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a b s t r a c t

The simultaneous removal of antibiotics and heavy metals from wastewater remains a complex and chal-

lenging task. A stable α-Fe2O3/Cd0.9Zn0.1S catalyst with rod structure is constructed for simultaneous ox-

idation of ciprofloxacin and reduction of Cr(VI) via the in situ growth of α-Fe2O3 nanodots on Cd0.9Zn0.1S

nanorod using lattice matching. The unique in situ growth pattern not only strengthens light absorption

but also improves electron transfer capacity. The formed iron-sulfur (Fe-S) bonds improved the poor con-

tact at the heterojunction interface, effectively promoted charge separation, and successfully suppressed

photocorrosion. Consequently, the S-scheme heterojunction with the synergistic effect of rod structure

and chemical bonds significantly enhances photocatalytic performance. Under the coexisting pollutant

system, photocatalytic reaction rate constants of α-Fe2O3/Cd0.9Zn0.1S under optimal composite ratio con-

ditions were 1.5-times (ciprofloxacin) and 5.1-times (Cr(VI)) higher than Cd0.9Zn0.1S. Benefiting from the

dual action of active free radicals and the internal electric field stimulating electron transfer and utiliza-

tion, the photocatalytic membrane technology has demonstrated the possibility of practical wastewater

in a photocatalytic system.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The discharge of diverse contaminants has led to severe eco-

logical challenges, with aquatic system degradation being particu-

larly prominent [1]. Contemporary water systems exhibit increas-

ingly complex pollutant compositions, where fluoroquinolone an-

tibiotics like ciprofloxacin (CIP) and toxic heavy metals such as

hexavalent chromium (Cr(VI)) frequently coexist through concur-

rent emission pathways, forming combined contamination sce-

narios [2]. As a third-generation fluoroquinolone antibiotic, CIP

demonstrates broad-spectrum antimicrobial activity and persists in

aquatic environments due to incomplete metabolism in organisms,

contributing to chronic toxicity and antimicrobial resistance devel-

opment [3]. Meanwhile, Cr(VI) ranks among the most hazardous

metallic pollutants due to its carcinogenic potential, but its toxicity

can be mitigated through reduction to trivalent chromium (Cr(III))

[4]. The remediation complexity arises of composite pollutant from
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their divergent treatment requirements: CIP typically requires ox-

idative degradation while Cr(VI) necessitates reductive conversion,

creating technical conflicts in simultaneous removal processes. This

antagonistic interaction between oxidation–reduction mechanisms

significantly complicates conventional treatment approaches [5].

Current studies emphasize the urgency to develop synergistic re-

moval strategies for such composite pollution [6–8].

To remove the CIP or Cr(VI) in water, various approaches

have been investigated, for examples adsorption, photocatalysis,

electro-chemical precipitation and reverse osmosis [9–13]. So far,

photocatalysis technology has been demonstrated to be an effi-

cient and satisfactory candidate to remediate the water contain-

ing those pollutants because of its high efficiency, easy opera-

tion, environmentally friendly and economic conservation [14–18].

Photocatalytic systems utilize semiconductor materials to gener-

ate electron-hole pairs under illumination, driving redox reactions

that convert Cr(VI) to less toxic Cr(III) while oxidizing organic con-

taminants like CIP. This dual functionality enables concurrent ox-

idation and reduction processes within a reaction system [19]. A

critical challenge lies in the rapid recombination of photogener-
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Fig. 1. (a) Schematic illustration of the fabrication process of FO/CZS composite.

(b) XRD spectra of FO. (c) XRD spectra of CZS and FO/CZS. Theoretical simulation

models of (d, e) FO, (f, g) CZS, and (h, i) FO/CZS.

ated charge carriers (electrons and holes), which restricts redox

efficiency. To mitigate this, enhanced charge separation through

surface reactions with electron donors/acceptors generates reactive

oxygen species with high efficiency, significantly improving pho-

tocatalytic performance. In summary, the development of robust

photocatalysts with tailored band structures, high adsorption ca-

pacities, and prolonged charge carrier lifetimes remains pivotal for

advancing water remediation technologies [20].

