to practical processes due to the
additional efforts needed for post-separation. In addition, despite a
certain progress in adsorption capacity, the knowledge of the sorption
kinetics is still far from being complete. Several designs proposed to
attach these sorbents onto support materials, encapsulate into poly-
mers, or blend into membranes (Nguyen Tien et al., 2020; Liu et al.,
2020; Buruga et al., 2019). Unfortunately, this may still deteriorate the
performance by blocking the active sites. Also, it is of note that most of
the previous studies only focused on conventional batch reactors where
diffusion dominates the mass transport of the target compounds
(Antonellini et al., 2017; Majumder et al., 2011). Despite good hy-
draulic mixing, slow near-surface and internal diffusion can limit the
overall kinetics. This leads to only fractional utilization of their sorption
capability. Such issue can be partially addressed by adopting an alter-
native flow-through design with convention-enhanced mass transport
(Zhou et al., 2011).

On the other hand, MOFs possess abundant and uniformly active
sites (metals or organic links) that are accessible for the guest molecule
via opened channels (Du et al., 2019a), which are anticipated to assume
a relevant potential as a high-performance photocatalyst towards

detoxification of heavy metals. For example, Du and colleagues re-
ported that an amine-functionalized UiO-66(Zr/Hf) photocatalyst dis-
played efficient reductive capability for the detoxification of hexavalent
chromium (Cr(VI)) to less toxic trivalent chromium (Cr(III)) in a con-
ventional batch system (Du et al., 2019b). However, it still suffers from
serious photocarriers recombination issues. As previously reported, the
charge recombination rate of electron-hole pairs is 2-3 orders of mag-
nitude faster than that of charge separation and transfer in crystalline
photocatalyst, which significantly limited the efficiency and practicality
(Guo et al., 2018b; Zhu et al., 2017). This issue could be alleviated by
applying a bias potential across the electrodes, ie. photoelec-
trocatalysis, which results in the improved separation of photo-
generated electron/hole pairs and make better use of photogenerated
holes (Dalle et al., 2019; Cong et al., 2017).

Here, we rationally designed a photoelectrochemical filter com-
posed of a Fe-based MOF (e.g. MIL-88B(Fe)) and carbon nanotubes
(CNT) for “one-step” Sb(III) decontamination. The objective of this
proof-of-concept study is to simultaneous oxidize and adsorb highly
toxic Sb(III) using a photoelectrochemical filtration system. In this de-
sign, both the MIL-88B(Fe) and the CNT are indispensable. In parti-
cular, the photoresponsive MIL-88B(Fe) serves as a high-performance
photocatalyst and an adsorbent. Upon illumination of the MIL-88B(Fe),
pairs of electron and hole were excited. These photogenerated holes are
strong oxidants enabling oxidization of Sb(III) directly or inducing the
production of other reactive oxygen species (e.g. hydroxyl radicals)
indirectly. The Fe-based MOF could also sequester the as produced Sb
(V) due to their high affinity. The CNT serves as conductive scaffolds to
support these nanoscale MIL-88B(Fe) and to conduct produced photo-
generated electrons. To do this, we firstly developed a facile method to
fabricate the photoelectrochemical filter with MIL-88B(Fe) nano-
particles uniformly coated onto the CNT sidewalls. We also modified a
commercial filtration casing to introduce electrochemistry and photo-
chemistry into the flow-through system. We hypothesized that: (1) Sb
(II1) could be effectively oxidized to low toxic Sb(V) within the pho-
toelectrochemical process, (2) the as-obtained Sb(V) could then be ef-
fectively sequestered by the loaded MOFs, (3) a flow-through design
would accelerate the convection-enhanced mass transport of Sb(III),
and (4) the charge recombination rate within the photoelectrochemical
system could be greatly inhibited by the applied electric field. To the
best of our knowledge, it is the first report describing the integration of
MOF and carbon for the simultaneous detoxification and sequestration
of heavy metal ions in a flow-through manner. The outcomes of this
study provide a promising photoelectrochemical strategy by integrating
MOFs photocatalysis and electrochemical CNT filters for Sb deconta-
mination from water bodies.

2. Materials and methods
2.1. Chemicals and materials

All the chemicals used in this work were of analytical grade and
without further purification. Dimethylformamide (DMF, =99.5 %),
sodium sulphate (Na;SO4, =96 %), nitric acid (HNOs3, 36-38 %), per-
fluorinated resin solution (Nafion, 5 %) and iron chloride hexahydrate
(FeCl36H,0) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). Sb(III) and Sb(V) stock solutions were prepared with po-
tassium antimonyl tartrate trihydrate (CgH4K501,Sbo-3H,0) and hy-
drated potassium antimonate (KSb(OH)g). 1,4-Benzenedicarboxylic
acid (BDC) was purchased from Sigma-Aldrich. Multi-walled CNT
(Kd> = 10-20nm and <I> = 10-30 um) was provided by TimesNano



M. Li, et al.

Co., Ltd. (Chengdu, China). All the aqueous solutions were prepared
with ultrapure water produced from a Milli-Q Direct 8 purification
system (Millipore, USA).

