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a b s t r a c t

Photocatalytic water treatment has significant potential to disinfect and degrade recalcitrant organic
pollutants while minimizing the need to add chemicals, but current approaches have poor energy effi-
ciency due, in part, to inefficient utilization of photo-generated reactive oxygen species (ROS). Organic
coatings such as cyclodextrin (CD) can adsorb target contaminants and bring them close to the photo-
catalyst surface to enhance ROS utilization efficiency, but the coatings themselves are susceptible to ROS
attack. Here, we report an ROS-resistant fluorinated CD polymer (CDP) that can both adsorb contami-
nants and resist degradation by ROS, yielding a more efficient material for “trap and zap” water treat-
ment. We produced the CDP through condensation polymerization of b-cyclodextrin and
tetrafluoroterephthalonitrile, resulting in a cross-linked, covalently bound CD film that is much more
stable than prior approaches involving physi-sorption. We optimized the coating thickness on TiO2

microspheres to improve the efficiency of contaminant degradation, and found that increasing the CDP
content enhanced BPA adsorption but also occluded photocatalytic sites and hindered photocatalytic
degradation. The optimum content of CDP was 5% by weight, and this optimal CDP-TiO2 composition had
a BPA adsorption capacity of 36.9 ± 1.0 mg g�1 compared with 24.1 ± 1.1 mg g�1 for CD-coated TiO2 (CD-
TiO2) and 21.9 ± 1.5 mg g�1 for bare TiO2. CDP-TiO2 exhibited minimal photoactivity loss after 1000 h of
repeated use in DI water under UVA irradiation (365 nm, 3.83 � 10�6 E L�1s�1), and no release of organic
carbon from the coating was detected. Photocatalytic treatment using CDP-TiO2 only showed a small
decrease in BPA removal efficiency in secondary effluent after four 3-h cycles, from 80.2% to 71.7%. In
contrast, CD-TiO2 and P25 removed only 29.8% and 6.2% of BPA after 4 cycles, respectively. Altogether, the
CDP-TiO2 microspheres represent promising materials for potential use in photocatalytic water
treatment.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Photocatalytic water treatment has significant potential to
disinfect and degrade a wide variety of recalcitrant organic pol-
lutants while minimizing the need to add chemicals (Loeb et al.,
2019; Xu et al., 2014). However, current photocatalytic water
treatment processes have low energy efficiency due to low quan-
tum yield, poor utilization of photo-generated reactive oxygen
species (ROS), and high energy requirements to recover suspended
photocatalysts by high pressure filtration (Lado Ribeiro et al., 2019;
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Wang et al., 2020). To overcome these limitations, we previously
developed micron-sized TiO2 hierarchical spheres and decorated
them with cyclodextrin (CD-TiO2). The large size (3e5 mm) of the
particles facilitated low-energy recovery by low-pressure micro-
filtration, and we showed that cyclodextrin (CD) was an effective
coating that could sorb micropollutants close to the photocatalytic
sites, enabling an efficient “trap and zap” strategy (Zhang et al.,
2018). Other examples of “trap and zap” photocatalytic materials
for water treatment include TiO2 modified with chelating ligands
(Makarova et al., 2000), and carbon based nanocomposites (e.g.,
molecularly-imprinted graphitic carbon nitride (Yuan et al., 2020),
graphene (Zhang et al., 2010), zeolite (Noorjahan et al., 2004), and
porous electronspun fibers (Lee et al., 2018).

These examples along with our prior work demonstrate that
concentrating target contaminants near ROS-generating sites im-
proves the utilization of ROS, mitigating performance inhibition by
co-occurring ROS-scavenging species. However, the CD-TiO2 par-
ticles previously reported had limited durability. Specifically, sig-
nificant loss of activity was observed after 400 h of use (under
3.64 � 10�6 E L�1s�1, l ¼ 365 nm) due to ROS-attack on cyclo-
dextrin (Zhang et al., 2018). This underscored the need to develop
ROS-resistant surface coatings that do not significantly hinder light
penetration (for successful activation) and are able to concentrate
target pollutants close to photocatalytic sites.