The chemical bond-bridged S-scheme emerges as a promising

approach compared to traditional methods relying on weak phys-

ical adsorption and stacking forces [21–26]. This method ame-

liorated interfacial electric resistance through specific “bridges”

formed by interfacial chemical bonds and remarkably facilitated

directional charge transfer of the whole system [27–31]. Here,

we engineered a rod structure α-Fe2O3/Cd0.9Zn0.1S heterojunction

based on Fe-S bonding. The nanorod-like structure not only en-

hances light absorption but also increases the specific surface area

for composite pollutant adsorption. The α-Fe2O3 epitaxially in situ

growth on Cd0.9Zn0.1S nanorod, establishing a charge transfer chan-

nel through the Fe-S chemical bonds, shortening the charge trans-

fer distance, and promoting more effective charge separation. The

degradation of ciprofloxacin and reduction of Cr(VI) in the coex-

isting system were 98.95% and 93.9%, respectively. To further re-

covery high efficiency photocatalyst and evaluate the feasibility of

FO/CZS for practical application, the degradation performance of

composite pollutant used a membrane evaluation reflector in con-

tinuous flow condition under visible-light irradiation is also inves-

tigated. This work provides an insight for the practical application

of photocatalyst.

The synthesis procedure of α-Fe2O3/Cd0.9Zn0.1S is briefly sum-

marized in Fig. 1a and the corresponding preparation process can

be found in Supporting information. As shown in Fig. 1b, the peak

of FO can be well indexed to hexagonal α-Fe2O3 crystal phase

(JCPDS No 33–0664), and in Fig. 1c, all the diffraction peaks of

CZS are similar to those of wurtzite CdS (JCPDS No 65–3414). Com-

pared with CdS, the radius of Zn2+ ions in Cd0.9Zn0.1S is smaller,

resulting in a decrease in the surface spacing, and a slight shift of

the X-ray diffraction (XRD) peak to a higher degree. The diffraction

peak is clear in the xFO/CZS images which indicated that the crys-

tallinity of heterojunction material xFO/CZS is relatively high, but

it is worth noting that the existence of FO diffraction peak is not

observed in the heterojunction material xFO/CZS, which can be at-

tributed to the low crystallinity of FO. It is interesting that (116)

interplane distance for FO (1.69 Å) is very close to the distance

of (004) in CZS (1.67 Å) and the matching degree is high, imply-

ing the growth of FO nanosheet at CZS [32]. As depicted in Fig. S2

(Supporting information), the interaction between Fe and S atoms

during the spin-coating of the FO precursor onto CZS enables self-

assembly. The above results can effectively prove the successful

preparation of heterojunction materials.

To validate this catalyst design hypothesis, we constructed FO,

CZS, and FO/CZS heterojunction crystal structure models (Figs. 1d-

i). In this work, a Fe-S chemical bond is established by the inter-

action between FO and CZS, serving as a charge transport channel

during the photocatalytic reduction process. The synergistic effect

of Fe-S chemical bond and rod structure is expected to enhance

carrier separation efficiency, light absorption capacity, and com-

posite pollutant removal capability, thereby exerting a significant

effect on the performance of photocatalytic reduction. This will be

verified by different characterization techniques [33].

In order to understand the morphology and structure of the

samples, scanning electron microscope (SEM) and transmission

electron microscopy (TEM) characterization of the prepared sam-

ples was performed. As shown in Fig. 2a and Fig. S3a (Supporting

information), the CZS of the sample presents a one-dimensional

nanorod structure with a relatively smooth surface. The aver-

age diameter of the nanorods is about 70nm and the length is

0.5μm. Simultaneously, the nanorod structure facilitates the ef-

ficient transport of holes and electrons, enabling rapid diffusion

and transfer of reactants and products. FO presents a dense accu-

mulation of nanodots with an average particle size of about 9nm

(Fig. 2b and Fig. S3b in Supporting information). After combin-

ing FO nanodots and CZS nanorods, it can be seen that a large

number of nanodots are distributed on the original smooth sur-

face of the nanorods. It is clearly validated between the two ma-

terials with an evident contact interface (Fig. 2c, indicated by the

red circle and Fig. S3c in Supporting information). High-resolution

TEM (HRTEM) presents clear lattice stripes with the spacing of

0.385 and 0.241nm, corresponding to (114) planes of CZS and (202)

planes of FO, respectively (Fig. 2d). This provides strong evidence

for the successful construction of heterostructures. Then the elec-

tron diffraction image of 0.2 FO/CZS is taken. The results show that

Zn, Cd, S, Fe and O elements exist, and Fe and O elements are

evenly distributed in the nanorods (Fig. 2e). The above results pro-

vide a reliable basis for the successful combination of FO and CZS.