2.2. Preparation of O-CNT@MIL-88B(Fe) photoanode filter

Carboxylate CNTs (or O-CNTs) were prepared by refluxing CNT
powders in HNOj; at 70 °C for 12h (Gao and Vecitis, 2011). O-CNTs@
MIL-88B(Fe) (or CM) composites were fabricated by a solvothermal
route using DMF as reaction medium. In a typical procedure, 15 mg O-
CNTs were homogenously dispersed in 15 mL DMF by ultrasonication,
followed by the addition of 0.075mmol FeCl;6H,0 to chelate Fe®*
onto the O-CNTs surface. Then, 0.075 mmol terephthalic acid (TPA)
and 10 mL DMF were added dropwise into the above solution. The
mixture was then transferred into a 30 mL Teflon-line autoclave and
heated at 150 °C for 3 h. After solvothermal reaction, the products were
collected by vacuum filtration onto a PTFE support membrane (pore
size of 0.45 pm) and washed with copious ethanol and ultrapure water.
The loading of MIL-88B(Fe) onto O-CNTs can be fine-tuned by adding
different amounts of MIL-88B(Fe) precursors. Based on the molar ratio
of CNT to MIL-88B(Fe) (C24H40,3Fe3, M =667.8 g/mol), the composite
was denoted as CM(50:1), CM(25:1), CM(50:3), and CM(25:2).

2.3. Characterizations

The crystalline phases of CNT and CM hybrids were characterized
using a Rigaku D/max-2550 PC thin-film X-ray diffractometer (XRD,
Japan) between 5° and 80° using Cu Ka radiation. A Hitachi S-4800
field emission scanning electron microscope (FESEM, Japan) was used
to characterize the surface morphologies of pristine CNT and CM filters.
Elemental mapping of CM filter was performed in a JEM-2100F field
emission transmission electron microscope (FETEM, JEOL, Japan). X-
ray photoelectron spectroscopy (XPS) analyses were conducted under
high vacuum (1 X 10~ ° Torr) using a Thermo Fisher Scientific Escalab
250Xi XPS instrument (USA). All the binding energies were calibrated
and referenced to the C 1s peak at 284.8 eV. UV-vis diffuse reflectance
spectrums were acquired on UV-vis spectrophotometer (Hitachi U-
3900) with the barium sulfate as a reference. Photoluminescence (PL)
spectra were recorded on fluorescence spectrofluorometer (Horiba
Jobin Yvon fluoromax-4) with an excitation wavelength of 320 nm.
Fourier transform infrared (FTIR) spectra were recorded on a Nicolet
NEXUS670 spectrometer using the KBr pellet method. The produced
reactive radical species were quantified by using a Bruker EMXnano
Bench-Top electron paramagnetic resonance (EPR) spectrometer
(Germany), with DMPO as scavenger agent.

2.4. Photoelectrochemical measurements

Photoelectrochemical characterizations were conducted on an
electrochemical workstation (Pgstat302N, Metrohm Autolab) under
100 mW cm ™2 simulated solar light illumination. 5mg of as-synthe-
sized samples were dispersed in a mixture of 10 uL ethanol and 10 pL
Nafion, and then coated onto a 1 ¢cm X 1 cm indium tin oxide (ITO)-
coated glass. The three electrodes system composed of an ITO-coated
glass as working electrode, a Pt foil as counter electrode, and an Ag/
AgCl electrode as reference electrode. A 0.05M Na,SO,4 aqueous solu-
tion was served as electrolyte. The photoresponse of as-prepared elec-
trodes were recorded in a single-compartment quartz cell under
chopped light irradiation (on/off cycles of 100s) at a constant bias
potential of 0.3V vs. Ag/AgCl. The electrochemical impedance spec-
troscopy (EIS) was performed within a frequency range of 10 to 10°
with an AC voltage amplitude of 10 mV and a bias potential of 0.1 V vs.
Ag/AgCl. Mott-Schottky plots were taken at a fixed frequency of 500 Hz
and 1000 Hz with 1 mV amplitude at various potentials.
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2.5. “One-step” photoelectrochemical decontamination of Sb(III)

Two different operational modes, i.e. recirculated filtration and
batch were comparatively investigated. The photocatalytic, electro-
chemical, and photoelectrocatalytic processes were compared as well.
To do this, we modified a commercial 47 mm polycarbonate filtration
casing (Whatman) to simultaneously introduce photochemistry and
electrochemistry. Fig. S1 (Supporting Information) presents the sche-
matic illustration of the photochemical filtration device, which includes
(1) LED lamps (Apqx = 450 nm); (2) anodic Ti ring; (3) photoanode
filter; (4) perforated Ti cathode. We installed eight NSPU510CS LED
lamps (NICHIA, Japan) at the top part of the casing. A hollow Ti ring
(D = 35mm) served as current collector to contact directly with the
photoanode filter. Two holes were drilled in the upper and lower parts
of the filtration casing as openings for the cathodic and anodic lead. For
recirculated filtration, 100 mL of 1 ppm Sb(III) solution were passed
through the photoelectrochemical filtration system using an ISmatec
REGLO peristaltic pump, and then recycled. An applied voltage of
0-2.5V was provided by a DC power supply (DH1766A-1, Beijing,
China). The solution pH was adjusted by 1 M of HCl or NaOH. As the
flow rate directly correlated with the residence time within the filtra-
tion device (Liu et al., 2014), a relative slow flow rate of 0.5 mL/min
was selected to ensure full contact of Sb species with the active sites on
the filter. For the batch mode, the as-prepared photoanode filter and Ti
cathode (2 cm X 5cm) were suspended in a quartz reactor consisting of
100 mL of 1 ppm Sb(III) at pH 5.5. Aliquots were sampled to examine
the reaction kinetics. The concentration of total Sb (Sby1) and released
iron ions was determined using a Thermo Scientific iCAP-Q inductively
coupled plasma mass spectrometer (ICP-MS, Thermo Fisher Scientific,
MA). The concentration of Sb(III) was determined by an AF-610B
atomic fluorescence spectrometer (AFS, Beijing, China)

To investigate the effect of common anions on the Sb(III) removal
performance, we added 1-10mM of sulphate, carbonate, phosphate
and chloride to the initial Sb(III) solution before flowing through the
photochemical filtration system. Sb(III)-spiked tap water and lake water
samples were further used to examine the system efficacy in practical
conditions. The stability and reusability of optimized filter was eval-
uated by performing three continuous running cycles of 100 mL of
500 ppb Sb(IIl) at pH of 5.5. Exhausted filters were regenerated by
applying passing through 100 mL of 5 mM HCI solution.

