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a b s t r a c t

Wastewater contains various high-risk trace organic pollutants, such as antibiotics and endocrine dis-

ruptors, which seriously restrict wastewater reuse. Cyclodextrin-based functional materials show great

potential in the removal of trace pollutants because of their adsorption catalytic synergy. Clarifying the

synergistic mechanism of cyclodextrin in oxidation is the key issue in confined catalytic oxidation process

design. In this work, we fabricated a BiOIO3@BiOBr/β-CD heterojunction photocatalyst to study the syn-

ergistic mechanism of cyclodextrin in the photocatalytic oxidation process. The synergistic mechanism of

cyclodextrin was investigated by combining radical chemistry, electrochemistry, spectroscopy, and time-

dependent density functional theory. Results showed that the excited intermediate free radicals played

an important role in promoting the photocatalytic degradation process. The heterojunction photocata-

lyst loaded with β-cyclodextrin (β-CD) at the electronic end (C[Cat.] =0.2mg/mL) removed about 97% of

bisphenol A (BPA) within 30min, and the first-order kinetic constant (kCDBIB =0.112 min−1) was about

twice that of the unloaded β-CD (kBIB =0.057 min−1). Cyclodextrin loading improved the photocatalytic

performance of the heterojunction and stimulated the intermediate to increase the free radical yield and

regulate the reaction path.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Human activities have caused large-scale water pollution, which

has further exacerbated the crisis of water scarcity [1]. The re-

generation and reuse of urban sewage are increasingly attracting

widespread attention [2]. Before the regeneration and reuse of ur-

ban sewage, the pollutants contained in it must be effectively re-

moved to eliminate negative effects on human health, the natu-

ral environment, and other aspects [3]. Endocrine pollutants repre-

sented by bisphenol A have attracted widespread attention due to

their biological toxicity and widespread presence [4].

Among various advanced treatment technologies, photocatalytic

technology with free radical oxidation as the core has obvious ad-

vantages [5]. However, the photocatalytic oxidation process has the

disadvantages of low degradation rate and no selectivity for the

degradation of pollutants, which cannot meet the requirements of

efficient, low-carbon removal of micropollutants in water [6].
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Cyclodextrin has the characteristics of internal hydrophobicity,

external hydrophilicity, modifiable hydroxyl group, and high charge

density [7]. Previous studies have shown that catalysts based on

β-cyclodextrin (β-CD) show good catalytic oxidation performance

for phenolic pollutants due to their role in accelerating photoelec-

tron transport [8]. They exhibit excellent performance in remov-

ing BPA and can replace precious metals, such as gold, as catalysts

during the oxidation process [9]. However, in a β-CD-based cat-

alytic oxidation system, the intermediate products (such as phenol)

have high concentrations, but no catalyst poisoning phenomenon

occurs to inhibit the reaction [9]. Therefore, the accelerated degra-

dation mechanism of cyclodextrin for phenolic pollutants cannot

be the enrichment of pollutants and the acceleration of photoelec-

tron transport. This unclear efficiency enhancement mechanism

has limited the development of carbon-based catalysts and their

application in urban sewage treatment. Therefore, we speculate

that β-CD could also make pollutants and their degradation prod-

ucts play the role of electron donors in addition to enhancing cat-

alyst performance [10]. Similarly, cucurbit[7]uril can reduce pery-

lene diimide derivatives to supermolecule perylene diamine radi-

cal anions under light conditions [33]. Bismuth oxyiodide(BiOIO3),

https://doi.org/10.1016/j.cclet.2024.110017
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Fig. 1. Schematic of the fabrication of (a) BiOIO3 nanosheets and (b) BiOIO3@BiOBr modified with β-CD. (c) XRD patterns and (d) FT-IR spectra of BIB, CDBIB, and β-CD.

as an asymmetric semiconductor material, exhibits high efficiency

in charge transfer and carrier separation. BiOBr is usually used to

form heterojunctions with BiOIO3 due to its suitable valence band

and conduction band positions and visible light absorption capac-

ity.