Fluorine containing polymers tend to be chemically stable and
relatively unreactive compared to their non-fluorinated counter-
parts (Cho and Choi, 2001; Patterson et al., 2014), and their dura-
bility as a photostable material has been demonstrated (García
et al., 2006). Furthermore, cross-linked polymeric coatings have
been proven to exhibit superior stability compared to single-
stranded polymers or small molecules as coating substances
(Beltr�an et al., 2016; Zhou et al., 2016). Therefore, we hypothesized
that cyclodextrin crosslinked with fluorinated polymers would be
effective for trapping moderately hydrophobic pollutants, and be
resistant to ROS attack.

Here, we report hierarchical TiO2 microspheres coated with a
cross-linked, fluorine-containing b-cyclodextrin polymers (CDP-
TiO2). Micron-sized TiO2 hierarchical spheres were utilized as
photocatalysts because they are composed of an earth abundant
material, and are amenable for low-cost separation process and
reuse (e.g., by low-pressure filtration). We describe the preparation
of these microspheres, demonstrate their effectiveness in the up-
take and degradation of bisphenol A (BPA), and study their per-
formance under multiple and long-term photodegradation studies.
The performance of CDP-TiO2 was benchmarked against CD-TiO2
and commercial TiO2 (Evonik P25) for photocatalytic removal of
BPA in a secondary effluent polishing context. The stability of
anchored CDP was evaluated by monitoring total organic carbon
(TOC) released in CDP-TiO2 dispersion during continuous irradia-
tion, and the long-term performance of CDP-TiO2 was assessed and
compared to CD-TiO2 under similar conditions.
2. Materials and methods

2.1. Chemicals

Tetrafluoroterephthalonitrile (�99%), K2CO3 (�99%), anhy-
drous tetrahydrofuran (THF, �99.9%), Titanium isopropoxide
(Ti(OCH(CH3)2)4,TIP, �97%), P25 (�99.5%), triethanolamine
(�99%), diethanolamine (�99%), cyanamide (�99%), b-cyclodex-
trin (�99%), N,N-dimethylformamide (DMF, �99.8%), bisphenol A
(BPA,�99%), KH2PO4 (�99%), Hydrochloric acid (36.5%), Acetoni-
trile (�99%) were purchased from Sigma Aldrich.
2.2. Synthesis of b-cyclodextrin polymer (CDP)

The synthesis of CDP followed a modified procedure previously
reported (Alsbaiee et al., 2016). Briefly, b-cyclodextrin (600 mg,
0.53 mmol), tetrafluoroterephthalonitrile (300 mg, 1.5 mmol) and
K2CO3 (900 mg, 6.5 mmol) were dispersed in anhydrous THF
(12 mL) and degassed with nitrogen. The solution was sealed in a
pressure vessel and heated at 85 �C under constant stirring for 48 h.
The orange suspension was cooled down naturally and then
transferred into 1 M HCl to remove excessive K2CO3. The pale-
yellow products were filtered out using 0.22 mm PTFE syringe fil-
ter, washed thoroughly with ethanol and DI water, and dried under
vacuum at 60 �C overnight. Yield: 56 wt %.

2.3. Synthesis of bare TiO2 microsphere and CDP-TiO2

The synthesis of the of TiO2 microspheres followed the meth-
odology previously reported by Zhang (Zhang et al., 2018). TiO2
microspheres were fabricated via a hydrothermal method with TIP
as the precursor. In detail, 1.2 mL of TIP was added dropwise into a
well-mixed triethanolamine (20 mL) and DMF (10 mL) solution.
The mixture was constantly stirred for 30 min, transferred into a
50 mL Teflon-lined stainless-steel autoclave, and heated at 200 �C
for 24 h. The products were collected by centrifugation and calcined
under 550 �C to remove remaining impurities. Next, CDP was
anchored onto the as-prepared TiO2 microspheres. CDP (50 mg),
TiO2microspheres (200mg) and 200 mL of cyanamide (50% aqueous
solution) were dispersed in 25mL bufferedwater (0.1M phosphate,
pH ¼ 6). The mixture was then refluxed under 90 �C in oil bath for
8 h. The product was collected and washed with water thoroughly
to remove impurities.