3. Results and discussion
3.1. Characterizations of photoanode filters

The synthesis process of an O-CNT@MIL-88B(Fe) filter was illu-
strated in Fig. 1. Due to the presence of abundant surface oxygen-
containing functional groups, the as-obtained O-CNT not only fa-
cilitated their dispersion in DMF, but also provided sufficient sites for
Fe>* chelation. Once Fe®" ions were anchored onto the O-CNTs side-
walls, the in-situ growth of MIL-88B(Fe) on O-CNTs could be initiated
after the addition of ligand linker (e.g TPA). As illustrated in
Fig. 2(a—d), individual MIL-88B(Fe) nanoparticles grew uniformly onto
the CNTs surface. When the MIL-88B(Fe) precursor concentration was
0.075 mmol (ie. CM(50:1), see Fig. 2a), the O-CNTs surface became
much rougher compared with pristine CNT (Fig. S2, Supporting In-
formation). By further increasing the precursor concentration to
0.150 mmol (i.e. CM(25:1), see Fig. 2b), an increased particle size
(7—16nm) onto the O-CNTs surface can be observed. While the pre-
cursor concentration increased to 0.225 mmol (i.e. CM(50:3), Fig. 2c),
these fine MOF nanoparticles were uniformly coated onto O-CNTs and
formed an inter-connected 3D network. Further increasing the molar
ratio of MIL-88B(Fe) to CNTs leads to an evident increase in the particle
size, even burying the conductive scaffolds of O-CNTs (see Fig. 2d). This
phenomenon may be due to excessive precursor concentration, that
increased the disorder of the composites network. Thus, three different
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QO Fe**ions

N\ -COOH

“\N -OH & MIL-88B(Fe)

Fig. 1. Schematic illustration of the fabrication route for the CM hybrids.

structure features were identified, i.e. loose 3D network (CM(50:1) and
CM(25:1)); dense 3D network (CM(50:3)); and irregular agglomerates
(CM (25:2)).

Along with the morphological investigation by FESEM, the com-
position and structure of CNTs, MIL-88B(Fe) and CM composites were
further analyzed by powder XRD analysis. As shown in Fig. 2e, the as-
prepared MIL-88B(Fe) exhibited a well-defined crystal structure with
diffraction peaks in good agreement with those reported for MIL-88B
(Fe) by Cambridge Crystallographic Data Centre (CCDC) #647646,
confirming the successful fabrication of MIL-88B(Fe) (Horcajada et al.,
2011). The dominant diffraction peaks centered at 9.1°, 9.6°, and 10.6°
can be assigned to (002), (100), and (101) planes, respectively (Lei
et al.,, 2018). When coated onto the O-CNTs, no evident changes of
these characteristic peaks were observed, and no other impurities peaks
appeared in the XRD pattern as well. Fig. 2f displayed the structure of
MIL-88B(Fe) viewed along the a and c¢ axis with positions of Fe, O, C
elements in a 3D structure. These evidences suggest that we have suc-
cessfully fabricated the CM composites with MIL-88B(Fe) particles in
situ grown onto the O-CNTs sidewalls.

The optical absorption spectra of these as-fabricated hybrid filters
were recorded by UV-vis diffuse reflectance spectra (DRS). As presented
in Fig. 3a, the pure MIL-88B(Fe) only demonstrated absorption within
the range of 200 — 600 nm. The characteristic peak centered at 224 nm
can be ascribed to the ligand-to-metal charge transfer (LMCT), and the
spin-allowed d-d transition at 300-500 nm can be attributed to the
presence of Fe** (Yu et al., 2019). All the hybrid filters demonstrated
similar light response curves as pure MIL-88B(Fe), but with an evident
red shift. In addition, the presence of O-CNTs resulted in a continuous
absorption band in the range of 450 —800 nm, which agreeed with the
black color of the samples (Fig. S3, Supporting Information). Besides,
the steady-state photoluminescence (PL) spectra of MIL-88B(Fe) and
different hybrid filters were acquired to better understand the separa-
tion mechanism of photogenerated charge carriers. As shown in Fig. 3b,
at an excitation wavelength of 320 nm, the bare MIL-88B(Fe) displayed
emission peaks at ~450nm. After combining with O-CNTs, similar
emission peaks can still be observed but with an obviously decreased
intensity for these CM hybrids. This indicated that the presence of O-
CNTs inhibited the recombination of photo-excited electron-hole pairs,
so that more photogenerated electrons and holes can participate into
redox reactions (Xu et al., 2019). Furthermore, these O-CNTs also acted
as conductive pathways for the rapid transport of photogenerated
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electrons through external circuit and further facilitated the highly ef-
ficient separation of charge carriers.