In this work, a BiOIO3@BiOBr heterojunction photocatalyst was

used as a model catalyst to verify the abovementioned specula-

tion. The photocatalyst was fabricated by a simple two-step hy-

drothermal method, and β-CD was loaded on the electronic end of

the heterojunction, and the structure of heterojunctions can bet-

ter determine the direction of electron flow with β-CD (Figs. 1a

and b). The photocatalytic oxidation and β-CD synergistic mecha-

nisms were discussed. The possible excitation effect of cyclodextrin

on intermediate products was studied by spectroscopy, free radical

chemistry, and theoretical calculation.

The physical structure and surface chemistry of CDBIB were

characterized by X-ray diffraction (XRD) and Fourier transform in-

frared (FT-IR) spectra. Fig. 1c presents the XRD patterns of BIB and

CDBIB. The distinct peaks of BIB and CDBIB at 2θ values of 27.4°,
32.4°, 45.7°, and 54.8° matched the (121), (040), (240), and (161)

crystallographic planes of BiOIO3 (ICSD #262019), respectively [11].

Meanwhile, the diffraction peaks at 2θ values of 10.9°, 31.7°, and
57.1° matched the (001), (102), and (212) planes corresponding to

BiOBr (JCPDS #09–0393), respectively [12]. These results indicate

that BiOIO3 and BiOBr successfuly combined in BIB and CDBIB.

The FTIR spectra of BIB and CDBIB are presented in Fig. 1d. The

peaks at 332.16, 292.08, and 1154.9 cm−1 belonged to O–H and

C–H stretching vibrations and C–O bending vibration, respectively.

The peak at 710.3 cm−1 was attributed to the pyranose ring vibra-

tion of β-CD and indicated the inclusion of β-CD in the compos-

ite catalyst [13]. Notably, the peak detected in CDBIB red-shifted

compared with the standard characteristic peak of β-CD, which

demonstrates that β-CD interacted with BIB rather than being sim-

ply mixed physically [14].

The SEM and TEM images of BIB and CDBIB are shown in

Figs. 2a–f. BIB exhibited nanosheet morphology with in-situ grown

BiOBr nanoparticles. This morphology directly indicates the hetero-

junction structure of BIB. After loading cyclodextrin, the stacking

morphology of CDBIB did not change considerably. However, the

BiOBr particles on the surface of the BiOIO3 nanosheets were fine

and may have enhanced the adsorption and catalytic abilities. The

TEM images showed that the lattices between BiOIO3 and BiOBr

Fig. 2. (a) SEM and (b, c) TEM images of BIB. (d) SEM image of CDBIB. (e, f) TEM

and (g–l) mapping images of CDBIB.

were staggered (BiOBr 0.277nm [13], BiOIO3 0.292nm [11]), and a

layer of organic matter was attached to the surface. This result was

proven by the elemental mapping of CDBIB (Figs. 2g–l and Fig. S1

in Supporting information).

The elemental states of the CDBIB were characterized by XPS

(Fig. 3). The survey spectrum (Fig. 3a) indicated that Bi, I, Br, C, and

O coexisted in CDBIB. The deconvolution of the C 1s peak of CDBIB

(Fig. 3b) produced five peaks, and the peaks at 288.78, 286.15, and

284.58 eV were assigned to C=O–C, C–O, and C–C, respectively [15].

The peaks at 292.46 and 294.31 eV were ascribed to the C 1s in the

carbonate and ester positions, which proved that β-CD was loaded

on the surface of the catalyst rather than being simply mixed phys-

ically [16]. The O 1s spectra of CDBIB (Fig. 3c) showed peaks at
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Fig. 3. (a) Survey XPS spectra of CDBIB before and after catalytic reactions. High-

resolution XPS spectra of (b) C 1s, (c) O 1s, (d) I 3d, (e) Br 3d, and (f) Bi 4f.

Fig. 4. (a) Removal efficiency of BPA by different catalysts and (b) correspond-

ing degradation kinetics. (c) Removal efficiency of BPA by different β-CD load-

ing methods and (d) corresponding degradation kinetics. Conditions: [Cat.]=0.2 g/L,

[BPA]=10mg/L, and T = 20 ± 1 °C.

