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ABSTRACT

The weak light absorption capacity and the embedding of active sites are the

main factors that affect the photodegradation performance of blending photo-

catalytic membrane. Herein, a Z-scheme TiO2/rGO/ZnCdS/PVDF photocat-

alytic composite membrane (T-rGO-ZCSM) with excellent mechanical

properties and good self-cleaning performance was successfully prepared by the

freezing phase inversion method. As the solvent turns to crystal under freezing

temperature, the micron-scale ordered penetrating porous structure formed

after phase inversion, which can efficiently improve the water flux

(19000–25000 L m-2 h-1 bar-1) and light penetration. Meanwhile,

Z-scheme TiO2/rGO/ZnCdS heterojunctions will be migrated to the surface of

the large pore canal due to their hydrophilicity during the phase inversion

process. This structure can promote light absorption and increase effectively

contact between active sites and pollutants. The T-rGO-ZCSM also exhibits

outstanding photocatalytic activity for removing the various antibiotics under

visible light, such as tetracycline (TC), levofloxacin (LEV), and ciprofloxacin

(CIP). After four cycles (1.0 h for each cycle) of experiments, T-rGO-ZCSM has

good stability and reusability. Moreover, the TC degradation efficiency of

T-rGO-ZCSM reached the highest of 87.46% under continuous 6.0 h solar irra-

diation. The superoxide radical (�O2
-) and photogenerated h? were the main

active species for organics’ degradation. In summary, the ordered penetrating
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type macroporous T-rGO-ZCSM has promising potentials for wider applica-

tions in wastewater treatment.

GRAPHICAL ABSTRACT

A hierarchical-ordered penetrating-type porous T-rGO-ZCSM membrane was

prepared by freezing phase inversion method. The membrane surface with large

pore diameters can provide a more convenient transport pathway, and pollu-

tants can be transferred to the active sites to increase effective contact. It can also

enhance the visible light absorption to excite more photogenerated carriers and

improve photocatalytic activity. Finally, the photocatalytic degradation effi-

ciency of freezing T-rGO-ZCSM could be increased by 1.71 times compared to

that of the conventional blending nf-T-rGO-ZCSM under visible light.

Introduction

With the rapid development of industry and society,

the pollution of the water environment is serious

problem for human health [1–3]. In particular, the

pollution of antibacterial drugs dominated by the

pharmaceutical industry has become a topical issue

of discussion [4]. Among them, antibiotics are widely

used as the most common antibacterial drugs. How-

ever, antibiotics cannot be completely degraded and

will exist in water for long term, leading to the pro-

duction of drug-resistant bacteria and drug-resistant

genes, which seriously endanger the water ecology

system [5–7]. Over the past decades, various post-

treatment technologies have been widely studied in

solving residual antibiotics in wastewater, such as

biological treatment [8], adsorption [9], membrane

separation [10] and semiconductor photocatalysis

[11]. Semiconductor photocatalysis has been proved

to be a promising and environmentally friendly

technology due to its high efficiency, low cost,

cleanness and flexible process design in the treatment

of organic pollutants [12, 13]. Up to now, multitudi-

nous semiconductor photocatalysts have been used

to treat antibiotics in wastewater, such as TiO2 [14],

ZnSnO3 [15], g-C3N4 [16] and In2O3 [17]. Among

them, TiO2 has attracted great interest due to its

chemical stability, non-toxicity and low cost. How-

ever, the forbidden bandwidth of TiO2 is about

3.2 eV, which can only respond to excitation in the

ultraviolet region. Besides, the rapid recombination

and quenching of photogenerated carriers will also

reduce the photocatalytic performance of TiO2

[18–20]. Therefore, it is necessary to reasonably

design TiO2 composites with well-match energy band

structures and interface contact to achieve high

mobility and separation rate of carriers.

It is well known that constructing an energy band

matched semiconductor Z-scheme heterostructure is

an effective way to improve the photocatalytic per-

formance of TiO2 semiconductor material [21]. Such

Z-scheme heterostructure not only broadens the vis-

ible light response range but also promotes the
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separation of photogenerated electron–hole pairs

through the synergistic interaction of interfaces,

thereby improving the photocatalytic activity [22, 23].

As a ternary solid solution of ZnS and CdS, Znx-
Cd1-xS has the adjustable composition and band gap

width as well as a good visible light response range

[24]. According to previous reports, TiO2 and ZnCdS

have suitable energy level matching [25–29]. There-

fore, the preparation of Z-scheme heterojunctions by

combining TiO2 and ZnxCd1-xS solid solution will be

expected to improve the photocatalytic performance

for the removing of organic pollutants under visible

light. However, the TiO2/ZnxCd1-xS heterostructure

has the disadvantages of slow separation of electron–

hole pairs and sluggish surface redox kinetics [30].

Fortunately, reduced graphene oxide (rGO) has

become an effective electronic medium for nanopar-

ticles to increase the electron transport rate due to its

high electron mobility, stability and excellent con-

ductivity [31]. Besides, rGO can control the synthesis

of nanoparticles and reduce agglomeration during

the preparation of composite materials [32]. There-

fore, the addition of rGO is expected to address the

shortcomings of the TiO2/ZnxCd1-xS

heterostructure.

However, the application of powdered photocata-

lyst in the wastewater treatment has been limited by

their small particle size, susceptibility to loss and

agglomeration, and difficulty in separation and

recovery from treated water [33, 34]. For large-scale

applications, blending the photocatalyst within the

membrane is considered to be a convenient and

economic modification method for recyclability in

practical applications [35–38]. This not only effec-

tively treats organic pollutants in wastewater, but

also prevents membrane contamination and

improves membrane permeability and membrane

lifetime [39]. For instance, Hu et al. [40] successfully

prepared the Bi2WO6/MOF/PVDF composite mem-

brane, and efficiently degraded RhB under visible

light irradiation. In fact, the preparation of traditional

blending photocatalytic membranes will sacrifice

some active sites and light absorption capacity.