X-ray photoelectron spectroscopy (XPS) and electron localiza-

tion function (ELF) were conducted to investigate the chemical in-

teraction between FO and CZS. XPS survey spectrum of the FO, CZS,

and FO/CZS in Fig. S4 (Supporting information). Notably, compared

with pure FO, the binding energies of Fe 2p and O 2p shifted to-

ward higher energy levels after combining with CZS, whereas the

Zn 2p, Cd 2d, and S 2p peaks shifted to the lower binding energy

contrasted to pristine CZS (Figs. 2f-j). This implies electrons trans-

fer from FO to CZS, which may originate from the strong chemi-

cal interactions between FO and CZS [34,35]. An internal electric

field (IEF) from the FO side to the CZS side will also be established

at the contact interface [36]. Therefore, these results reveal that

photogenerated electrons transfer through strong IEF at interfaces,

matching well with the S-scheme mechanism. Fig. 2k elucidates

the localized electron density distribution on the interface of the

FO/CZS. The charge accumulation between the FO and CZS support

in the FO/CZS catalyst further confirms the formation of chemical

2
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Fig. 2. SEM, TEM, and HRTEM images of (a) CZS, (b) FO and (c, d) FO/CZS. (e) EDS mapping images of FO/CZS. XPS spectra of (f) Zn 2p, (g) Cd 2d, (h) S 2p, (i) Fe 2p and (j)

O 1s of FO/CZS. (k) ELF on the interface of the FO/CZS heterojunction.

Fig. 3. Absorbance changes of (a) CIP and (b) Cr(VI) under different scavengers. Electron spin resonance (ESR) spectra of FO, CZS and FO/CZS under DMPO for (c) •O2
− and

(d) •OH. (e) UV–vis spectra and with the inset showing the band gap energy (Eg) of FO and CZS. (f) Mott-Schottky plots for FO and CZS. (g) Band structures of the FO and

CZS.

bonds of Fe-S, which serve as a channel for direct electron migra-

tion. With the IEF providing the driving force and the chemical

bond providing the channel, carriers will undergo directional mi-

gration (Fig. S5 in Supporting information).

To determine the major active species, the chemical quench-

ing tests were carried out. As shown in Figs. 3a and b, in order

to study the active species in the photocatalytic reaction, benzo-

quinone (BQ), isopropyl alcohol (IPA), silver nitrate (AgNO3) and

disodium ethylenediamine tetraacetate (EDTA-2Na) were used as

trapping agents for •O2
−, •OH, e− and h+, respectively. It can be

seen from the figure that when benzoquinone was added, the

degradation efficiency of CIP and the reduction efficiency of Cr(VI)

decreased to a certain extent. This indicates that •O2
− plays a cer-

tain role in the degradation of CIP and the reduction of Cr(VI), and
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the degradation efficiency of CIP decreases by about 26.5%, indicat-

ing that •O2
− is one of the key active substances in the degradation

process. After the addition of isopropyl alcohol, the degradation

of CIP was inhibited to some extent, but the reduction process of

Cr(VI) was not significantly affected. This further indicates that •OH

also plays an important role in the degradation of CIP, while •OH

does not play a substantial role in the reduction of Cr(VI). After

the addition of silver nitrate, it can be seen that the reduction of

Cr(VI) is greatly inhibited, and the reduction efficiency is reduced

to 29.8%. It is well known that e− is the main active substance

that promotes the reduction of Cr(VI) to a low price state, but the

reduction efficiency of Cr(VI) does not decrease to 0 after the ad-

dition of silver nitrate. This is because Cr(VI) itself also participates

in the competition of electrons, rather than waiting for reduction.

For the degradation of CIP, the degradation efficiency is reduced af-

ter the addition of silver nitrate to remove electrons, because elec-

trons are the key substances for the production of •O2
−, and •O2

−

cannot be effectively produced after the removal of electrons, thus

reducing the degradation efficiency. Disodium EDTA is an active

agent that captures h+. The addition of disodium EDTA greatly in-

hibits CIP degradation, because h+ is a highly oxidizing substance,

and CIP cannot be effectively degraded after h+ is removed, result-

ing in the degradation efficiency decreased. However, the reduc-

tion efficiency of Cr(VI) is slightly increased after h+ is removed.