530.43 and 529.57 eV related to I–O and Bi–O, respectively. Another

peak at 531.35 eV corresponded to oxygen vacancies on the hetero-

junction surface. The binding energy corresponding to the peaks of

Br 3d at 68.36 and 68.41 eV was attributed to CH3-Br 3d3/2 and

3d5/2, respectively, and revealed that β-CD was compounded on

BiOBr. The FT-IR and XPS results proved that β-CD was loaded on

the surface of the catalyst by a covalent bond. In addition, the lit-

tle change of I 3d, Br 3d and Bi 4f deconvolution peaks proved the

excellent cycling ability of the catalyst (Figs. 3d–f).

The photocatalytic oxidation effectiveness of CDBIB was evalu-

ated using BPA as the target pollutant. Figs. 4a and b show the ad-

sorption and photocatalytic degradation of BPA with different cata-

lysts. CDBIB had a larger adsorption ability for BPA compared with

Fig. 5. (a) Catalytic activity of the catalysts with different BiOBr loading amounts

and (b) the corresponding degradation kinetics. (c) Catalytic activity of the catalysts

with different β-CD loading amounts and (d) the corresponding degradation kinet-

ics.

Fig. 6. (a) Removal efficiency of BPA for different catalyst dosages and (b) the cor-

responding degradation kinetics and catalyst utilization.

BIB due to the increased specific surface area and the provision of

abundant adsorption sites by β-CD [17]. The CDBIB photocatalytic

system removed about 97% of BPA within 30min, closely aligning

with the pseudo first-order dynamic model. The reaction kinetic

constant of CDBIB (kCDBIB =0.112 min−1) for BPA was about twice

that of BIB (kBIB =0.057 min−1). Notably, simple physical mixing

did not improve the photocatalytic efficiency of the catalyst. How-

ever, the reaction rate decreased, possibly due to the competition

of β-CD monomers for some ROS [18]. In addition, the loading of

β-CD on the surface of BiOIO3 or the holes of BIB cannot effec-

tively enhance the photocatalytic oxidation ability of the catalyst

(Figs. 4c and d). This conclusion is consistent with our speculation

that β-CD capture negatively charged pollutants (phenolic pollu-

tants) as electron donors to accelerate the catalytic oxidation pro-

cess.

As the BiOBr loading increased, the photocatalytic activity of

CDBIB initially increased and then decreased (Fig. 5a). The degra-

dation rate constant (k) was 0.112 min−1 for Bi-2, 0.004 min−1 for

BiOBr, and 0.046 min−1 for BiOIO3 (Fig. 5b). The loading of BiOBr

greatly enhanced the photocatalytic activity, which proved the for-

mation of the heterojunction [19]. However, an excess of BiOBr par-

ticles was detrimental to photocatalysis because of the recombi-

nation of photo-generated electrons and holes [20]. In Fig. 5c, the

adsorption of BPA increased with β-CD content, and the photocat-

alytic degradation rate was similar to the previous findings (Fig.

5d). The increase in the degradation rate was attributed to the en-

richment of pollutants, and the decrease was due to excessive β-

CD competing for ROS and covering the reaction sites [21]. The cat-

alyst with the optimal loading ratio was named CDBIB for subse-

quent experiments.

Figs. 6a and b show the effect of catalyst amount on BPA degra-

dation in the CDBIB systems and pseudo first-order rate constants,
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Table 1

Comparison of degradation performance of photocatalytic oxidation system.

Catalyst Conditions (mg/mL) Pollutions (mg/L) Kinetic (k, min−1) Ref.

SH-CD-Au@CdS@MnOx 1 BPA (20) 0.0904 [9]

CDP-TiO2 0.5 BPA (20) 0.025 [21]

ACD-GO-TiO2 1 NC (60) 0.040 [34]

CoSx@BiOBr 0.4 CBZ (20) 0.024 [20]

BiOIO3/g-C3N4 1 2,4,6-TCP (2) 0.016 [28]

2D/2D BiOBr/g-C3N4 1 BPA (20) 0.064 [44]

CDBIB 0.2 BPA (10) 0.112 This work

Fig. 7. (a) UV–vis DRS spectra and (insert) transformed Kubelka–Munk function

against the photon energy plot of BIB and CDBIB. (b) Transient photocurrent re-

sponses of BIB and CDBIB (under 300W of irradiation by a Xe lamp). (c) EIS Nyquist

plots of different samples with the absence of light. (d) Mott–Schottky curve of BIB

and CDBIB.