Therefore, modifying the structure and morphology

of the blending membrane is also an effective way to

improve the photocatalytic activity [41]. As we know,

adjustment of pore structure can provide a more

convenient transport pathway and promote effective

contact between pollutants and active sites. More-

over, the large pore diameters of membrane channel

can enhance the visible light absorption to excite

more photogenerated carriers and improve photo-

catalytic activity [42, 43]. However, in the preparation

of membranes, traditional pore-making methods

usually involve the addition of organic pore-foaming

reagents, but the resulting pore size is small and

environmentally unfriendly, inevitably affecting cat-

alytic performance and increasing costs [44]. Direc-

tional freezing is a low-cost and green technique to

form hierarchical porous structure because it does

not use any organic or inorganic additives and not

involve any chemical reaction. Due to the high

freezing point, dimethyl sulfoxide (DMSO) was used

not only as a solvent for PVDF but also as the tem-

plate. Therefore, the DMSO can rapidly and orderly

form crystals under low temperature and thus many

of macropores in membranes will be formed after the

freezing phase inversion method [6, 45].

Inspired by the above considerations, in this work,

we reported a micron-scale size ordered penetrating-

type macroporous structure T-rGO-ZCSM membrane

for tetracycline (TC), levofloxacin (LEV) and cipro-

floxacin (CIP) degradation under visible light. A

simple two-step preparation strategy was carried out

as follows: (1) the Z-scheme TiO2/rGO/ZCS hetero-

junctions were synthesized by hydrothermal method.

(2) TiO2/rGO/ZCS composite photocatalysts were

blended into PVDF matrix to form photocatalytic

composite membranes by freezing phase inversion

method. The schematic of the synthesis procedure is

illustrated in Scheme 1. Meanwhile, the structural

characteristics and photocatalytic performance of

TiO2/rGO/ZCS composite photocatalysts and

T-rGO-ZCSM were systematically studied. Besides,

the permeability, self-cleaning performance, and

mechanical properties of various membranes were

further studied. In general, the Z-scheme TiO2/rGO/

ZCS heterojunctions can effectively improve the

photocatalytic performance, and this micron-scale-

size-ordered penetrating-type macroporous-struc-

tured photocatalytic membrane plays an important

role in application prospects for the removal of

organic pollutants.
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Experiment

Materials

P25, graphite powder (325 mesh), 5,5-dimethyl-1-

pyrroline N-oxide (DMPO, 97.0%) and vitamin C

(ASC, AR) were supported from Aladdin Chemistry

Co., Ltd. Absolute ethanol, sodium nitrate (NaNO3,

99.0%), sulfuric acid (H2SO4, 98.0%), potassium per-

manganate (KMnO4), hydrogen peroxide (H2O2,

30.0%), hydrochloric acid (HCl, 36.0 * 38.0%),

sodium hydroxide (NaOH, C 96.0%), ethylene glycol

(C2H6O2, C 99.5%), hydrazine hydrate (H4N2�xH2O,

C 85.0%), dimethyl sulfoxide (DMSO), ethylenedi-

aminetetraacetic acid disodium salt (EDTA-2Na, AR),

isopropanol (IPA, AR), zinc acetate dihydrate

(Zn(Ac)2�2H2O), cadmium acetate dihydrate

(Cd(Ac)2�2H2O) an thiourea (CH4N2S) were pur-

chased from Sinopharm Chemical Reagent Co., Ltd.

(Shanghai, China). Commercial polyvinylidene fluo-

ride (PVDF) was provided by Solvay Solexis

(Changshu, China). Bovine serum albumin (BSA),

tetracycline (TC), levofloxacin (LEV) and cipro-

floxacin (CIP) were supported from Macklin Bio-

chemical Co., Ltd. Liquid nitrogen was used as

received. Deionized (DI) water was used in the

experiments.

Fabrication of T-rGO-ZCSM photocatalytic
composite membranes

The synthesis methods of rGO, TiO2 nanorods, TiO2/

rGO and TiO2/rGO/ZCS are given in the supporting

information.

The TiO2/rGO/ZCS/PVDF photocatalytic com-

posite membranes (T-rGO-ZCSM) were prepared via

the freezing phase inversion method (FPI). Firstly,

TiO2/rGO/ZCS composite photocatalysts were

added to DMSO, and the solution was treated by

ultrasonic for 0.5 h. Then PVDF powder was dis-

solved in the above solution and stirred at 50 �C for

6.0 h to generate the casting solution. Subsequently,

the casting solution was degassed at ambient tem-

perature for 6.0 h. Afterward, the 2.5 g of casting

Scheme 1 Synthesis illustration of Z-scheme TiO2/rGO/ZCS heterojunctions and T-rGO-ZCSM membranes.

Table 1 Components of as-prepared membranes

Membranes Content (wt%)

DMSO PVDF Photocatalysts FPI

nf-PVDF 87 13 0 No

f-PVDF 87 13 0 Yes

TM 86 13 1 Yes

T-rGOM 86 13 1 Yes

T-ZCSM 86 13 1 Yes

T-rGO-ZCSM-1 86 13 1 Yes

T-rGO-ZCSM-2 85 13 2 Yes

nf-T-rGO-ZCSM-1 86 13 1 No
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solution was poured into a surface dish, which will

be placed above about 5 cm of a liquid nitrogen

storage tank. When the temperature down below its

freezing point, the crystal nucleation and growth of

DMSO will formed from bottom to up surface, and

thus a penetrative macroporous structure is con-

structed. After freezing by putting the surface dish

above a liquid nitrogen storage tank, the phase

inversion was completed by putting it into distilled

water. For comparison, the material compositions of

the casting solution for different membranes are

shown in Table 1.

Characterization

The crystal structure of the synthesized material was

determined by X-ray diffraction (XRD, XRD-6100).