This can be attributed to the fact that after the holes are removed,

electrons as active substances cannot be recombined, which pro-

motes the participation of electrons in oxidation and reduction re-

actions, thereby improving the reduction efficiency. Based on the

above results, it can be concluded that •OH plays a certain role in

the oxidation process of CIP, but it is not the main active substance,

while •O2
−, h+ and e− are the main active substances involved in

oxidation and reduction (Figs. 3c and d) [37,38].

In order to explore the light absorption capacity and band

structure and location of the prepared sample, UV–vis-diffuse re-

flection (UV–vis) analysis and Mott-Schottky plots were performed

on the sample. Compared to the pure CZS, the light absorption of

FO/CZS is red-shifted in the visible region, which may be attributed

to the recombination of FO, enhancing light trapping. The Tauc plot

in Fig. 3e (inset) reveals bandgap energies of 2.03 and 2.46 eV for

FO and CZS, respectively. The specific conduction band potential

(Ec) of the material was determined by Mott-Schottky plots to be

−0.72 eV and −0.53 eV, respectively (Fig. 3f). Therefore, the energy

band structures of FO and CZS are depicted in Fig. 3g, with the Ef
of FO being higher than that of CZS [39].

The variation in the binding energy of FO/CZS before and af-

ter illumination was investigated using in-situ XPS to analyze the

transfer of photogenerated electrons and holes at the interface, as

depicted in Figs. 4a and b [40,41]. Clearly, the characteristic peak

of the FO/CZS composite photocatalyst undergoes a noticeable shift

under light illumination, indicating the transfer of photogenerated

electron-hole pairs at the FO/CZS interface. In Fig. 4a, the binding

energy of the characteristic peaks corresponding to Fe 2p3/2 and Fe

2p1/2 decreases from 711.3 eV to 724.5 eV to 710.8 eV and 723.8 eV

after illumination, implying an increase in their electron density.

This phenomenon is also observed in the characteristic peaks of

the O 1s profiles (Fig. S6a in Supporting information). This analysis

indicates an increase in the electron density in FO/CZS, suggesting

that Fe metal can efficiently receive and transfer electrons, serv-

ing as a rapid channel for electron transfer. In Fig. 4b, the binding

energy of the characteristic peaks corresponding to S 2p3/2 and S

2p1/2 increases from 161.1 to 162.5 eV to 161.2 and 162.7 eV, respec-

tively. This result confirms that electrons are transferred from S to

Fe, thereby further verifying the formation of the Fe-S bond. This

phenomenon is also observed in the characteristic peaks of the Zn

2p and Cd 2d profiles (Figs. S6b and c in Supporting information).

This shift indicates that CZS can effectively capture the photogener-

Fig. 4. In situ XPS spectra of (a) Fe 2p and (b) S 2p of FO/CZS. Electrostatic poten-

tials of (c) FO and (d) CZS. (e) Proposed illustration of the S-scheme FO/CZS photo-

catalyst.

ated holes generated by FO/CZS [42–44]. The electronic characteris-

tics were calculated using DFT in order to investigate the interface

interaction and interfacial charge shift routes of the FO/CZS photo-

catalyst further (Figs. 4c and d). The work functions at the FO plane

and CZS plane are estimated to be 5.32 and 6.29 eV versus vacuum

level, respectively, indicating that the calculated Fermi level of FO

is higher. Upon contact to form a heterojunction, the electrons are

easily transferred from FO to CZS until the Ef reaches equilibrium

[45]. This process induces an upward bending of the energy band

in FO due to forming an electron depletion layer at the interface,

while the CZS forms an electron accumulation layer, leading to a

downward bending of the energy band. Consequently, this would

produce the same IEF from FO pointing to CZS as the XPS result

[46]. Under light, electrons are excited from the valance band (VB)

of FO and CZS to conduction band (CB), leaving photogenerated

holes in their VB. Because of IEF and interface band bending, the

photogenerated electrons in CB of CZS quickly transfer to VB of FO

and recombine with the photogenerated holes of FO (Fig. 4e). The

photogenerated holes in the CZS VB and the photogenerated elec-

trons in the FO CB remain unchanged and participate in the corre-

sponding photocatalytic reactions. This charge transfer mechanism

of FO/CZS heterojunction is consistent with the S-scheme mecha-

nism.