respectively. With the increase in the catalyst amount, the reac-

tion kinetic constant increased. The growth rate of the reaction ki-

netics decreased considerably when the catalyst amount reached

0.2mg/mL. Catalyst utilization efficiency was applied (Eq. 1) to

further evaluate the photocatalytic activity of CDBIB under differ-

ent dosages [22]. Catalyst utilization efficiency represents the mo-

lar amount of pollutants that are photocatalytically oxidized per

unit catalyst in unit time. Similar to the kinetic fitting results,

0.2mg/mL CDBIB had the highest catalyst utilization rate and was

used for the subsequent experiments.

η = �pollution

C[Cat.]
k (1)

To compare the photocatalytic oxidation ability of CDBIB in this

work with previous reports, Table 1 lists the photocatalytic oxi-

dation rates of pollutants by different cyclodextrin based catalysts

and bismuth based catalysts. The results indicate that the catalytic

oxidation ability of CDBIB is much higher than that of common

photocatalysts, and lower catalyst concentration is required during

operation.

The photoelectrochemical properties were tested to effectively

illustrate the accelerated electronic transmission ability and en-

hanced charge hole separation efficiency of CDBIB. From the UV

visible diffuse reflectance (UV–vis DRS) spectra of the preprepared

catalysts (Fig. 7a), the absorption boundary of BIB was determined

at 416nm, which could absorb limited visible light. The trans-

formed Kubelka–Munk function showed that the band gap ener-

gies of BIB and CDBIB were 3.26 and 3.06 eV, respectively. The

loading of β-CD greatly increased the absorption boundary of CD-

BIB (565nm) and narrowed the band gap because of the localized

surface plasmon resonance (LSPR) and electron polarization effects

Fig. 8. (a) CDBIB photooxidation with different sacrificial agents, (b) BIB photooxi-

dation with different sacrificial agents, (c) corresponding apparent rate (Ka) by CD-

BIB and BIB with different quenchers, and (d) contribution rate of oxidative species.

Conditions: [Cat.]=0.2 g/L, [BPA]=10mg/L, and [quencher]=5mmol/L.

mediated by β-CD [23]. The decoration of β-CD led to a high pho-

tocurrent density (Fig. 7b) because of the polarization of the cata-

lyst charge and the directional migration of electrons by β-CD [24].

Compared with the EIS Nyquist plot of BIB, the EIS Nyquist plot of

CDBIB had a smaller Nyquist arc radius (Fig. 7c), indicating that

CDBIB had lower resistance and faster electron migration than BIB.

The calculation of the intercept of the Mott–Schottky curve (Fig.

7d) showed that the flat-band potentials of CDBIB and BIB were

−0.21 and −0.16 eV, respectively. Given that the conduction band is

usually 0.1–0.3 eV more negative than the flat-band potential, the

conduction band of the catalyst was still lower than the oxygen

reduction potential for generating superoxide radicals [25]. The ex-

periments on photoelectrochemical properties further verified the

promoting effect of β-CD on photocatalytic activity.

Scavenging tests were conducted on BIB and CDBIB to further

elucidate the improvements in the photocatalytic ability of the het-

erojunction and the changes in the electron transport path by β-

CD. As exhibited in Fig. 8a, p-benzoquinone (p-BQ) resulted in a

dramatic decrease in the photocatalytic degradation of BPA, reveal-

ing the main role of •O2
−. The loading of β-CD considerably in-

creased the contribution of superoxide to the oxidative degrada-

tion of BPA (Figs. 8b and c), and the main ROS in the BIB system

were singlet oxygen and superoxide (Fig. 8d). This result can be

ascribed to the fact that β-CD loaded on BiOBr captures pollutants

and promotes electron migration from the conduction band of the

semiconductor to molecular oxygen [14]. Moreover, ammonium ox-

alate and CCl4 respectively served as quenching agents for the hole

(h+) and electron, which proves that h+ contributes to BPA degra-

dation [26]. β-CD could capture h+ generated by photogenerated

charge separation and mediate the single-electron oxidation pro-

cess of BPA [27].
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Fig. 9. (a) ESR spectra of DMPO-•OH, (b) ESR spectra of DMPO-•O2
− , and (c) ESR

spectra of TEMP-1O2. (d) Photocatalytic mechanism of BPA degradation over CDBIB

under irradiation.