Fourier transform infrared spectra (FT-IR) were con-

ducted on a Nicolet Nexus 470 FT-IR. UV–Vis

absorption spectra were recorded in the range of

200–800 nm using a UV–Vis diffuse reflectance

spectrophotometer (DRS). The X-ray photoelectron

spectroscopy (XPS) was conducted on Thermo Sci-

entific Escalab 250Xi. The morphologies of as-pre-

pared materials were investigated by scanning

electron microscope (SEM, JSM-6010 PLUS/LA) and

transmission electron microscopes (TEM, JEM-2100

JEOL). The cross-sectional structure and EDS map-

ping of membranes were investigated by SEM JEM-

6700F. The mechanical properties of membranes were

carried out by WJ-LL-200 tensile testing machine. The

thicknesses of membranes were measured by an

electronic digital micrometer (ES NSCING). The

water contact angles (WCAs) of the samples were

measured by an OSA60 (LAUDA Scientific). To study

the reaction mechanism, the electron spin resonance

(ESR) was performed on a JESFA200 spectrometer.

The catalytic property of photocatalytic
membranes

The TC, LEV and CIP were selected as the target

pollutant to evaluate the photocatalytic performance

of membranes under visible light irradiation (300 W

Xe lamp) with wavelength cutoff filter (k B 420 nm)

used as the light source. Typically, a piece of the

membrane was added into a beaker containing a

target pollutant solution. Before irradiation, the sus-

pension was stirred in dark for 40 min to achieve the

adsorptive equilibrium between the sample and the

pollutant solution. Then 3.0 mL of the analytical

solution was taken out at 10-min intervals under

visible light irradiation and analyzed on the UV–Vis

spectrophotometer (Cary 8454). After each reaction,

the membrane was collected, washed with water

many times, and dried for cyclic utilization in the

next experiment. Similarly, powder catalysts were

added in TC aqueous solution to study photocatalytic

activities.

Trapping experiments were carried out in a TC

degradation experiment similar to the previous one.

Different scavengers (1 mM) were added into the

target pollutant solution to trap superoxide free

radical (�O2
-), holes (h?) and hydroxyl radicals

(�OH).

Typically, the degradation efficiency data were

fitted to the first-order kinetics model via the fol-

lowing equation.

lnðC0=CtÞ ¼ kt ð1Þ

where C0 is feed solution and Ct and k are concen-

trations of TC and rate constant at the time t,

respectively.

Water flux and fouling resistance

The pure water flux was calculated under the 0.8 bar

for 110 min in the filtration device and recording the

time. The effective volume of each record is 100 mL,

and the effective area of membranes was 12.56 cm2,

and all the experiments were carried out in triplicate.

The pure water flux (J) was calculated by the fol-

lowing equation.

J ¼ V

A� Dt� DP
ð2Þ

Here, V (L) is the volume of permeate water, A (m2)

is the working effective area of membranes, Dt is the
filtration time, and DP (bar) is the filtration pressure.

The antifouling properties of the membranes were

evaluated by a static protein (BSA) adsorption test.

For the experiment, a piece of each membrane was

immersed in a BSA solution (0.5 g/L) for 24 h to

establish adsorption–elution equilibrium at room

temperature. The initial and final concentration of

BSA solution was measured using a UV–Vis spec-

trophotometry at a wavelength of 280 nm. The BSA

adsorption capacity (Q) was calculated by the fol-

lowing equation.
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Q ¼ ðC0 � CÞ � V

S
ð3Þ

where C0 and C are the initial and final concentra-

tions the BSA solution, respectively. V (mL) is the

volume of BSA solution and S (cm2) is the effective

adsorption area of a piece of each membrane.

The membrane porosity (e) was determined

according to gravimetric method reported elsewhere.

Briefly, a piece of wet membrane was wiped using

tissue paper to remove excess water from the surface

and weighed. Then dried at 50 �C to constant weight

the porosity was calculated by the following

equation.

e ¼
Ww�Wd

qw
Ww�Wd

qw
þ Wd

qp

ð4Þ

where Ww and Wd are the weight of wet and dry

membranes, respectively. qw and qp are the density of

water (0.998 g cm-3) and polymer (1.785 g cm-3),

respectively.

The mean pore radius (r) of the membranes was

calculated by the Guerout–Elford–Ferry equation.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:9� 1:7eð Þ � 8glq
e� A� DP

r

ð5Þ

where g is the water viscosity (8.9910-4 Pa s), l is the

thickness of membranes (m), q is the volume of per-

meated water in unit time (m3 s-1), A (m2) is the

effective filtration area, and DP is the filtration pres-

sure (Pa).

Results and discussion

Characteristics of photocatalysts

The crystal phase structures of photocatalysts were

characterized by XRD. As shown in Fig. 1a, the

diffraction peaks of the synthesized TiO2 nanorods at

25.35�, 37.84�, 48.14�, 53.97�, 55.18�, 62.81�, 68.87�,
70.45�, and 75.20�, which can be assigned to the (101),

(004), (200), (105), (211), (204), (116), (220), and (215)

crystal planes of crystallized anatase TiO2 (PDF#89-

4921), respectively. The diffraction peak of pure

Zn0.5Cd0.5S nanoparticles is the characteristic of

Zn0.5Cd0.5S solid solution with sphalerite phase

structure. As shown in Fig. S1, the diffraction peaks

of Zn0.5Cd0.5S nanoparticles move to a higher-angle

compared to the cubic CdS and lower-angle with

respective to cubic ZnS, which indicates that the

synthesized Zn0.5Cd0.5S is a solid solution. The

characteristic peak at 26.50�, 45.10� and 53.04� can be

Figure 1 a XRD patterns,

b FT-IR spectra and c UV–Vis

diffuses reflectance spectra

(DRS) of different samples.

d Plots of (ahv)1/2, 2 versus

(hv) of TiO2 and ZCS sample.
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attributed to the (111) (220), and (311) plane of

Zn0.5Cd0.5S solid solution, respectively [46]. The

TiO2/rGO/ZCS-13% composite photocatalysts

showed the major characteristic peaks of TiO2

nanorods and ZCS solid solution, but the intensity of

characteristic peaks of rGO was hardly observed due

to their low loading amount. The above results

proved the successful preparation of The TiO2/rGO/

ZCS-13% composites.