2.4. Characterization of CDP-TiO2 materials

The morphology of CDP-TiO2 materials was observed by scan-
ning field emission electronmicroscope (FE-SEM, TESCAN) at 10 kV.
FTIR (Fourier transform infrared spectra) was obtained preparing a
KBr tablet and scanning from 4000 to 400 cm�1 in a Nicolet iS50
Thermo Scientific instrument. Thermogravimetric analysis (TGA)
was performed on SDT Q600 (TA Instruments) at a heating rate of
10 �C/min from room temperature to 700 �C with a flowing air gas
stream of 50 mL min�1. The materials were analyzed by measuring
the N2 adsorption isotherms at �196 �C using the surface analyzer
instrument Autosorb-3B, Quantachrome. The samples were
degassed at 100 �C during 12 h before the analysis. The specific
surface area was calculated using the BrunauereEmmetteTeller
(BET) equation, and the pore size distribution was calculated using
the BarreteJoynereHalenda (BJH) method.

2.5. BPA adsorption tests

The catalyst (20 mg) was dispersed into 40 mL solution with an
initial BPA concentration of 20mg L�1. Aliquots (200 mL) were taken
at predetermined time intervals, and the remaining BPA in the
solution was analyzed to obtain the adsorption kinetics.

The BPA concentration was determined by HPLC (LC-20AT, Shi-
madzu) chromatography equipped with a UVevis detector. A dC18
reverse-phase column (Atlantis, 3 mm, 3.9 � 15 mm, Waters), was
used for separation with acetonitrile e water (60:40; v:v) at a flow
rate of 1 mL min�1. The detection and quantification limits of BPA
analysis were 1 and 10 mg L�1 respectively. The amount of BPA
adsorbed was calculated using the equation: qe ¼ (Ci �Ce)V/m,
where qe is the adsorbate amount adsorbed on the adsorbent at
equilibrium (mg g�1), Ci is the initial concentration in water (mg
L�1), Ce is the final equilibrium concentration inwater (mg L�1), V is
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the solution volume (L), and m is the mass of the adsorbent (g). To
characterize adsorption kinetics, time course data were fit to a
pseudo-second order kinetic model, which considers a two-step
adsorption process involving solute diffusion through the adsor-
bent and then chemical sorption as the rate-limiting step (Ho and
McKay, 1999). Adsorption of solutes to complex materials with
abundant and diverse adsorption sites tends to follow pseudo-
second order kinetics (Wang and Guo, 2020), where the rate of
change in the amount adsorbed (dq/dt) is proportional to the
squared difference between the equilibrium adsorption capacity
(qe) and the amount adsorbed at any time (q):

dq
dt

¼ k2ðqe � qÞ2 (1)

where k2 is the adsorption rate constant. Eq. (1) can be integrated
to:

q¼
�
q2ek2t

�.
ð1þ qek2tÞ (2)

The catalyst (20 mg) was dispersed into 40 mL solution with
various initial BPA concentration (10e200 mg L�1) for adsorption
isotherm test. The equilibrium concentration of BPA was analyzed
after 24 h.
2.6. Photocatalytic degradation of BPA and evaluation on catalyst
stability

The photocatalytic activity of the CDP-TiO2 was tested in a batch
system with Six UVA lamps (365 nm, 4 W, F4T5/BLB) irradiation.
The photon flux was 3.83� 10�6 E L�1s�1 measured by actinometry
(Bolton et al., 2011). UVA light (365 nm) was used for irradiation,
considering that higher-energy UVC (which is primarily used for
disinfection) is easily absorbed by organicse resulting in inefficient
utilization and potential deterioration of some materials (Phong
and Hur, 2016). The catalyst (20 mg) was dispersed into 40 mL
BPA solution (20 mg L�1) in a quartz beaker. Although higher BPA
concentrations have been reported in some industrial effluent
(Chou et al., 2014; Lee et al., 2015), this initial BPA concentration is
relatively high compared to those commonly found in municipal
secondary effluent, which rarely exceed a few mg L�1 (Hu et al.,
2019; Spataro et al., 2019). Nevertheless, it facilitated chemical
analysis to characterize sorption and degradation processes, and
served to demonstrate proof-of-concept under more challenging
treatment conditions (i.e., relatively high BPA concentrations)
(Ahmed et al., 2011; Saadati et al., 2016). Aliquots (1mL) were taken
after predetermined intervals of irradiation time, and the catalysts
were filtered out using 0.22 mm PTFE syringe filter. Photocatalytic
degradation tests of BPA were conducted in the context of deion-
izedwater or a secondary effluent polishing from a treatment plant.
The performance of CDP-TiO2 was benchmarked against P25 in
secondary effluent for four treatment cycles (3 h per cycle). After
each cycle the solid was separated by centrifugation.