3.2. Photoelectrochemical properties of photoanode filters

According to the above analysis, we believed that the as-fabricated
CM hybrids may serve as promising high-performance photoanode
materials enabling a flow-through design. We, thus, choose the Sb(III)
oxidation reaction as a model reaction to evaluate their photochemical
activity. We hypothesized that the highly toxic Sb(III) can be trans-
formed to less toxic Sb(V) by passing through the proposed photo-
electrochemical system due to the production of reactive species under
illumination. As displayed in Fig. 4a, the pure O-CNT alone filter de-
monstrated a Sb(II) conversion efficiency of 55.1 + 3.2 % under
photoelectrochemical recirculated filtration (at 2.5V and 0.5 mL/min
flow rate), however, with a rather limited Sby, removal efficiency of
only 12.7 = 2.0 %. When the surface of O-CNT was loaded with MIL-
88B(Fe) nanoparticle, the Sby., removal rate improved significantly,
and the best performance was obtained when using CM(50:3) with a
97.7 = 1.5 % Sb(III) conversion as well as a 92.9 = 2.3 % Sb Te-
moval within the same period. This can be explained as MIL-88B(Fe)
possesses regular fine pores and plentiful active sites, endowing the CM
hybrids filters high surface area and high concentration of photo-
generated carriers, beneficial for photoelectrochemical applications.
Also, due to the high affinity of Sb species to Fe sites, these Sb com-
pounds tend to be effectively sequestered by the loaded MIL-88B(Fe)
(Guo et al., 2014; Kong and He, 2016). The enhancement in Sb(III)
removal rate when switching from CM(50:1) to CM(50:3) (i.e. from
loose 3D porous to densely covered 3D network structure) can be as-
cribed to the increased active sites for photocatalysis and sorption by
increasing the loading of MIL-88B(Fe). Nevertheless, further increasing
the MIL-88B(Fe) content negatively contributed to the Sb(III) removal
performance (e.g. from CM(50:3) to CM(25:2)), possibly due to the
over-loading of MIL-88B(Fe) that hindered certain conductive CNT
scaffolds so deteriorating the charge separation performance. More-
over, the agglomeration of MIL-88B(Fe) particles is inevitable once
over-loaded, which leaded to the reduction of exposed active sites.

To better clarify the improved performance of CM(50:3) towards Sb
(III) removal (compared with the O-CNT filter), the change of Sb species
with time was compared as summarized in Fig. 4b. When using CM
(50:3) photoanode, Sb(IlI) reached an effluent concentration of
23 = 10ppb after 2h recirculated filtration. In addition, the initial
increase in Sb(V) concentration witnessed the continuous Sb(III) oxi-
dation during the photoelectrochemical filtration. Then, Sb(V) became
the dominant Sb species, which was further sequestered by the loaded
CM(50:3) filter. In contrast, the effluent concentration of Sb(III) only
reduced from 1000 ppb to 445 = 20 ppb by using the O-CNT as anode
after 4h of operation, and the formed Sb(V) increased linearly with
time resulting in a limited Sby,, removal efficiency of 12.5 + 0.6 %.
These results indicated that an O-CNT filter only demonstrated limited
oxidation capability of Sb(III), while the anchored MIL-88B(Fe) played
two indispensable roles (i.e. photocatalyst and adsorbent) during the Sb
(III) removal. Firstly, under illumination, nanoscale MIL-88B(Fe) en-
abled the production of photogenerated holes and electrons. The pho-
togenerated holes and applied electric field synergistically contributed
to the rapid Sb(III) detoxification. Secondly, the loaded MIL-88B(Fe)
nanoparticles could sequester the Sb species due to their high affinity.
As shown in Fig. 4c, the O-CNT filter only demonstrated the capability
of Sb(III) oxidation, but failed to sequester these Sb species. While the
CM(50:3) filter benefitted from the efficient charge transport from the
built-in O-CNTs, which acted as a bridge for photogenerated electrons
transfer from MIL-88B(Fe) to external circuit, during photoelec-
trochemical filtration, enabling the simultaneous Sb(III) oxidation and
Sb(V) sequestration.

Detailed morphological and compositional information of the as-
prepared CM(50:3) was further obtained by FETEM and EDS mapping
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MIL-88B(Fe)

Fig. 2. (a-d) SEM images of as-prepared samples: CM(50:1), CM(25:1), CM(50:3), CM(25:2) composites, respectively. (e) XRD patterns of MIL-88B (Fe), O-CNTs, and
their complex products. (f) MIL-88B (Fe) structure viewed along c-axis.

techniques. As shown in Fig. 5a and b, the TEM images of pure O-CNT
and CM(50:3) suggested that MIL-88B(Fe) nanoparticles were con-
trollably grafted along the O-CNT sidewall with typical size of
10-20 nm. Additionally, the elemental distribution of CM(50:3) sug-
gests that C, O and Fe were homogeneously distributed over the whole

hybrid (Fig. 5¢) with Fe and O elements mainly dispersed at the ex-
ternal surface of the O-CNTs. Furthermore, Fourier transform infrared
spectroscopy (FTIR) spectra of CM(50:3) (as shown in Fig. 5d, green
curve) also exhibited the vibrations typical of the carboxyl group (at
1600 cm ™! and 1390 cm™1), the C-H bending vibration of aromatic

a b = MIL-88B(Fe)
— CM(25:2)
— CM(50:3)
-~ ’;‘ - CM(25:1)
; & —CM(50:1)
5 g
g g
z
i = MIL-88B(Fe)
— CM(25:2)
— CM(50:3)
— CM(25:1)
—CM(50:1)
200 3(')0 4(')0 5|']0 6(')0 71']0 800 350 400 450 500 550 600
‘Wavelength (nm) ‘Wavelength (nm)

Fig. 3. (a) UV-vis absorption spectra of pure MIL-88B(Fe) and their hybrids. (b) PL spectra of MIL-88B(Fe) and various CM composite materials.
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C

Vis light +
Sb(I1T)
O-CNT
PTFE
Sb(OH)
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Sb(I11) +