The functional groups of materials were conducted

to analyze using FT-IR; as shown in Fig. 1b, the main

peak in the range of 450–500 cm-1 can be attributed

to Ti–O–Ti and Ti–O tensile vibration modes. The

peak at about 973 cm-1 is assigned to the symmetric

tensile vibration of the S–O bond on sulfated TiO2

nanorods [47]. For TiO2/rGO/ZCS-13% composite

photocatalysts, the characteristic peak of ZCS could

not be detected, which could be attributed to the low

content of ZCS in inorganic nanoparticles. The other

two peaks are located at 1650 and 3400–3500 cm-1,

which are attributed to hydroxyl groups and absor-

bed water.

The optical properties of various materials were

separately detected by DRS. In Fig. 1c, the wave-

length of the TiO2 adsorption edge was located at

around 390 nm, which was in accordance with the

intrinsic absorption of anatase TiO2. ZCS shows an

absorption edge around 550 nm, which corresponds

to its characteristic. TiO2/rGO/ZCS-13% composite

photocatalysts have a wide visible light absorption,

showing an absorption edge around 520 nm. Fur-

thermore, the TiO2/rGO/ZCS-13% sample exhibits

the other one absorption in the range of 520–800 nm

as a result of the introduction of rGO. Therefore, the

secondary and wider absorption region of TiO2/

rGO/ZCS-13% can make more effective use of visible

light and generate more charge carriers. According to

the Kubelka–Munk function, as shown in Fig. 1d, the

relationship between (ahv)1/2, 2 and the photon

energy (hv) is obtained [48]. The bandgap energies of

TiO2 nanorods and ZCS are & 3.13 and & 2.58 eV,

respectively.

Scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) were used to

study the morphology and microstructure of the

obtained materials. In Fig. 2a, the ZCS nanoparticles

synthesized tend to agglomerate together by the

hydrothermal method. As displayed in Fig. 2b, d, the

morphology of pure TiO2 is irregular nanorods with

a relatively smooth surface and specific surface area

of 42.252 m2 g-1 (Fig. S3a). It can be distinctly seen

from Fig. 2c and e that the surface of TiO2/rGO/

ZCS-13% composite photocatalysts was rough due to

the ZCS nanoparticles are dispersed on the surface of

TiO2 nanorods. According to TEM images, we can

ascertain the specific connection mode between TiO2

nanorods and ZCS nanoparticles; as it is clear, ZCS

nanoparticles were deposited on the surface of TiO2

Figure 2 SEM images of a pure ZCS, b pure TiO2 and c TiO2/rGO/ZCS-13%, TEM images of d pure TiO2 and e TiO2/rGO/ZCS-13%

(inset is high magnification), f HRTEM image of TiO2/rGO/ZCS-13%.
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nanorods. The HRTEM image (Fig. 2f) of TiO2/rGO/

ZCS-13% can be observed that the lattice fringe

spacing of TiO2 and ZCS is 0.35 nm and 0.31 nm,

which correspond to the (101) and (111) crystal plane

of TiO2 and ZCS, respectively. Meanwhile, Fig. S2

shows SEM images of TiO2/rGO and TiO2/ZCS, and

TEM images of rGO and TiO2/ZCS, respectively.

Figure S3 shows the nitrogen adsorption–desorption

isotherms of the samples. According to the classifi-

cation, all photocatalysts belong to the type IV iso-

therms. As compared to the TiO2/ZCS-13%

(SBET = 62.258 m2 g-1), the decrease in the specific

surface area of TiO2/rGO/ZCS-13% (SBET-
= 50.053 m2 g-1) is due to the combination of rGO

which blocks the pores of TiO2 and regulates the

growth of ZCS crystal nuclei (Fig. S3c and d). Barrett–

Joyner–Halenda (BJH) pore size distributions of the

four samples are shown in Fig. S3e, and the pore size

distribution curve of TiO2/rGO/ZCS-13% shows that

there are mesopores and some micropores. This

implies that a relatively high specific surface area and

pore structure are important factors to improve

adsorption performance and diffusion of reactants

and products.

TC photodegradation performance of different

photocatalysts under visible light is shown in Fig. 3.

The suspension solution of TC and photocatalysts

was stirred in the dark for 40 min to achieve

adsorption–desorption balance before visible light

irradiation. As can be observed from Fig. 3a, the TC

photocatalytic degradation efficiency of the TiO2/

rGO/ZCS-13% heterojunction was the highest over

the 60 min consecutive irradiation, which is 92.90%.

The photocatalytic degradation efficiency of TC is

only 84.24% for the TiO2/ZCS-13% heterojunctions,

which suggests that the rGO was introduced to

composite, and the Z-scheme TiO2/rGO/ZCS can

greatly enhance photocatalytic performance. The

main reason is that rGO can promote the separation

of photogenerated electron–hole pairs and accelerate

the electron transfer. In addition, the reaction kinetics

of TiO2/rGO/ZCS-13% degradation TC was further

studied by the model of ln(C0/C) = kt. As shown in

Fig. 3b, compared with the TiO2, ZCS, TiO2/rGO-1%

and TiO2/ZCS-13%, the TiO2/rGO/ZCS-13%

(0.04635 min-1) heterojunctions exhibit the higher

k (apparent reaction rate constant) value about 4.21-

fold, 2.07-fold, 1.73-fold and 1.54-fold as high as that

of TiO2 (0.01100 min-1), ZCS (0.02233 min-1), TiO2/

rGO-1% (0.02680 min-1) and TiO2/ZCS-13%

(0.03005 min-1), respectively. Moreover, as shown in

Fig. S4, we also studied the effects of different ZCS

and rGO contents on the photocatalytic performance

of TC degradation. The experimental results show

that the Z-scheme TiO2/ZCS heterojunction can

greatly improve the photocatalytic performance.

Meanwhile, over-loaded ZCS may act as the recom-

bination center of carriers, which inhibits the photo-

catalytic activity of TiO2/ZCS heterojunction.

Furthermore, although rGO is beneficial to charge

transport, excessive rGO will cover the active sites of

photocatalytic semiconductors and reduce the con-

tact area between pollutants and photocatalysts.