Photocatalysis by-products were identified by HPLC-MS, in a
MicroToF (Bruker) equipped with an ESI source and interfaced with
an Agilent 1200 HPLC. A C18 column (Imtakt, Sherzo SM-C18, 3 mm,
150 mm � 2 mm) was used for separation with acetonitrile/water
(both buffered with 0.1% of formic acid) as the mobile phase. A
gradient method was applied to mobile phase; started with 2%
acetonitrile and maintained for 5 min, then increased the ratio of
acetonitrile to 50% in 10 min and maintained for 10 min, and
decreased to 2% acetonitrile in 5 min.

The potential destruction of CDP coating after repeated usage
was determined bymeasuring the total organic carbon (TOC) in the
CDP-TiO2 material dispersion after 100 h irradiation under the
same conditions as the photocatalysis experiments. The catalyst
was separated by centrifugation and the TOC was measured by
TOC-VCHS (Shimadzu). The stability of CDP-TiO2 was evaluated
through repeated usage for 1000 h. In detail, 20mg of CDP-TiO2 was
dispersed into 40 mL of BPA (20 mg L�1) solution and kept irradi-
ation for 1000 h. The catalyst was collected by centrifugation at
specific time intervals (i.e. 100, 200, 400, 600, 800, and 1000 h) to
evaluate its long-term performance on BPA removal.

3. Results and discussion

3.1. Preparation of cross-linked, fluorinated cyclodextrin polymer
coating with resistance to ROS oxidation

We prepared a fluorinated, cross-linked CD polymer (CDP)
coating anchored to the surface of TiO2 microspheres to enable
contaminant sorption near photocatalytic sites and improve sta-
bility in the presence of ROS. The CDP coating was prepared
though condensation polymerization of b-cyclodextrin and tet-
rafluoroterephthalonitrile, as previously reported (Alsbaiee et al.,
2016), although we prepared it in a relatively simple batch reac-
tion step. Separately, TiO2 microsphere photocatalysts were pre-
pared via a hydrothermal method, as previously reported (Zhang
et al., 2018). To anchor the CDP onto the TiO2 microsphere sur-
face, the CDP and TiO2 were dispersed in water in the presence of
cyanamide. The resulting materials were washed extensively to
remove unattached CDP. This general procedure enables us to tune
the amount of CDP coating present on the TiO2 microspheres, and
we prepared CDP-TiO2 microspheres with varying amounts of CDP
coatings. The materials were labeled according to the weight
percentage of CDP anchored: CDP(3%)-TiO2, CDP(5%)-TiO2 and
CDP(30%)-TiO2, as determined by thermogravimetric analysis
(TGA).

The resulting CDP-TiO2 particles were characterized in terms of
morphology, surface chemistry, and pore structure. The SEM im-
ages of CDP(5%)-TiO2 (Fig. 1a) showed a hierarchichally structured
surface and constituent nanosheets. The diameter of CDP(5%)-TiO2
was in the range of 3e5 mm. Successful anchoring of CDP was
confirmed through FTIR analysis (Fig. 1b). Three bands at
2929 cm�1, 1157 cm�1, and 1029 cm�1 were identified from the
spectra of CDP-TiO2 which represent CeH stretch, CeO stretch of
cyclodextrin and the OeCeO antisymmetric glycosidic vibrational
modes respectively (Wang et al., 2019). The signals observed at
1320, 1484, and 1675 cm�1 correspond to CeF stretch, CeC aro-
matic stretch and C]N nitrile stretch, respectively.