Fig. 10. (a) Removal efficiency of BPA by CDBIB (0–5min). (b) Instantaneous con-

centration of phenol in BPA photooxidation by different catalysts, (c) effect of phe-

nol on kinetics, and (d) time-resolved fluorescence spectra of phenol encapsulated

by β-CD.

Electron spin resonance (ESR) was used to verify the ROS of CD-

BIB in the photocatalytic oxidation system. Fig. 9a does not show

obvious quartet characteristic peaks of DMPO-•OH, which proves

that ·OH was not the main ROS. The peak intensity of DMPO-•O2
−

generated by CDBIB was greater than that of BIB (Fig. 9b). The peak

intensity of TEMP-1O2 generated by CDBIB was weaker than that of

BIB (Fig. 9c), implying the transformation of ROS and the increased

generation of •O2
−. On the basis of the free radical quenching ex-

periment and EPR results, a plausible mechanism of the CDBIB het-

erojunction was proposed (Fig. 9d): The charge detachment mode

between CD-BiOBr and BiOIO3 conformed to the Z-scheme route

[28]. The electrons transferred from the CB of BiOIO3 to the VB

of CD-BiOBr under light irradiation, and the electrons retained in

the CB of CD-BiOBr acquired the ability to generate •O2
− [29]. Cy-

clodextrin loading remarkably promoted the dissolution and accu-

mulation of photoelectrons in the Z-scheme charge disintegration

of CDBIB [30].

We noted that the synergistic mechanism of β-CD for photocat-

alytic oxidation may proceed through avenues beyond simply en-

hancing the photocatalytic activity of the catalyst. The concentra-

tion of free BPA increased and then decreased at the initial stage

of the reaction (Fig. 10a), which was considered to be the compet-

itive adsorption site of the intermediate product phenol to replace

part of the adsorbed BPA [31]. Phenol and BPA competed for ad-

sorption and catalytic sites on the surface of CDBIB, but the degra-

dation rate of BPA did not decrease. The concentration of free phe-

nol continued to rise until BPA was completely degraded, which

is contrary to the speculation that phenol and BPA compete for

ROS (Fig. 10b). The adsorbed phenol was eluted with methanol to

assess its concentration, and the concentration of adsorbed phe-

nol was relatively constant (about 0.007mmol/L) before BPA was

completely degraded, indicating that the adsorbed phenol stably

occupied a certain adsorption catalytic site (adsorbed BPA about

0.010mmol/L). In accordance with the content of adsorbed phenol,

we added phenol to the reaction system to investigate the change

in the BPA degradation rate constant (Fig. 10c). A low concentra-

tion of phenol promoted the degradation of BPA, and the continu-

ous addition of phenol hindered the degradation of BPA when the

concentration of the added phenol was higher than 1mg/L. There-

fore, we speculate that the intermediate product (phenol) plays an

autocatalytic role and does not hinder the degradation of BPA.