The crucial charge transfer and separation behavior in redox re-

actions was investigated, revealing the removal of complex pollu-

tants. Fig. 5a shows the steady-state photoluminescence (PL) spec-

tra of FO, CZS and FO/CZS, where the PL peak on FO/CZS is signifi-

cantly lower than that on pure FO and CZS. This suggests that the

electron-hole recombination in FO/CZS is suppressed with the help

of Fe-S charge transfer channels, which promotes charge transfer

in the interface from CZS to FO. Furthermore, time-resolved pho-

toluminescence (TRPL) spectra affirmed that the FO/CZS (6.15ns)
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Fig. 5. (a) PL spectra, (b) TRPL decay spectra, (c) transient photocurrent responses and (d) SPV spectra of FO, CZS and FO/CZS. (e) Charge difference distribution between FO

and CZS; charge accumulation depicted in yellow and depletion in blue.

exhibits a highest average lifetime of electrons (τ ) compared to FO

(1.43ns) and CZS (4.77ns) (Fig. 5b). It can be intuitively seen from

the calculation results that the electron lifetime is significantly ex-

tended after the construction of heterojunction, and the extension

of electron lifetime is closely related to the improvement of pho-

tocatalytic performance [47]. Photoelectrochemical measurements

further proved the efficient charge transfer and separation. Upon

the lamp turning on, FO, CZS and FO/CZS immediately excite pho-

togenerated electrons. After the light is turned off, the photocur-

rent decreases rapidly. Notably, the photocurrent density of FO/CZS

is highest far ahead of FO and CZS (Fig. 5c), indicating the com-

posite structure with Fe-S chemical bonding introduced by FO/CZS

possesses superior ability for charge transfer and separation, which

is also confirmed by the linear voltammetry curve (LSV) (Fig.

S7a in Supporting information). Additionally, the FO/CZS compos-

ite structure exhibited a smaller electrochemical impedance spec-

troscopy (EIS) radius compared to FO and CZS (Fig. S7b in Sup-

porting information). This demonstrated that the charge transfer

resistance in the composite structures was lower, and the electron

mobility was faster under visible light irradiation. Surface photo-

voltage spectroscopy (SPV) also reveals the transfer characteris-

tics of photogenerated carriers (Fig. 5d). The SPV signal not only

has the ability to identify the wavelength range of the photore-

sponse in the photocatalyst, but also effectively reflects the sep-

aration efficiency of the electron-hole pair. In Fig. 5d, the FO/CZS

peak intensity is higher than the two monomers peak, which

can be interpreted as the reduction of the resistance of electron

transfer between the interfaces after the construction of hetero-

junctions. The separation efficiency of photogenerated carriers is

enhanced.

Synthesize the above experimental results, it can be summed

up that the construction of S-type heterojunction can promote

the formation of internal electric field, and the internal electric

field can effectively promote the transfer of electrons between

the interfaces, thereby improving the current density and reducing

the transfer resistance between photogenerated carriers, and effec-

tively improving the photocatalytic efficiency. To further describe

electron transfer processes, charge difference distribution was ex-

amined. In Fig. 5e, yellow represents charge accumulation and blue

represents charge depletion, yellow electron clouds tend to be CZS,

while blue ones tend to be FO. There is a high defect-free lateral

connection force in FO/CZS that enhances the internal electric field

Fig. 6. Photodegradation curves and degradation kinetics (inset) of (a) CIP and (b)

Cr(VI) in single systems. Photodegradation curves and degradation kinetics (inset)

of (c) CIP and (d) Cr(VI) in composite systems.

and helps with photoexcited charge separation and charge transfer

kinetics.

The oxidative degradation of CIP and the reduction of Cr(VI)

were used as reaction models to assess the photocatalytic reac-

tion activity of samples in a single system. The modification of

the heterojunction will increase the specific surface area of the

catalyst and increase the adsorption of pollutants, thus promot-

ing further catalytic reactions (Fig. S8 in Supporting information).

The catalyst dosage of 10mg was determined by the experiment

of influencing factors of catalyst dosage (Fig. S9 in Supporting in-

formation). The as-prepared FO/CZS composites have a markedly

enhanced removal capacity towards CIP, as illustrated in Fig. 6a.

In contrast, 0.2 FO/CZS produces superior CIP degradation (85.9%).

The composite material 0.2FO/CZS exhibits a significantly elevated

first-order kinetic constant (k=0.0352 min−1) for CIP degradation,

surpassing CZS (0.004 min−1) by approximately 8.8-fold and FO

(0.0002 min−1) by 176-fold, as illustrated in the inset of Fig. 6a.