CDP(5%)-TiO2 had a BET surface area of 197.2 m2 g-1 which was
three times higher than commercial TiO2 (Evonik, P25) (58.9 m2 g-1,
Table S1). The specific surface decreased as the content of CDP
increased (Table S1). This was expected because the specific area of
CDP (3.8m2 g-1) is much lower than that for bare TiO2microspheres
(208.9 m2 g-1). The CDP-TiO2 has similar textural characteristics to
bare TiO2 microspheres, both having the same isotherm and hys-
teresis loop type and an average pore size between 3 and 11 nm
(Fig. S1 and Table S1). The nitrogen adsorption isotherms for these
particles are of type II (Fig. 1d), which indicates the formation of
nonporous or macroporous structure (Thommes et al., 2015).

3.2. Improved BPA adsorption capacity after CDP anchoring relative
to bare and cyclodextrin-coated TiO2 microspheres

Next, we studied the potential for the CDP nanoparticles to
uptake BPA in water through adsorption tests. Compared with bare
TiO2 microspheres and CD-TiO2, CDP coating significantly enhanced
the BPA adsorption rate and capacity, and this is reflected in the
adsorption kinetics data (Fig. 2a). The pseudo-second order model



Fig. 1. Characterization of CDP-TiO2, CDP, and bare TiO2 microspheres. a) SEM images of CDP(5%)-TiO2 particles (3e5 mm). b) FTIR spectra for CDP(30%)-TiO2, CDP(5%)-TiO2, CDP, and
bare TiO2 microspheres. c) Thermogravimetric analysis of CDP-TiO2 with varying CDP content (3%, 5%, 10% and 30% wt.). d) Nitrogen adsorption isotherm and pore size distribution
for CDP(5%)-TiO2 (specific surface area of 197.2 m2 g-1).

Fig. 2. a) Adsorption kinetics and b) adsorption isotherms of BPA onto bare TiO2 mi-
crospheres, CD-TiO2 and CDP-TiO2. CDP coating improved both the adsorption rate and
capacity.
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produced an excellent fit of the adsorption kinetics data (Equation
(2)). This fit was superior than that from a pseudo-first order ki-
netics model, based on Pearson’s chi-squared test (Fig. S2a and
S2b). The second-order model parameters for each microsphere
tested are provided in Table S2, and show that the adsorption rate
of CDP(5%)-TiO2 was two times higher than that of CD-TiO2 and four
times higher than that of bare TiO2 microspheres (Table S2). The
adsorption isotherms also showed that the adsorption capacity
increased with increasing content of CDP (Fig. 2b), even though the
specific surface area decreased as the content of coated CDP
increased (Table S1).

The adsorption isotherm for all microspheres exhibited a
plateau above 50 mg g�1, with the exception of CDP(30%)-TiO2 in
which the amount of BPA adsorbed increased monotonically up to
the highest concentration tested (200 mg g�1). The adsorption
isotherm of the CDP(30%)-TiO2 material were best fit by the
Freundlich model, in which the adsorption capacity increase
exponentially with the initial concentration. In contrast, all other
materials followed the Langmuir model (Al-Ghouti and Da’ana,
2020). This likely reflects a shift from monolayered adsorption
pattern (described by the Langmuir isotherm) to multi-layered
adsorption (described by the Freundlich isotherm), consistent
with the apparent formation of multi-layer CDP coating on the TiO2
surface when increasing CDP loading. The adsorption parameters
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are shown in Table 1 and show that the CDP-TiO2 microspheres
have higher adsorption capacities than bare TiO2 or CD-TiO2
microspheres.
Fig. 3. CDP-TiO2 outcompeted CD-TiO2 and P25 during photocatalytic degradation of
BPA in a secondary effluent polishing context monitored over four cycles. CDP-TiO2 was
less inhibited by interfering constituents in secondary effluent compared to CD-TiO2

and P25 [benchmarking data from our previous work conducted under identical
conditions (Zhang et al. (2018)]. The initial BPA concentration was 20 mg L�1 each
cycle.