‘—‘

CM(50:3)

Fig. 4. (a) Sb removal rates of various CM hybrids and O-CNT photoanodes. (b) Changes in Sb species and their concentration as a function of time and different
photoanode materials in a typical photoelectrocatalytic system in the recirculation filtration mode. Experimental conditions: [Sb(III)], of 1 ppm, applied voltage of
2.5V, pH value of 5.5, flow rate of 0.5mL/min, pH value of 5.5 and 5mM Na,SO, electrolyte. Error bars reflect standard deviation determined by 5 times
experiments. (¢) Schematic illustration of the working principle for Sb(III) removal using O-CNT filter and CM hybrid filter.

ring (750 cm™Y), and the characteristic peak of Fe-O vibration (at
~540 cm ™ 1Y) (Xie et al., 2017). These agreed well with those typical of
pure MIL-88B(Fe). Moreover, the FTIR spectra of O-CNT also proved
the successful introduction of oxygen-containing functional groups (e.g.
carboxyl: 1600 cm ! and 1390 cm ™!, and hydroxyl: 3400 cm ™) after
HNO; treatment (Duan et al., 2019). This was crucial for the MIL-88B
(Fe) heterogeneous nucleation and loading onto the CNTs surface.

To demonstrate Sb(III) conversion and unveil the underlying me-
chanism using the photoelectrochemical filter, a control experiment in
the absence of photo illumination and electric field (i.e. sorption only)
was conducted (Fig. 6a). The absorption equilibrium of CM(50:3) to-
wards Sb(III) achieved after 2.5h recirculated filtration, produced an
effluent concentration of 626 = 14 ppb. The corresponding Sb(III)
equilibrium adsorption amount (q.) of CM(50:3) was 5.28 mg/g under
sorption-only mode. Similar downward trend was also observed for the
change of Sby., effluent concentration, but at a slightly higher value
(45 = 15 ppb), indicating the production of a certain amount of Sb(V)
during the adsorption process, possibly originating from the oxidation
of coordinately unsaturated iron sites within MIL-88B(Fe) (McKinlay
et al., 2013). In contrast, under photoelectrochemical filtration, the Sb
(III) effluent concentration exponentially decreased and almost com-
pletely vanished within 2h (Fig. 6b). The Sb(V) became the dominant
species, suggesting an evidently accelerated Sb(III) conversion process
under photoelectrochemical filtration. The Sb(III) oxidation rate was
much faster than the Sb(V) removal rate within the first 2h. The
maximum Sb(V) concentration was 344 = 14 ppb at 2h, and almost

linearly decreased in the following 2 h. This suggestted the dominate
process within the last 2 h was Sb(V) adsorption. This equivalents to a
ge of 13.1 mg/g under the photoelectrochemical filtration, which was
2.5 times higher than that of the sorption-only process. Two possible
reasons could explain this phenomenon: (1) The point of zero charge
(PZC) of CM(50:3) filter was determined to be 7.4 (Fig. S4, Supporting
Information), thus the filter surface became positively charged at pH
5.5, leading to an electrostatic attraction to these negatively-charged Sb
(V). (2) The electric field accelerated both the Sb(III) oxidation kinetics
as well as the Sby, removal process (Fig. S5, Supporting Information).

To further unveil the Sb(III) removal pathway, the chemical com-
position of Sb-loaded CM(50:3) filter after adsorption and photoelec-
trochemical filtration was examined by XPS technique (see Fig. 6¢ and
d). In the adsorption-alone mode, the Sb 3d + O 1s spectrum can be
fitted by four peaks: 530.0 eV, 531.5 eV, 532.2 eV, and 539.4 eV, that
corresponds to Oy, (lattice oxygen), Sb 3ds,» (Sb(V)), O.q (chemi-
sorbed oxygen species), and Sb 3d3,, (i.e. Sb(III)) (Liu et al., 2019; Li
et al., 2017). The co-existence of Sb (III) and Sb(V) on the CM(50:3)
surface after sorption-only process indicates the occurrence of a slow
conversion process of Sb(III) to Sb(V). Contrarily, the characteristic
peak of Sb(V) (531.5 eV) sharply increased under photoelectrochemical
filtration. The peak centered at 539.4 eV (Sb(IIl)) shifted to 540.0 eV
(Sb(V)), indicating an evidently increased Sb(V) concentration in this
case (Wu et al., 2019).

Beyond that, the normalized Sb K-edge XANES spectra (refer to
Fig. 6e and f) also provided solid evidence on Sb(III) oxidation.
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Fig. 5. FETEM images of (a) O-CNTs, (b) CM(50:3) photoanode composite, (c) EDS elemental mapping corresponding to (b) of C, Fe and O, (d) FTIR spectra of O-

CNT, MIL-88B(Fe), and CM(50:3) hybrid.