UV–vis spectroscopy was employed to monitor the inclusive

behavior and thus understand the changes in the valence elec-

tron and the stability of organic radicals after the inclusion of

BPA and phenol by β-CD (Fig. S2 in Supporting information). A

hypochromic shift in BPA was observed with the increased addi-

tion of β-CD, which proves the possibility of n→n∗ transition and

the reduced reaction energy barrier [32]. The inclusion of phenol

resulted in color enhancement, which may be due to the enhanced

electron transfer through host–guest interactions. Similarly, the flu-

orescence intensity of BPA and phenol after β-CD inclusion was

remarkably enhanced (Fig. S3 in Supporting information), which

proves that β-CD stabilized its structure (Fig. S4 in Supporting in-

formation). The encapsulated bisphenol A was likely to be excited

to the excited state, which is easily oxidized by •O2
− [33]. The flu-

orescence lifetime of phenol before and after β-CD inclusion was

studied by time-resolved fluorescence spectroscopy (Fig. 10d), and

the results showed that β-CD considerably prolonged the fluores-

cence lifetime of phenol [34]. Given that the primary photochem-

ical process of phenolic pollutants is mainly a two-electron pho-

toionization process, the enhancement of fluorescence lifetime pro-

longs the efficiency of two-electron ionization [35]. When ROS at-

tack BPA to produce organic radicals (such as phenoxy radicals),

β-CD stabilizes its structure and avoids self-coupling, thereby in-

creasing the yield of free radicals [36]. When bisphenol A is com-

pletely degraded, the degradation rate of phenol increases because

of the high reaction rate between phenoxy radicals and •O2
− [37].

3,3′,5,5′-Tetramethylbenzidine (TMB) was used as a substrate to

investigate the radical yield in different systems and verify the

conclusions above (Fig. 11a). The effects of phenol addition on

the oxidation and discoloration of TMB in the BIB and CDBIB sys-

tems were investigated under simulated solar irradiation condi-

tions (Figs. 11b and c) [38]. The results showed that the addition

of phenol promoted the formation of free radicals in the CDBIB

system, but phenol competed for free radicals in the BIB system.

Through steric protection by host–guest chemistry, β-CD stabilized

the phenoxy radicals formed by free radical oxidation, thereby in-

hibiting their dimerization [36]. However, UV radiation could not

increase the photolysis efficiency of bisphenol A, which proves that

the synergistic mechanism of cyclodextrin was not to improve the

self-photolysis rate of the target pollutant. The free radical density

in the β-CD supramolecular system could be increased by increas-

ing the lifetime of phenoxy radicals. This conclusion is similar to

that of a previous study, that is, cycloparaphenylene increases the

yield of free radicals by stabilizing long-lived azafullerenyl radicals

[39].

The excitation effect of β-CD on intermediate products was fur-

ther verified. This work utilized Gaussian, Multiwfn [40] and Visual

5
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Fig. 11. (a) Mechanism diagram of TMB oxidation and color development, (b) pho-

tos of TMB with different catalysts, and (c) absorbance of TMB (700nm, irradiated

0–5min) with different catalysts.

Fig. 12. Molecule configuration of phenol (a) HOMO and (b) LUMO. Equipotential

surface diagram of electron excited state density contrast (c) phenol and (d) phenol

encapsulated by β-CD.

Molecular Dynamics [41] software to analyze the charge character-

istics of the main degradation intermediates in the CDBIB system

[42]. The isopotential surface plot of the excited-state electron den-

sity difference shows that the inhomogeneity of the phenol charge

encapsulated by β-CD increased in the excited state. The results of

time-dependent density functional theory (TDDET) prove that the

encapsulated phenol had high free radical reactivity, which easily

produced a coupling reaction and increased the free radical yield

[36].

Liquid chromatography–mass spectrometry was used to analyze

the degradation intermediates and verify the effect of β-CD on

the degradation pathway (Fig. S5 in Supporting information). The

degradation pathway of BPA is shown in Fig. 12. The degradation

mechanism of BPA could be divided into the following steps: C–C

bond cleavage between quaternary carbon and the benzene ring,

oxidative decarburization, hydroxylation caused by free radical at-

tack of the BPA molecule, and coupled reaction (Fig. 13). In Route

Ⅰ, the C–C bond between quaternary carbon and the benzene ring

was broken to produce phenol (P2) and p-methylphenol (P2) [17].

Subsequently, the phenolic hydroxyl group was continuously oxi-

dized to form p-benzoquinone (P17), which easily opened the ring.