Fig. 4. Influence of CDP content on BPA removal (a) and photocatalytic rate constant
(b) in DI water. Increasing CDP content is initially beneficial due to enhanced BPA
“trapping”, but excessive coating occludes photocatalytic sites and hinders BPA
“zapping”. The optimum content of CDP was 5% weight in this system.
3.3. Enhanced photocatalytic degradation of BPA after CDP coating
relative to bare and cyclodextrin-coated TiO2 microspheres

Next, we tested the effectiveness of CDP-TiO2 for the photo-
catalytic degradation of BPA. Photocatalytic degradation of BPAwas
tested with different catalysts in DI water to evaluate the effect of
CDP coating on photoactivity without confounding effects by
background ROS scavengers (Fig. S3). The photocatalytic degrada-
tion data followed pseudo first order kinetics (Fig. S3). The rate
constant for BPA degradation (Table S3) by CDP(5%)-TiO2

(0.025 ± 0.002) min�1 was 1.7 times higher than that for bare TiO2
microspheres (0.015 ± 0.001) min�1, and similar to that previously
reported for CD-TiO2 (0.025 ± 0.001 min�1) (Zhang et al., 2018).

Next, we tested the performance of the microspheres in the
presence of competing species. Effluent organic matter (EfOM) is
present in secondary effluent and competes with BPA for CDP sorp-
tion sites, occludes the photocatalytic surface and scavenges photo-
generated ROS. Photocatalytic degradation tests on BPA with CDP-
TiO2were conducted in secondaryeffluent (TOC¼ 8.64±0.25mgL�1,
pH ¼ 7.2) from a local wastewater treatment plant (69th St. Waste-
water treatment complex of Houston, TX) (Fig. 3). While CDP-TiO2
particles removed 99.8% of BPA within 2 h when tested in DI water,
only 80.2% of BPA was degraded after 3 h treatment in secondary
effluent. In addition, CDP(5%)-TiO2 showed progressive loss of pho-
toactivity in cycling tests in secondary effluent, with BPA removal
decreasing to 71.7% by the fourth cycle. Nevertheless, this decrease in
performance was not as significant as observed for either CD-TiO2 or
P25, which removed only 29.8% and 6.2% BPA by the fourth cycle in
secondary effluent, respectively (Fig. 3). These results demonstrate
that CDP-TiO2 is less susceptible to inhibition by competing species
compared with CD-TiO2 or P25. We attribute this to the greater
adsorption rate and capacity for these nanoparticles. Additionally,
P25 readily aggregates in the presence of multivalent ions such as
Ca2þ (Katz et al., 2015), and the average particle size (Table S4)
increased from300±4nm(inDIwater) to 800±12nm(in secondary
effluent), which leads to decreased surface area and photoactivity. In
contrast, aggregation of CDP-TiO2 was insignificant (Zhang et al.,
2018; Zhao et al., 2018); the average particle size of CDP-TiO2 in
either DI water (Tables S4, 3.62 ± 0.4 mm) or in secondary effluent
(3.89 ± 0.6 mm) determined by DLS was statistically undistinguish-
able, and similar to the SEM observation (3e5 mm).

TiO2 microspheres with various amounts of CDP coating were
tested in DI water to optimize the extent of surface modification
(Fig. 4a). BPA adsorption increased with CDP content, but the rate
constants of photocatalytic degradation of BPA exhibited a bell-
shaped pattern as a function of CDP content (Fig. 4b). Specifically,
photocatalytic degradation rate increased with polymer content
(up to 5%). The degradation rate constant k was 0.023 ± 0.001
min�1 for CDP(3%)-TiO2 and 0.025 ± 0.002 min�1 for CDP(5%)-TiO2.
Table 1
Parameters used to model adsorption isotherms for CD-TiO2 and CDP-TiO2 particles. qm (m
related to the free energy of adsorption. KF (mg1�(1/n) L1/n g�1) is a constant indicative of t
related with the intensity of the adsorption.