The surface chemical structure composition of as-

prepared samples is further analyzed by the X-ray

photoelectron spectroscopy (XPS) in Fig. 4. Fig-

ure S5a shows the survey spectrum of the TiO2, ZCS

and TiO2/rGO/ZCS-13%, which proves the co-exis-

tence of C, O, Ti, Zn, Cd and S elements as expected

in TiO2/rGO/ZCS-13%. Figure 4a presents the high-

resolution XPS spectra of C 1s, the three peaks at

288.45, 285.99 and 284.53 eV for several carbon spe-

cies with different binding energies can be attributed

to C=O–C, C–O–C and C–C/C=C bonds in the

Figure 3 a Photocatalytic

degradation rate of TC

(20 mg/L) for different

photocatalysts under visible

light, b photodegradation

kinetics plots of TC.
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skeleton, respectively. In TiO2/rGO/ZCS-13%, the

signals of C=O–C and C–O–C increased obviously,

indicating that the rGO has been successfully loaded

in the catalyst. The O 1s XPS spectra are shown in

Fig. 4b, and the peaks located at 531.48 and 529.86 eV

are attributed to Ti–OH and Ti–O–Ti, respectively. In

Fig. 4c, the two fitting peaks located at 464.34 and

458.63 eV in the characteristic binding energies for Ti

2p orbitals correspond to the Ti 2p1/2 and Ti 2p3/2,

and the 4? oxidation state of Ti was confirmed. As

shown in Fig. 4d, because Zn 2p is spin–orbit cou-

pling, the two characteristic peaks at 1044.90 and

1021.69 eV attributed to Zn 2p1/2 and Zn 2p3/2,

respectively. Figure 4e shows Cd 3d high-resolution

spectra, the main binding energy peaks are located at

411.88 eV (Cd 3d3/2) and 405.13 eV (Cd 3d5/2), the

peak at 405.13 eV is assigned to Cd–S bond, and

compared with ZCS, the binding energy of Cd 3d3/2

and Cd 3d5/2 of the TiO2/rGO/ZCS-13% sample

shifted slightly to the high binding energy region.

Similarly, as shown in Fig. 4f, the binding energies at

162.72 (162.59) and 161.47 eV are attributed to the S

2p1/2 and S 2p3/2 high-resolution XPS signals, which

indicates that S exists in the form of S2-. In TiO2/

rGO/ZCS-13% samples, the binding energy at

168.52 eV and 169.81 eV can be attributed to the

sulfated TiO2 nanorods. In the XPS test results, the

opposite changes in the binding energies of each

element indicate that there is intimate interfacial

contact between TiO2 nanorods, rGO and ZCS

nanoparticles, which promotes the electron transfer

in TiO2/rGO/ZCS heterojunctions.

Characteristics of membranes

Figure 5a, b shows the XRD patterns of the mem-

branes. The XRD pattern of freezing PVDF membrane

shows diffraction peaks at 20.60�, 36.51� and 41.01�,
indicating that PVDF is b-phase [49]. After the addi-

tion of photocatalysts, T-rGO-ZCSM showed the

characteristic peaks of TiO2 and ZCS, which corre-

spond to the powder XRD test results. Meanwhile,

the characteristic diffraction peaks at 37.84� of TiO2

and 36.51� of freezing PVDF overlap to some extent.

The functional groups in the membranes were

analyzed by FT-IR spectrogram; as shown in Fig. 5c,

the absorption bands at 838, 875 and 1274 cm-1

attributed to the characteristic spectrum of b-phase
PVDF. The peaks at 1071 cm-1 and 1168 cm-1 are

indexed to the stretching vibration of C–C and –CF2,

respectively. The peaks at 1401 cm-1 corresponded to

the deformation vibration of –CH2 [50]. For the

T-rGO-ZCSM membrane, the peaks at around

444 cm-1 can correspond to the vibration bands of

Ti–O groups. Because the content of photocatalysts in

the hybrid membrane is much lower than that of

PVDF, the band intensity in the characteristic regions

is weakened.

UV–Vis DRS was performed to analyze the optical

property of the membranes. In Fig. 5d, the f-PVDF

Figure 4 XPS spectra of TiO2, ZCS and TiO2/rGO/ZCS-13%: a C 1s, b O 1s, c Ti 2p, d Zn 2p, e Cd 3d and f S 2p.
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membrane shows weak light absorption intensity

within 350 nm. It is worth noting that the T-rGO-

ZCSM membrane owns the light absorption range of

TiO2/rGO and ZCS, but the absorption intensity is

slightly reduced. Compared with the pure TiO2

membrane, the light absorption edge of the T-rGO-

ZCSM composite membrane has a slight redshift, and

the absorption edge is also affected by the catalyst

content in the membrane. The excellent light

absorption range means that light induces more car-

riers and improves photocatalytic performance.

The bottom surface, top surface and cross-section

morphologies of membranes were further character-

ized by SEM. In Fig. 6, non-freezing PVDF (nf-PVDF)

and T-rGO-ZCSM (nf-T-rGO-ZCSM) have similar

bottom and top surface morphology. The bottom

surface of the two membranes is relatively rough,

while the top surface is dense, and neither shows a

pore structure. However, both the bottom and top

surfaces of the freezing PVDF membrane are rough,

and a small number of pore structures appear in the

bottom morphology. It is worth noting that it can be

seen from Fig. 6d–e1, Table 2 and Fig. S6, we can find

the freezing T-rGO-ZCSM photocatalytic composite

membrane shows a porous surface structure with a

mean top surface pore radius of 11.014 * 16.821 lm.

Moreover, it can be seen from the cross-sectional

view that there is a micron-scale-size-ordered pene-

trating-type macroporous structure in the membrane,

which is caused by the rapid formation and phase

transformation of DMSO crystal after freezing. The

porous and macroporous structures can make full

use of light sources. The light source can reflect in the

large channel countless times to stimulate more

photogenerated carriers and further improve the

photodegradation efficiency. Among them, the

porosity of the freezing membrane decreases slightly,

while the mean pore radius increases exponentially,

which are also attributed to the formation of the

macroporous structure after freezing. With the

increase in TiO2/rGO/ZCS-13% content, the porosity

of the membrane decreased from 83.17 to 80.87%, and

this may be attributed to the rheological barrier

caused by the increase of TiO2/rGO/ZCS-13% con-

tent, which inhibits the exchange of DMSO with

water. We also found that when rGO exists, the top

surface of the membrane would form through-holes.