Comparing with the Sb K-edge XANES spectra of pure Sb reference
compounds (KSb(OH)g and CgH4K>01,Sb, were utilized as reference
compounds for Sb(V) and Sb(III), respectively), the mainly oxidation
state of Sb on CM(50:3) photoanode filter was Sb(V), consisting with
XPS and the AFS results. To gain insights into the sorption mode of Sb
on the CM(50:3) filter, FT-IR measurements were conducted to in-
vestigate the variation of surface functional groups before and after
photoelectrocatalysis of Sb(III) (Fig. S6, Supporting Information). The
predominant species for Sb(III) and Sb(V) were Sb(OH)3; and Sb(OH)¢ ™~
under the experimental pH of 5.5. After photoelectrocatalysis for re-
moval of Sb(Il), the absorbance of functional groups (peaks around
1645cm™ %, 1390cm ™%, 750 cm ™Y, respectively) losing was observed
except for O—H bonds (surface adsorbed water, about
3400-3700 cm ™ '), suggesting that adsorption occurs via an inner
sphere surface interaction with the formation of Fe-O-Sb bonds
(McComb et al., 2007). Moreover, the Fe-O bond shifted to a lower
frequency from 540 to 515 cm ™! and became less intense, which can be
attributed to the strong coordination between Fe and Sb species (Qi
et al., 2019). Besides, an emerging characteristic peak was observed in
the region below 600 cm ™!, where the vibration of Sb-O has been re-
ported (Jana et al., 2016). These findings indicated that chemical ad-
sorption was primarily responsible for the uptake of Sb species.

The synergistic effect of photochemistry and electrochemistry was
further studied under different applied potentials using the CM(50:3)
filter as an example (see Fig. 7a). The Sb(III) removal efficiency in the
adsorption-only process was 38.7 + 2.0 %. While in the presence of

visible light, the photocatalytic Sb(III) oxidation efficiency increased to
54.8 + 1.8 %, indicating an improved Sb(III) conversion kinetics ori-
ginated from the photocatalytic activity of CM(50:3). The removal rate
of Sb(III) further increased with the applied voltage up to 1.5V (with a
96.0 = 3.0 % Sb(II) removal efficiency). Further increasing the ap-
plied voltage to 2.5V did not improve the removal performance of Sb
(II1). This may be due to some competitive oxidation reactions occur-
ring at higher potentials (e.g. water oxidation reaction). Fig. 7b revealed
the dynamic trends of Sb(III) (1 ppm) elimination by CM(50:3) filter
under different circumstances. In particular, by assuming a classical
first-order kinetic law, Fig. 7b reported In(C/C,), where C and C, were,
respectively, the Sb(III) concentrations at time t and at the beginning of
the process, vs. t. Straight lines on this plot make it possible to obtain
the apparent kinetic constant (k) of the process, k (i.e. the absolute
value of the line slope). The rate constant under photoelectrochemical
condition (kpgc =0.99h™'), was higher than that of electrochemistry
process (kgc =0.30 hh, photochemistry process (kpc =0.21 h™) and
the sum of them. Subsequently, the synergistic effect of photochemical
and electrochemical on the removal of Sb(III) was further studied by
synergy index according to previous reports (Zhang et al., 2019). The
synergy index (i.e. (kpgc — kpc — kec)/kprc), was calculated to be 0.60,
indicating a pronounced synergistic effect between electrochemistry
and photocatalysis. This effect can be ascribed to highly efficient
electron-hole separation performance as well as inhibited charge re-
combination within the photoelectrochemical process, and to the un-
ique physicochemical properties of the as-designed anodic filter
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Fig. 6. (a, b) Change of Sb(III) and Sby., concentration in sorption-only and photoelectrochemical filtration using the CM(50:3) filter. Experimental conditions: [Sb
(IID], of 1 ppm, applied voltage of 2.5V, flow rate of 0.5 mL/min, pH value of 5.5, and 5 mM Na,SO, electrolyte. Error bars reflect standard deviation determined by
5 times experiments. (c, d) XPS Sb 3d + O 1s spectra of the Sb-loaded CM(50:3) filter in sorption-only mode and photoelectrochemical filtration mode. (e, f)
Normalised Sb K-edge XANES spectra of Sb species adsorbed on the CM(50:3) filter anode.

materials.

Moreover, the Sb(III) removal performance by the photoelec-
trochemical filter was also comparatively studied with that in a con-
ventional batch system, to gain insight into the operational advantage
of a flow-through design (Fig. S7, Supporting Information). The effluent
Sb(III) and Sby.. concentration over 4 h of recirculated filtration was
only 23 + 10ppb and 116 = 15ppb, respectively. However, the Sb
(III) and Sbyya concentration in the batch mode was as high as
242 + 17 ppb and 486 = 28 ppb, respectively, with the same period

under similar conditions. Such sharp difference suggested an unique
advantage of the flow-through design, which significantly enhances the
mass transport of Sb(III) and the oxidation product Sb(V) to the active
sites of the photoanode filter. Another benefit of the flow-through de-
sign is free of sorbents/catalysts recovery. For example, Zhou et al.
previously developed an Ag/TiO,-based continuous-flow photocatalytic
reactor with Ag/TiO, nanobelts photocatalyst loaded onto a sub-mi-
croporous filter paper (Zhou et al., 2011). The photocatalytic de-
gradation performance towards selected model pollutants was

Fig. 7. (a) Sb(III) removal using the CM(50:3)

a 100 : X b 0- filter as a function of applied voltages (0-2.5V)
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improved by the introduction of noble metal cocatalyst (Ag) due to
partially inhibited charge recombination rate. However, the high cost
related with the usage of noble metal have limited its wide application
in environmental field. Alternatively, the proposed photoelec-
trochemical filter served as an effective and affordable solution. The
generated electron/hole pairs from MIL-88B(Fe) could be effectively
separated and transferred upon application of a limited electric field.
Compared with a previously reported electroactive-only filter (Liu
et al., 2019), the integration of photocatalysis, electrochemistry, and
membrane separation in the photoelectrochemical filter system allowed
for rapid and efficient water treatment, with expected immediate im-
pact and applicability in the treatment of other refractory compounds
as well as similar toxic heavy metal ions.