Langmuir KL (L mg�1)

Bare TiO2 microsphere
qe ¼ qmKLCe

1þ KLCe

0.045 ± 0.01
CD-TiO2 0.055 ± 0.01
CDP(5%)-TiO2 0.124 ± 0.02

Freundlich KF (mg1�(1/n) L1

CDP(30%)- TiO2 qe ¼ KFC
1=n
e

4.89 ± 0.58
However, further increases in the CDP content had a detrimental
effect on BPA degradation efficiency. The degradation rate constant
for CDP(30%)-TiO2 was 0.014 ± 0.003 min�1. We attribute this in-
crease in degradation rate followed by a decrease at higher CDP
contents to an increase in adsorption capacity with increasing CDP
but also higher probability for occlusion of photocatalytic sites on
the TiO2 surface by the polymer. Furthermore, CDP is fluorescent
under UVA irradiation (Fig. S4) and may compete with the TiO2
surface for photons.
g g�1) is the maximum adsorption capacity (mg g�1), and KL (L mg�1) is the constant
he relative adsorption capacity of the adsorbent and n is the dimensionless constant

qm (mg g�1) c2 R2

21.9 ± 1.5 2.30 0.9837
24.1 ± 1.1 1.49 0.9738
36.9 ± 1.0 2.45 0.9836

/n g�1) n
1.98 ± 0.10 4.0 0.9910
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Based on ion chromatographic analysis (Fig. S5), the production
of radicals �OH was the primary mechanism to destroy BPA by
photocatalysis, leading to the formation of the hydroxylated com-
pounds showed in Table S5. The most abundant compound was the
BPA-O-catechol formed from the addition of an �OH group onto the
aromatic ring of the BPA. The identified compounds from the ion
chromatograph shown in Fig. S5 coincide with some byproducts
reported in the Fenton process (Molkenthin et al., 2013; Mu et al.,
2017; Yang et al., 2016; Zhang et al., 2014; Zheng et al., 2018).

3.4. Stability considerations

The CDP coating was significantly more stable than the baseline
CD coating previously reported (Zhang et al., 2018). We monitored
the stability of CDP(5%)-TiO2 nanoparticles under irradiation in
clean DI water bymeasuring the TOC (0.55 ± 0.01 mg L�1), and only
2.4 % wt. Of the CDP coating was released as dissolved TOC after
100 h of irradiation.

Photocatalytic durability was enhanced comparedwith CD-TiO2,
which after 500 h of irradiation experienced 70% degradation or
detachment of CD (Zhang et al., 2018). The CDP(5%)-TiO2 photo-
catalytic nanoparticles remained stable and active under long-term
irradiation. No significant loss of photoactivity was observed after
1000 h. The rate constant decreased slightly from 0.027 ± 0.002
min�1 for unexposed CDP(5%)-TiO2 to 0.024 ± 0.001 min�1 for
CDP(5%)-TiO2 (Fig. 5). In contrast, significant loss of activity was
observed for CD-TiO2 after 400 h usage. These results demonstrate
significant photocatalytic stability for CDP-TiO2 nanoparticles,
providing a potential route to more practical photocatalytic
applications.

4. Conclusions

A novel ROS-resistant fluorinated cyclodextrin polymer was used
as a coating for TiO2 microspheres and provided superior photo-
activity and durability, benchmarked against CD-TiO2 and commer-
cial P25. The CDP-TiO2 microspheres are promising multifunctional
catalysts for advanced water treatment that enable a “trap-and-zap”
treatment approach and are more resistant than P25 TiO2 to inter-
ference by background constituents in a secondary effluent polishing
context. Furthermore, the coated CDP microspheres exhibit minor
Fig. 5. Stability of CDP(5%)-TiO2 after continuous usage up to 1000 h under the irra-
diation at l ¼ 365 nm and 3.83 � 10�6 E L�1s�1. Cross-linking cyclodextrin with
fluorinated polymer is highly resistant to ROS attack that insignificant loss of photo-
activity was observed after 1000 h of use. The initial BPA concentration was 20 mg L�1

each cycle.
photoactivity loss after 1000hof continuoususe,whereas, significant
loss of activity was observed for CD-TiO2 after 400 h usage under
similar conditions. Finally, the sizeof theCDP-TiO2 enables separation
by low-pressure filtration (and thus resulting in low energy re-
quirements). Altogether, the CDP-TiO2 microspheres represent
promising materials for potential use in photocatalytic water treat-
ment and secondary effluent polishing.
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