This may be due to the rapid traction of hydrophilic

particles during the freezing phase transformation

process, which increases the exchange rate of solvent

and water. In cross-sectional SEM images (Fig. S5),

ordered penetrating-type macroporous structure was

Figure 5 a, b XRD patterns,

c FT-IR spectra and d UV–Vis

diffuses reflectance spectra

(DRS) of various membranes.
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not found in non-freezing nf-PVDF and nf-T-rGO-

ZCSM. Moreover, the membrane has a very thick

skin layer, which will lead to the obstruction of water

molecule mass transfer.

In order to study the compatibility between the

inorganic catalyst and PVDF polymer matrix, the

dispersion of TiO2/rGO/ZCS-13% composite photo-

catalysts in the membrane matrix was evaluated by

EDS mapping. As can be observed from Fig. 7,

Figure 6 a–d Bottom surface

and a1–d1 top surface SEM

images of membranes, e, e1

cross-section SEM images of

T-rGO-ZCSM-1 membrane

(insets are cross-section SEM

images of the corresponding

membrane, Scale bar:

100 lm).
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according to the different color contrast of the pic-

ture, the top surface (a) and cross-sectional (b) EDS

mapping images of a representative T-rGO-ZCSM-1

membrane exhibit the uniform distribution of C, O, F,

Ti, Zn, Cd and S elements on the selection area of

T-rGO-ZCSM-1 membrane.

Photocatalytic activity of membranes

With TC (20 mg/L), CIP (25 mg/L) and LEV (25 mg/

L) as model pollutants, the photocatalytic perfor-

mances of as-prepared membranes were investigated

under visible light irradiation. The changes of TC,

CIP and LEV concentration were measured in UV–

Vis absorption spectra at 358, 276 and 287 nm,

Table 2 The porosity, mean pore radius, mean surface pore radius and thickness of membranes

Membranes Porosity (%) Mean pore radius (um) Mean surface pore radius (um)* Thickness (um)

nf-PVDF 87.16 0.0376 / 0.221 ± 0.016

f-PVDF 83.72 0.8286 / 0.758 ± 0.038

TM 82.15 1.0171 / 0.773 ± 0.040

T-rGOM 80.70 0.9419 23.90 ± 2.010 0.671 ± 0.031

T-ZCSM 80.55 0.9704 / 0.656 ± 0.022

T-rGO-ZCSM-1 83.17 0.9099 12.44 ± 1.426 0.801 ± 0.021

T-rGO-ZCSM-2 80.87 0.7258 15.38 ± 1.441 0.676 ± 0.024

nf-T-rGO-ZCSM-1 86.37 0.0367 / 0.220 ± 0.019

*Data were obtained according to SEM image analysis using Image J software

Figure 7 The EDS mapping images of the top surface (a) and cross-section (b) of T-rGO-ZCSM-1 membrane.
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respectively. The photocatalytic membranes and

model pollutants for 40 min adsorption ability are

monitored in the dark before visible light irradiation.

As shown in Fig. 8, the results show that various

membranes have strong adsorption capacity, which

provides a prerequisite for visible light degradation.

For the degradation process, it was found that the

excellent photocatalytic activity of T-rGO-ZCSM was

obtained. The degradation efficiency of T-rGO-

ZCSM-1 and T-rGO-ZCSM-2 is higher than that of

TM in 70 min, which is 2.16 times and 1.61 times that

of TM, respectively (Fig. 8b). However, for T-rGO-

ZCSM membranes with different catalyst contents,

T-rGO-ZCSM-2 exhibits more prominent photocat-

alytic performance. This also shows that the

photocatalytic performance of a piece of membrane is

affected by the content of the photocatalysts. Com-

pared with non-freezing T-rGO-ZCSM-1 (nf- T-rGO-

ZCSM-1) after 70 min irradiation, the photocatalytic

activity of T-rGO-ZCSM-1 was significantly increased

by 21.74%. This indicates that using the freezing

phase inversion method to prepare the photocatalytic

composite membrane with a macroporous structure

is an effective method for the organic combination of

photocatalysts and polymer to improve the photo-

catalytic performance. Among them, 37.90% of TC

can be removed by the pure f-PVDF membrane, and

these results can prove that the freezing PVDF

membrane and photocatalysts can synergy and

effectively improve the catalytic performance. In

Figure 8 a Effect of various

membranes on the degradation

of 100 mL TC (20 mg/L),

absorbance variations of TC

over c T-rGO-ZCSM-1 and

d T-rGO-ZCSM-2.

e Photocatalytic degradation

of 100 mL TC (20 mg/L), CIP

and LEV (25 mg/L) on the

T-rGO-ZCSM-1. b, f The

pseudo-first-order reaction

kinetics. All the experiments

were carried out under visible

light irradiation.
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addition, Fig. 8c, d directly reflects the absorption

curve of TC under dark reaction and visible light,

which confirms the fact that the as-prepared photo-

catalytic membrane degrades TC. It is worth noting

that in Fig. 8e, f, the T-rGO-ZCSM-1 membrane also

exhibits excellent photocatalytic performance when

25 mg/L of CIP and LEV was degraded. All the

above degradation experiments show that the T-rGO-

ZCSM photocatalytic composite membranes can

effectively remove various organic pollutants under

visible light. Therefore, T-rGO-ZCSM may hold

broad application prospects in the field of photocat-

alytic composite membranes.