In Route Ⅱ, BPA was oxidized by ROS to form P3, which was grad-

ually oxidized to form a carbonyl structure (P11) and further re-

moved the hydroxyl group (P15) [43]. In Route Ⅲ, the electrophilic

ROS attacked the benzene ring to form a hydroxylated product

(P4), which was further oxidized to form P12 or converted into

a quinone-containing intermediate (P13) [44]. These intermediates

were oxidized to carboxylic acids (P19, P20 and P23) by hydrogen

extraction. In Route Ⅳ, P1 and P2 intermediates produced by the

C–C bond cleavage of BPA coupled with BPA to form intermediates,

such as P5 and P6. The formed coupling products were easily at-

tacked by ROS due to the quaternary carbon structure and further

oxidized to P14, P15 and P16 [9]. Compared with the BIB system,

the CDBIB system detected higher concentrations of phenol dur-

ing the photocatalytic degradation of BPA and coupling oxidation

product P14 (τ =8.8min). In addition, the particle flow intensities

of the CDBIB system at retention times of 13.7, 14.05 and 14.9min

were much higher than those of the BIB system and corresponded

to P20, P6, and trans-2,4-pentadienoic acid (m/z 112.98), respec-

tively [45]. The loading of β-CD increased the content of interme-

diate phenol and the possibility of the coupling reaction by stabi-

lizing the phenoxy radical. Moreover, the possibility of opening the

ring through •O2
− increased, which is consistent with the previous

conclusion.

The path of the photocatalytic oxidation of BPA in the CD-

BIB system was validated by calculating the electronic properties

of BPA by using TDDFT (Fig. 14). The calculation results of the

reduced Fukui function revealed that the hydroxyl ortho carbon

atom of BPA had high free radical reaction activity and was easy

to be attacked by free radicals to generate the hydroxyl addition

reaction (P4) and the oxidative ring opening reaction (P13, Ta-

ble S1 in Supporting information). The central quarterly carbon

atom of the wrapped excited-state BPA had a high electron cloud

density and was likely to be attacked by free radicals for exer-

cise [43]. Phenol was the main product of the breaking of the

quaternary carbon chain (Route Ⅲ), which led to an increased

concentration of phenol in the catalytic oxidation system of

cyclodextrin.

After verifying the mechanism of β-CD synergistic degradation,

we investigated the effect of water quality parameters on the pho-

tocatalytic degradation of BPA by the CDBIB system. Within a wide

pH range, the CDBIB system exhibits excellent degradation effects

on BPA, especially under alkaline conditions (Fig. S7 in Supporting

information). In addition, coexisting substances in the water, such

as anions and humic acids, have a minor impact on the photocat-

alytic oxidation of BPA by CDBIB (Fig. S8 in Supporting informa-

tion). The cyclic stability and broad-spectrum performance of the

CDBIB system have also been investigated. Fig. S9 (Supporting in-

formation) shows the reusability of the catalyst. Five cycles (1 h)

were performed without cleaning for the next cycle. The degra-

dation rate of phenolic pollutants by the CDBIB system was high,

which is consistent with the abovementioned mechanism (Fig. S10

in Supporting information).

In this work, a β-CD-modified BiOBr@BiOIO3 heterojunction

photocatalyst was constructed to study the synergistic matrix

of β-CD in photocatalytic oxidation reaction and clarify the

non-catalyst-poisoning phenomenon caused by intermediate prod-

ucts of phenol. The photocatalytic performance of CDBIB was

evaluated by BPA. The results showed that about 97% of BPA

(C[Cat.] =0.2mg/mL) was removed within 30min, and the first-

order kinetic constant (kCDBIB =0.112 min−1) was about twice that

of unloaded β-CD (kBIB =0.057 min−1). CDBIB exhibits the acceler-

ated electronic transmission ability and enhanced charge hole sep-

aration efficiency, and the stronger photoelectron reduction ability

increases the yield of •O2
−. In addition, the possible excitation ef-

fect of β-CD on the intermediate products was verified by spec-

troscopy and free radical chemistry. The synergistic mechanism of

β-CD was mainly divided into the following points: (1) enhance-

ment of photocatalytic performance and (2) excitation and stabi-

lization of organic free radicals. CDBIB had a good anti-interference

6



Q. Lu, J. Lu, J. Lei et al. Chinese Chemical Letters 36 (2025) 110017

Fig. 13. Degradation pathway of BPA in the CDBIB photocatalytic oxidation system.

Fig. 14. Molecule configuration of BPA (a) HOMO and (b) LUMO. Equipotential sur-

face diagram of electron excited-state density contrast (c) BPA and (d) BPA encap-

sulated by β-CD.

effect on the coexisting matrix of the water body and demon-

strated certain cyclic stability.
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