To further explore the function of O-CNTs and MIL-88B(Fe), other
physicochemical and photoelectronic characterizations were per-
formed. As displayed in Fig. S8 (Supporting Information), the specific
surface area of O-CNT is 147.4m>g ™' lower than that of CM(50:3)
(382.3m?g™ 1), and the sample was mesoporous with pores mainly
distributed in the range of 3-8 nm. The relatively high specific area of
CM(50:3) can be attributed to the introduction of MIL-88B(Fe) and the
formation of a densely covered 3D network. In addition, Fig. 8a com-
pared the transient photocurrent responses of MIL-88B (Fe), O-CNT,
and CM(50:3) under intermittent visible light illumination. Results in-
dicated that MIL-88B(Fe), O-CNT and CM(50:3) composite all revealed
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steady photocurrent responses once the light irradiation was activated.
The photocurrent density of CM(50:3) was 1.63 times higher than that
of pure MIL-88B(Fe), implying that with presence of O-CNT improved
the charge separation performance of photoinduced electron-hole pairs
and extended the lifetime of the charge carriers. EIS measurements
were also conducted to investigate the interfacial electron transfer of O-
CNT, MIL-88B(Fe), and CM(50:3) materials. As displayed in Fig. 8b,
where Ropm, Ret, CPE, and W correspond to the electrolyte resistance,
transfer resistance, double layer capacitive and diffusion resistance,
respectively. Fitting results suggested that the R, value was 41 Q, 1400
Q, and 471 Q for O-CNT, MIL-88B(Fe) and CM(50:3), respectively.
Whereas the R of the CM(50:3) nanocomposite was markedly lower
than that of the MIL-88B(Fe). This indicated that the CM(50:3) nano-
composite exhibited a decreased electron-transfer resistance. Therefore,
within the 3D CM(50:3) composite, the MIL-88B(Fe) component pro-
vided a large specific surface area, beneficial for the exposure of Fe-O
cluster active sites and the mass transport of target compounds.
Moreover, the introduction of CNTs improved the electronic con-
ductivity and facilitates the separation and transfer of photogenerated
charge carriers, thus leaving more photogenerated holes participating
in the oxidation reaction on the electrode surface.
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Fig. 8. (a) Transient photocurrent responses, (b) EIS spectra, of O-CNT, MIL-88B(Fe) and CM(50:3). (c¢) Tauc plots of pure MIL-88B(Fe) and CM(50:3). (d)
Mott — Schottky plots of CM(50:3). (e, f) DMPO spin-trapping EPR spectra recorded with CM(50:3) photoanode under different operating conditions.
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3.3. Plausible photoelectrochemical working mechanism

To further analyze the working principle of the photoelec-
trochemical flow-through system, the band structure of the CM(50:3)
photoanode filters was taken into consideration. Plots of the trans-
formed Kubelka—-Munk function of MIL-88B(Fe) and CM(50:3) were
compared to estimate their corresponding band gaps. As shown in
Fig. 8c, both MIL-88B(Fe) and CM(50:3) shared a similar band gap of
~2.66 eV, implying that the incorporation of O-CNTs in MIL-88B(Fe)
did not aff ;ect their band structures. Mott — Schottky measurement was
applied to determine the flat-band potential (Eg,) of CM(50:3) (Fig. 8d).
The positive slope indicated that CM(50:3) appears as a n-type semi-
conductor. It has been reported that the conduction band minimum
(CBM) of a n-type semiconductor is closed to its flat-band (Lin et al.,
2018), which was calculated to be —0.43V (vs Ag/AgCl), and the cor-
responding Eyyg value was -0.23V (vs NHE). This means that the
conduction band (Ecg) edge was -0.23V (vs NHE) for CM(50:3). This
value was more positive than the potential of O5/*0,~ (—0.33V vs
NHE) (Lei et al., 2018). Therefore, the photogenerated electrons could
not reduce oxygen and engender *O, . Combining the optical band gap
and the CBM data together, the valence band (Eyg) of CM(50:3) was
~2.43V (vs NHE). In contrast to the oxidation potential of Sb(V/III)
(+0.69V ys NHE) and *OH/OH ™~ (+ 2.38 V vs NHE), the transformation
of Sb(III) to Sb(V) using CM(50:3) could be thermodynamically favor-
able.

EPR technique was employed to identify the responsible reactive
species in the proposed photoelectrochemical filtration system. As
shown in Fig. 8e and f, signals of DMPO-OH and DMPO-CH,OH adducts
were detected under illumination based on their hyperfine splitting
constants (DMPO-OH: Ay =14.8, Ay=14.8;, DMPO-CH,OH:
Ay = 15.5, Ay = 22.7) (Buettner, 1987). Noticeably, the DMPO-OH
signal in the photoelectrochemical process was much stronger than that
in the photocatalytic process, due to the inhibited charge recombina-
tion rate by the applied electric field. Besides, the presence of DMPO-
CH,OH in photoelectrocatalytic process may be due to the presence of
hydroxyl groups on the conductive O-CNTs scaffold. Finally, the tri-
angle in Fig. 8e corresponds to the DMPO-degradation (Ay = 15.3).
Based on the above results and discussion, a plausible pathway active in
the photoelectrochemical filtration system was proposed and displayed
in Fig. 9. When the CM(50:3) photoanode was excited by the incident
light, electrons and holes will be generated in the conduction bands and
the valence bands of the filter, respectively. Thanks to the applied
electric field, the effective charge separation ensured a rapid transport
of electrons to the cathode through the external circuit. The photo-
generated holes (Eyg = 2.43 V vs NHE) can react with water molecules
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to produce *OH, both contributed to the transformation of Sb(III) to Sb
(V). The produced Sb(V) can be effectively sequestered by the loaded
MIL-88B(Fe) due to the strong coordination between Fes-13-oxo of CM
(50:3) and Sb(V). The mass transport of the negatively-charged Sb(V)
towards the positively-charged CM(50:3) photoanode filter surface
could be further accelerated by the electric field due to electrostatic
attraction.