The practical application of photocatalytic com-

posite membranes has great significance. Therefore,

the photocatalytic characteristics of the T-rGO-

ZCSM-1 membrane under solar light were discussed

(Fig. 9a, b). Similarly, except for the light source, the

same conditions as those under xenon lamp irradia-

tion were adopted. After 6.0 h of outdoor solar

exposure, the TC degradation rate of the T-rGO-

ZCSM-1 membrane reached 87.46%. It shows that the

T-rGO-ZCSM-1 membrane has the application

potential of treating TC in actual wastewater under

natural conditions. The ‘‘photocatalytic activity’’ of

pure PVDF membrane and blank TC may be caused

by membrane adsorption and self-photodegradation

of TC under solar light. It is worth noting that the TC

degradation efficiency of TM can also reach 75.65%.

The photocatalytic degradation rates of TM and

T-rGO-ZCSM-1 are relatively constant, indicating

that the photocatalytic composite membranes remain

stable, which is not only due to the excellent activity

of photocatalysts, but also due to the excellent ther-

mal stability, mechanical property (Fig. 10b) and

chemical resistance of the PVDF, and the stable water

permeability of the catalytic membrane. Moreover,

the excellent compatibility between photocatalysts

and polymer membrane further solves the problem

that catalyst particles are difficult to recover.

Permeability, mechanical properties,
antifouling performance and reusability
of membranes

The pure water permeation flux of the membranes is

shown in Fig. 10a. All the freezing membranes

revealed higher water permeation fluxes in compa-

ration with non-freezing membranes. The pure water

permeation flux of the freezing membranes can reach

more than 19,000 L m-2 h-1 bar-1. After a filtration

time of 110 min, the pure water flux of the freezing

membranes remained almost unchanged, which

indicated that the membrane has good stability. The

improvement of pure water flux may be due to the

formation of macroporous and porous structures in

the process of freezing phase inversion, which pro-

motes the water permeability of the membranes

under a certain pressure. According to the results of

the mean pore radius given in Table 2, all freezing

membranes show a larger mean pore radius than

non-freezing membranes, which undoubtedly bene-

fits water permeability. The membrane fouling char-

acteristics were determined by a static BSA

adsorption experiment (Fig. 10c). Compared with nf-

T-rGO-ZCSM-1, T-rGO-ZCSM-1 showed lower BSA

adsorption capacity. The BSA adsorption capacity

significantly decreases T-rGO-ZCSM-2 with the

increase in TiO2/rGO/ZCS-13% loading. This may be

because the hydrophilicity of membranes affects the

adsorption of BSA. In this way, it shows that the

surface properties of T-rGO-ZCSM have been

improved.

Figure 9 a Photocatalytic

degradation efficiency of TC

(100 mL, 20 mg/L) over

PVDF, TM and T-rGO-ZCSM-

1 under solar irradiation,

b absorbance variations of TC

over T-rGO-ZCSM-1.
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The mechanical properties of the membranes were

evaluated by testing the stress–strain curves. The

good mechanical properties are one of the main fac-

tors determining the practical application of mem-

branes. It can be seen from Fig. 10b that the f-PVDF

membrane has a lower tensile strength at break

compared with the nf-PVDF membrane. However,

the tensile strength at break and the elongation at

break of the T-rGO-ZCSM-1 were significantly

increased compared with nf-T-rGO-ZCSM-1 and

show the best mechanical properties, indicating that

the embedment of TiO2/rGO/ZCS-13% nanoparti-

cles and freezing phase inversion can improve the

mechanical strength of the membranes. For the 2 wt%

TiO2/rGO/ZCS-13% content, the tensile strength at

break (from 0.71 to 0.61 MPa) and the elongation at

break (from 33.14 to 21.57%) decrease slightly, and

the results show that excessive TiO2/rGO/ZCS-13%

doped in PVDF matrix will weaken the mechanical

strength of the membrane.

In addition, in order to test the photocatalytic sta-

bility of T-rGO-ZCSM-1, the cycle experiments of

representative T-rGO-ZCSM-1 were studied. As

shown in Fig. 10d, we can see clearly that the TC

degradation efficiency of T-rGO-ZCSM-1 decreased

from 79.25 to 76.03% after four consecutive cycles

under visible light irradiation, with only a slight

change of 3.22%. The result indicates that T-rGO-

ZCSM-1 has good degradation stability. For further

study of the stability of the as-prepared T-rGO-

ZCSM-1, we also analyzed the XRD spectra of the

T-rGO-ZCSM-1 before and after four consecutive run

experiments. The main characteristic diffraction

peaks of T-rGO-ZCSM-1 has no apparent change

from the before pattern after four consecutive cycles,

which present the crystal structure is unchanged

(Fig. 10e). Therefore, the T-rGO-ZCSM-1 possesses

excellent photocatalyst recyclability and photocat-

alytic stability. These good properties make T-rGO-

ZCSM very promising in actual wastewater

treatment.

Photocatalytic mechanism of membrane

To better understand the possible degradation

mechanism of the T-rGO-ZCSM membrane, the rad-

icals trapping experiments were investigated by

adding different trapping scavengers. The

Figure 10 a The pure water flux, b the stress–strain curves and c static BSA adsorption capacity of membranes, d reusability of T-rGO-

ZCSM-1 degradation TC (20 mg/L), e XRD patterns of T-rGO-ZCSM-1 before and after several reaction cycles.
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isopropanol (IPA), ethylenediaminetetraacetic acid

disodium salt (EDTA-2Na) and ascorbic acid (ASC)

were used as scavengers for hydroxyl (�OH), holes

(h?) and superoxide (�O2
-), respectively. As shown in

Fig. 11a. b, compared with no scavenger, the photo-

catalytic degradation efficiency (71.42%) of TC was

slightly changed after the addition of IPA, indicating

that �OH was not the main radicals during the

degradation of TC. Oppositely, when EDTA-2Na and

ASC were added, the photocatalytic degradation

efficiency of TC was reduced to 22.63% and 12.39%,

respectively. The photocatalytic degradation was

greatly restrained, which also indicated that h? and

�O2
- were the main reactive species in the process of

TC degradation.

Additionally, for further evaluating the presence of

�O2
- and �OH radicals during the photocatalytic

degradation process by T-rGO-ZCSM, the ESR trap

technique was used to test. Figure 11c exhibits the

DMPO-O2
- characteristic peaks of TiO2 and TiO2/

rGO/ZCS-13%. No obvious ESR signals of pure TiO2

and TiO2/rGO/ZCS-13% were found in the dark.