Subsequent Cr(VI) reduction experiments revealed that 0.2 FO/CZS
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Fig. 7. (a) The possible degradation pathway of CIP by the FO/CZS. (b) Acute and chronic toxicity evolution of CIP and the degradation intermediates to three aquatic

organisms. (c) Cycle stability of FO/CZS on the degradation of CIP and Cr(VI). (d) XRD patterns of FO/CZS before and after the photocatalytic degradation. (e) Comparison of

degradation previously reported in the degradation system of CIP and Cr(VI) with this work.

demonstrates markedly enhanced reduction efficiency compared to

pure FO and CZS, achieving 69.4% removal within 40min (Fig. 6b).

According to the Fig. 6b inset, the k of 0.2 FO/CZS reaches 0.0127

min−1, which is almost 4.1 times that of CZS (0.0031 min−1) and

127 times that of CZS (0.0001 min−1). On the other hand, reduced

or excessive photocatalysts, result in decreased photoactivity. This

might be caused by a lack of reactive sites, shielding influence, or

catalyst agglomeration.

To further evaluate the performance photocatalysts in more de-

tail, photocatalytic reactions were carried out in the CIP and Cr(VI)

coexistence system. The oxidation and reduction effects of hetero-

junction FO/CZS are much higher than that of monomer FO and

CZS in coexisting pollutant system. The removal effectiveness of

CIP and Cr(VI) is higher in the coexisting system than in the single

pollutant systems (Figs. 6c and d). The removal efficiency of CIP at

single and composite systems within 40min, using 0.2 FO/CZS as

an example, is 98.38% and 98.95%, respectively. The reaction rate

constant for the CIP co-contaminant system was determined as

0.054 min−1, showing a 42.1% enhancement relative to the single-

pollutant system (0.038 min−1). Within 40min, the Cr(VI) elimina-

tion capacities reached 90.9% in the single system and 93.9% in

the coexisting system. When compared to the single system (0.054

min−1), the k value of Cr(VI) in coexisting system is improved to

0.065 min−1. According to the results above, the coexistence of

CIP and Cr(VI) boosts the photocatalytic removal efficiency [48,49].

This phenomenon can be explained by the fact that CIP and Cr(VI)

facilitate the separation and utilization of holes and electrons and

improve photocatalytic efficacy by acting as scavengers of the pho-

toinduced holes and electrons, respectively. The removal effect of

other influencing factors is also shown in Figs. S10-S13 (Support-

ing information).

Liquid chromatography mass spectrometer (LC-MS) was em-

ployed to demonstrate the degradation pathway of the CIP in com-

posite system over 0.2FO/CZS. The possible degradation paths of

CIP were inferred from intermediate product measurements, as

shown in Fig. 7a and Fig. S14 (Supporting information). In path 1

the CIP molecule is defluorinated and oxidized. First, •O2
− attacks

F so that the hydroxyl group replaces F and further oxidizes and

destroys the piperazine ring to form B (m/z 313). Then, the piper-

azine ring and carboxyl group are further hydrolyzed and oxidized,

and B is oxidized and decarboxylated to form C (m/z 217), which is

eventually decomposed into water and carbon dioxide [50,51]. In

pathway 2, •O2
− and h+ play key roles. The piperazine ring is first

attacked, producing D (m/z 362), then -CO is removed and con-

verted to E or F (m/z 334). In pathway 3, the N site of CIP molecule

is attacked by •O2
− to form D (m/z 362), and is further attacked to

form G (m/z 306), and then G (m/z 306) is decarboxylated under

the action of •OH, and the benzene ring is destroyed to form H

(m/z 183). H (m/z 183) loses the -CH2–NH2 group and converts to

I (m/z 155). J (m/z 127) is then generated by hydroxylation and re-

moval of the -CH3–NH–CH3 group. And then it turns into water

and carbon dioxide.

The toxicity analysis software EPI can predict the toxicity

changes during CIP degradation (Fig. 7b). The acute toxicity (LC50)

of CIP to fish and daphnia was 13,131.42mg/L and 1240.43mg/L,

respectively, and the acute toxicity (EC50) to green algae was

1621.63mg/L. The chronic toxicity values (ChVs) of CIP were

1553.59, 81.27 and 455.22mg/L, respectively. According to the

EU standard and new Chemical Hazard Assessment Guidelines of

China (HJ/T 154–2004), CIP is less harmful to aquatic organisms.