3.4. Impact of solution chemistry

The effect of solution pH on the Sb(III) removal performance using
the photoelectrochemical filter was examined. As suggested from
Fig. 10a, the photoelectroactive filter worked steadily across a wide pH
range and the optimal removal capacity for both Sb(III) and Sby, was
obtained at pH of 5.5. A decrease in the removal percentage was ob-
served at higher pH values. This can be due to the different interfacial
interactions between the existing Sb species and the CM(50:3) hybrid
filter surface. The point of zero charge (PZC) of CM (50:3) was mea-
sured to be 7.4 (Fig. S4, Supporting Information), and aqueous Sb(III)
predominantly existed as Sb(OH); (pH = 3-9) and SbO,~ (pH > 9)
(Qi et al., 2017). In addition, the preferred form of Sb(V) was Sb(OH)e-
from pH 3 to 11 (Rangwani et al., 2018). At pH 9.5, the surface of CM
(50:3) filter also became negatively charged, leading to an electrostatic
repulsion to the negatively-charged Sb(III) and Sb(V).

Additionally, experiments were carried out to examine the potential
of CM (50:3) for Sb (III) purification in the presence of other conven-
tional competitive anions (sulphate, chloride, carbonate, and phos-
phate) at different concentrations. When the concentration of electro-
lyte sulphate ranges from 0 to 5mM, the removal efficiency of Sbyoa
increased from 56.9 + 1.2 %-94.7 *+ 2.3 %. However, as the sulphate
concentration further increased to 10 mM, the Sby, removal efficiency
remained essentially unchanged. The removal percentage was constant
with the concentration of chloride in the concentration range 0-10 mM.
The removal efficiency of Sbiy decreased from 91.4 + 2.8
%-75.3 * 2.3 % as the concentration of phosphate increased from 0 to
10 mM, this phenomenon being ascribable to the increase of pH value
(8.9) caused by the hydrolysis of 10 mM carbonate. This tendency was
also consisting with the results shown as a function of pH. There is a
significant depression (from 90.9 = 3.0 %-73.8 + 3.2 %) in the Sb
uptake when the phosphate concentration increased from 0 to 10 mM,
which can be ascribed to the chemical similarity between antimony and
phosphate.
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Fig. 9. Schematic illustration of the plausible photoelectrochemical decontamination mechanism of Sb(III).
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3.5. Sb removal performance in environmental matrixes

Tap water and lake water conditions were introduced to validate the
feasibility of CM(50:3) for Sb (III) purification in practical environ-
ments (Fig. 10c). The effluent concentration of Sby, decreased from
500 ppb to 28 ppb after 4 h operating in tap water, similar to the per-
formance under DI water condition, indicating that the designed system
has good universality. Since lake water (total organic carbon
(TOC) = 23 *= 1.9mg/L) has a much more complicated nature than
tap water (TOC concentration of 2.0 = 0.4mg/L), under the same
experimental parameters (0.5 mL/min, vis-light +1.5V), the removal
efficiency was only about 61.6 % after 4 h. This might be explained
through the following reasons: firstly, natural organic substances in
lake water would absorb on the surface of CM(50:3) and reduce the
numbers of exposed active sites. Secondly, the lake water has relatively
low conductivity (648 vs. 2100 uS/cm) which would reduce the electric
field and weaken the Sb(III) oxidation.

3.6. Stability evaluation

Heterogeneous advanced oxidation processes typically require ro-
bust catalysts for practical engineering applications. Hence, the stability
and reusability of the flow-through system was evaluated in con-
secutive cycles for Sb(III) removal (Fig. 10d). Exhausted CM(50:3) filter
was regenerated by passing through 100 mL of 5 mM HCI solution (Cai
et al.,, 2016). Results suggested only marginal declined in Sbyy, re-
moval efficiency in three consecutive cycles, indicating the excellent
stability of the photoelectrochemical filters. A series of characteriza-
tions of the used filters after three consecutive cycles also suggest si-
milar crystal phase and iron compositions when compared with fresh
CM(50:3) filter (Fig. S9, Supporting Information). Further, we de-
termined the iron concentrations in the effluent using ICP-MS. Results
indicated that only 4.5 ppb Fe was detected in the effluent over 12h
continuous filtration, accounts for only 0.74 % of the initial Fe loading.
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4. Conclusions

In summary, a dual-functional photoelectrochemical filter system
was rationally designed for the simultaneous oxidation and sequestra-
tion of highly toxic Sb(III). To do this, we developed a facile sol-
vothermal route to fabricate nanoscale MIL-88B(Fe) functionalized CNT
filter. The as-prepared hybrid filters are photo-responsive, highly elec-
trically conductive, regenerable, possess regular porous network as well
as sufficient exposed active sites. Upon application of vis-LED illumi-
nation and an external electric field, in situ conversion of Sb(III) to less
toxic Sb(V) can be readily achieved. These Sb(V) compounds can be
effectively further sequestered by MIL-88B(Fe). Various advanced
characterization techniques were employed to provide solid evidences
on the Sb(III) conversion and sequestration. The proposed technology
works effectively across a wide range of solution chemistry conditions.
Overall, the outcomes of this study are dedicated to provide a flow-
through strategy by integrating photoelectrochemical and nano-
technology for the decontamination of Sb(III) and other similar heavy
metal ions from water bodies.
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