After visible light irradiation, the obvious character-

istic signals of DMPO-O2
- was observed in methanol

suspension. At the same time, it is worth noting that

compared with pure TiO2, TiO2/rGO/ZCS-13%

shows stronger signal intensity, which means that

more �O2
- active species will be produced in photo-

catalytic degradation reaction. Similarly, we also

studied the formation of DMPO-OH during degra-

dation processes in aqueous suspension (Fig. 11d),

and the weak �OH radical signals appeared in the

dark, indicating that TiO2 and TiO2/rGO/ZCS-13%

systems can produce �OH even without light radia-

tion. When irradiated by visible light, the signals of

DMPO-OH were enhanced. Importantly, the ESR

signal intensity of DMPO-OH is relatively weaker

than that of DMPO-O2
-. Therefore, ESR and trapping

experiments confirmed that �O2
- is more important

in the degradation of TC.

To further understand the photocatalytic mecha-

nism of T-rGO-ZCSM and the migration trend of

photogenerated carriers, we calculated the bandgap

energy (Eg) (Fig. 1d) and XPS-VB (valence band)

spectrum of pure TiO2 and ZCS, and obtained the CB

(conduction band) edge potential according to the

empirical formula EVB = ECB ? Eg. The experimental

results show that the VB edge energy level distances

of TiO2 and ZCS are 2.55 and 1.41 eV (vs. NHE),

respectively. The CB edge energy level distances are

- 0.58 and - 1.17 eV (vs. NHE), respectively

(Fig. S5b and c).

Based on the above experimental results and the

photocatalytic mechanism reports, a possible reaction

Figure 11 a–b Photocatalytic

degradation efficiency of TC

(100 mL, 20 mg/L) using

different scavengers over

T-rGO-ZCSM-1 under visible

light irradiation. DMPO spin-

trapping ESR spectra for TiO2

and TiO2/rGO/ZCS-13%: c in

CH3OH dispersion for DMPO-

�O2
-, d in H2O dispersion for

DMPO-�OH.
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mechanism of T-rGO-ZCSM was proposed and is

displayed in Fig. 12. Under the solar light irradiation,

the quantity of photogenerated carriers can be pro-

duced by Z-scheme TiO2/rGO/ZCS composite pho-

tocatalysts within the PVDF matrix. It can be clearly

seen from the edge position of the catalyst conduction

and valence bands that the CB values for TiO2 and

ZCS are more negative than E0 (O2/�O2
-) (- 0.33 eV

vs NHE), indicating that the photogenerated elec-

trons can react with O2 to generate more �O2
-, which

is consistent with the results of radical trapping

experiments and ESR technology. However, the

redox potential of E(�OH/H2O) is 2.27 eV (vs NHE),

and the h? in VB (EVB = 1.41 eV vs NHE) of ZCS is

not enough to oxidize H2O to �OH. Besides, the VB

(EVB = 2.55 eV vs NHE) position of TiO2 is higher

than E(�OH/H2O) and E(�OH/OH-) (1.99 eV vs

NHE), and the h? in VB of TiO2 can react with OH-/

H2O to form �OH, respectively [51]. Therefore, the

Z-scheme photocatalytic mechanism is formed. Due

to the introduction of rGO and the work function of

- 0.08 eV [52], the ladder structure of this energy

level is conducive to the transfer of photogenerated

electrons from TiO2 to rGO and recombination with

h? in the valence band of ZCS, rGO with high elec-

tron mobility not only provides a fast electron

transport channel between TiO2 and ZCS but also

effectively inhibits the recombination of photogener-

ated electron–hole pairs to increase the number of

active species, which is conducive to enhancing the

photocatalytic performance of the photocatalytic

composite membrane.

Owing to the functionality of the photocatalytic

membrane, more TC molecules are adsorbed on its

surface and pore channel and react with �O2
-, h? and

�OH. (Among them, �OH is not the main active

substance.) Therefore, possible photocatalytic reac-

tion processes are described as follows:

TiO2 þ hv ! TiO2 e�ð Þ þ TiO2 hþ� �

ZCSþ hv ! ZCS e�ð Þ þ ZCS hþ� �

TiO2 e�ð Þ þ rGO ! rGO e�ð Þ þ ZCS e�=hþ� �

TiO2 e�ð Þ þ ZCS e�ð Þ þO2 ! �O�
2

TiO2 hþ� �

þOH�=H2O ! �OH þ Hþ

�O�
2 þ hþ þ �OHþ TC ! Degraded products

Conclusions

In summary, firstly a novel Z-scheme TiO2/rGO/

ZCS heterojunctions were prepared by hydrothermal

method. Then, TiO2/rGO/ZCS composite photocat-

alysts were blended into PVDF matrix, and the

T-rGO-ZCSM photocatalytic composite membranes

with a high-performance micron-scale size ordered

penetrating-type macroporous structure were suc-

cessfully prepared by freezing phase inversion

method. The prepared T-rGO-ZCSM photocatalytic

composite membranes displayed outstanding photo-

catalytic performance in the degradation of TC, LEV,

and CIP under visible light irradiation, and the TC

degradation efficiency was 1.61 times and 1.71 times

higher than that of TM and non-freezing nf-T-rGO-

ZCSM-1, respectively. Importantly, the membrane

also exhibits excellent photodegradation ability

(87.46%) under solar light. After T-rGO-ZCSM

degraded TC for four cycles, it still showed obvious

photocatalytic performance and good stability.

Meanwhile, the T-rGO-ZCSM exhibited ultra-high-

pure water flux, excellent mechanical properties and

better self-cleaning performance compared to nf-

Figure 12 Schematic diagram

of the TC photodegradation

mechanism of T-rGO-ZCSM

membranes.
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PVDF and nf-T-rGO-ZCSM-1. The freezing T-rGO-

ZCSM photocatalytic composite membranes pre-

pared in this work has great potential to treat

antibiotics in wastewater under solar light

irradiation.
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