Subsequently, the toxicity of the intermediate products produced

during the degradation of CIP was calculated. All the products in

pathway 1, pathway 2 and pathway 3 were non-toxic to fish, da-

phyla and green algae, whether acute or chronic. The experimental

results in Fig. S15 (Supporting information) also prove this point

and this proves that the photocatalyst is environmentally friendly.
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Fig. 8. (a) Schematic flow diagram of simultaneously removing pollutants in by photocatalytic membranes in a continuous flow-through mode. (b) Photograph and (c) XRD

spectra of PVDF, CZS/PVDF, FO/PVDF and FO/CZS/PVDF membranes. Photocatalytic membranes degradation curves of (d) CIP and (e) Cr(VI) in composite systems.

To prove the stability of the photocatalyst, FO/CZS catalyst was

used in the composite system for five cycles of experiments, the

results are shown in Fig. 7c. It can be seen that the effect reduc-

tion of both CIP degradation and Cr(VI) reduction was <10%, and

the XRD of the ground catalyst did not change significantly after

cycling, indicating that FO/CZS catalyst exhibit superior reusability

(Fig. 7d). The cyclic stability was also confirmed by XPS and TEM

(Figs. S16 and S17 in Supporting information). It is worth noting

that in the recently reported articles, FO/CZS showed high catalytic

performance under the constraints of various factors, which is con-

ducive to the further application of the catalyst (Fig. 7e and Fig.

S18 in Supporting information) [52–55].

In order to solve the problem of recovery of high efficiency

photocatalyst and to benefit the practical application of photocat-

alyst, the photocatalyst was pumped and filtered on the surface

of the membrane and the effect of the photocatalyst was tested

under continuous flow condition [56–58]. To investigate the si-

multaneous removal performance of the photocatalytic membranes

to complex pollutants, we conducted membrane evaluation reflec-

tor with a feed volume of 1 L and an effective membrane area

of 7.1 cm2 to evaluate membrane removal rate in a continuous

flow-through process (Fig. 8a). The optimized catalyst was com-

bined with the polyvinylidene fluoride (PVDF) membrane by the

extraction filtration method and the photos of the catalytic mem-

brane are shown in Fig. 8b. XRD showed the characteristic peaks of

PVDF, while the photocatalytic membranes are more surface cata-

lysts that are detected (Fig. 8c). The prepared photocatalytic mem-

brane has good mechanical properties (Fig. S19 in Supporting in-

formation). The oxidation and reduction effects (74.4 % and 66.8%,

respectively) of heterojunction FO/CZS/PVDF are much higher than

that of monomer FO/PVDF, CZS/PVDF and PVDF primitive mem-

brane in coexisting pollutant system (Figs. 8d and e). The re-

sults not only confirm the effective modification of FO/CZS het-

erojunction, but also confirm the potential application prospect of

FO/CZS/PVDF in the practical application of eliminating complex

pollutants (Fig. S20 in Supporting information). The above results

clearly show that the preparation of the photocatalytic membrane

increases the operability and stability of the particle catalyst, elim-

inating complex pollutants in water in an energy-efficient and eco-

nomical manner.

In summary, we have successfully synthesized an α-

Fe2O3/Cd0.9Zn0.1S S-scheme heterostructure photocatalyst fea-

turing rod structure and interfacial Fe-S bond through a facile

in situ growth strategy, enabling highly efficient complex pollu-

tants removal. The presence of Fe-S bonds skillfully stimulated

the dynamics of photoexcited charges, enhancing the interfacial

electric field within the S-scheme heterojunctions and increasing

carrier concentration. The photocatalytic removal efficiency of the

composite system is better than that of the single system, where
•O2

−, e− and h+ all play a role in the oxidation and reduction

processes. Further experimental results show that the composite

exhibits outstanding synergistic photocatalytic performance, which

can simultaneously remove 98.95% CIP and 93.9% Cr(VI). It is

notable that α-Fe2O3/Cd0.9Zn0.1S not only exhibits highly effi-

cient photocatalytic activity, but also maintains excellent stability

after multiple cycles. To better recover efficient catalysts and re-

duce secondary pollution, the prepared photocatalytic membrane

system also shows promising application potential in practice.
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