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A B S T R A C T   

In this study, a novel polyethersulphone (PES) nanocomposite membrane incorporated with copper zinc tin 
sulfide (Cu2ZnSnS4) nanoparticles (CZTS NPs) was prepared through the phase inversion method. First, the 
samples containing different copper and zinc ratios in CZTS stoichiometry were prepared and characterized. The 
effect of copper and zinc ratio changes were examined on the photocatalytic properties of both NPs and nano-
composite membranes. The photocatalytic effect was tested and BR18 dye was degraded at 88.0% efficiency 
when exposed to visible light for 180 min in the presence of CZTS1.0 NPs catalyst. The results also exhibited that 
CZTS NPs blended membrane showed good self-cleaning performance. Second, we investigated the antioxidant, 
DNA cleavage, and biofilm inhibition activities of CZTS NPs. The antimicrobial activities of CZTS NPs were tested 
against seven microbial strains. The highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging and chelating 
activities were found as 81.80 ± 1.75% and 72.19 ± 4.63%, respectively. CZTS NPs exhibited double-strand DNA 
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cleavage activity at 500 mg/L. They showed significant biofilm inhibition as 92.15 ± 5.67% against Staphylo-
coccus aureus. CZTS NPs displayed moderate antimicrobial effects against tested microorganisms. Third, CZTS 
NPs were blended in polyethersulphone (PES) membrane and the morphology as well as performance of the 
fabricated nanocomposite membranes were systematically investigated by SEM-EDX, porosity, water contact 
angle, antifouling, and rejection measurements. The water flux of resulting nanocomposite membranes was 
markedly enhanced due to the introducing of CZTS NPs. Meanwhile, the nanocomposite membranes demon-
strated remarkable antifouling properties (flux recovery ratio ~94%) in contrast with the bare PES (flux recovery 
ratio ~51%) when BSA was filtrated. The high retention of BSA (100%) as well as high permeation flux (73.8 ±
9.8 L/m2/h) of the CZTS2.00 wt% membrane demonstrated that the constructed nanocomposite membrane 
possessed the characteristics of a promising membrane for purification of proteins.   

1. Introduction 

It is well known that the rapid development in the industrial sector 
improves the standard of human living, but it is also known to play a 
major role in air, soil, and water pollution. Excessive water use and 
industrial growth increase the water demand, but a large amount of 
wastewater is produced [1]. Generally, physical, chemical, and biolog-
ical treatments are widely used for purification and treatment of water 
and wastewater [2]. Nowadays, membrane processes are also used 
intensely to obtaine high-quality water for domestic and industrial de-
mands, treatment and reuse of wastewater, and removal of toxic or re-
covery of valuable components from various industrial effluents [3,4]. 
The pressure-driven membrane process for separation of contaminations 
has attracted great attention in various industrial activities such as 
chemical, pharmaceutical, textile, water softening, etc. [5,6]. 

Nanotechnology has great potential to be used in water and waste-
water treatment processes to increase treatment efficiency and water 
supply [7]. The specifications of the materials change as the size of the 
material reach the nanoscale. Generally, the best performance of the 
nanomaterials is achieved when their size is less than a certain critical 
value, which depends on the material [8]. Nanoparticles are one of the 
new scientific research fields of nanotechnology, due to a wide variety of 
potential applications in biomedical, optical, chemical, environmental, 
electronic fields and etc [9]. Moreover, various inorganic nanoparticles 
(NPs) are of particular interest due to their numerous applications in the 
fields of catalysis, biomolecular detection, and diagnosis, microelec-
tronics, therapeutic, and attract more attention of researchers [10]. 
Also, studies reported in the literature have shown that the medical use 
of NPs includes antibacterial, antifungal, antioxidant agents, 
anti-inflammatory, anti-diabetic, as well as cancer treatment and diag-
nosis [11–13]. Recently, the fabrication and application of the bio-
mimetic micro/nano structures including patterns, fibers, porous 
scaffolds, and microspheres are among the interesting topics like NPs. 
The biomimetic dynamical micro/nano structures via shape-memory 
effect have a critical effect on cell behaviors, which have potential ap-
plications in drug delivery, cell delivery, bone repair, vascular scaf-
folding, vascular embolization, skeletal muscle repair, etc [14]. 

The studies have been focused on selecting an appropriate polymer 
and adding some effective nanoparticles into the structure of the 
membrane to improve the characteristics of polymeric membranes [15]. 
Polyethersulphone (PES) is known as one of the most usable polymers in 
both laboratory and industrial activities for the fabrication of polymeric 
membranes due to its high thermal stability, good mechanical charac-
teristics, and excellent heat-aging resistance [16]. However, the hy-
drophobic property of PES limits its antifouling properties and water 
flux permeability. To overcome this problem many nanomaterials such 
as TiO2[17], boehmite [18], Al2O3[19], SiO2[20], etc. have been 
strongly studied as necessary additives to improve the performance and 
structural properties of membranes. Recently, quaternary CZTS which is 
a P-type semiconducting material is among the prominent nanoparticles 
due to their direct band gap of 1.4–1.5 eV and high absorption coeffi-
cient (104 cm− 1) in the visible range properties [21]. The need to avoid 
toxic (such as Cd) or critical (such as In) elements and to increase the 
sustainability of the photocatalytic heterostructure has increased 

interest in Cu2ZnSnS4 (CZTS). 
In this study, the effect of changing precursor metal ratios (Cu/(Zn +

Sn)) was investigated for CZTS synthesis. CZTS nanostructures were 
synthesized according to the given proportions, Cu/(Zn + Sn) = 1.0 
(CZTS1.0), Cu/(Zn + Sn) = 0.9 (CZTS0.9) and Cu/(Zn + Sn) = 0.8 
(CZTS0.8), as Zn-rich and -poor configurations, and at this stage, the Zn/ 
Sn ratio was kept constant at 1.2. The photocatalytic activities of these 
nanoparticles were investigated under visible light conditions by using 
the Basic Red 18 (BR18) dye. Moreover, photocatalytic membrane 
cleaning was also investigated under UV visible light conditions for 180 
min cleaning time. We also investigated the antioxidant, DNA cleavage, 
and biofilm inhibition activities of CZTS NPs. The antimicrobial activ-
ities of CZTS NPs were tested against seven microbial strains. However, 
the fabrication of a new mixed matrix membrane blended with CZTS 
NPs was carried out and separation ability, as well as antifouling 
properties of the fabricated membranes, were investigated using bovine 
serum albumin (BSA) as a model protein. According to the best of our 
knowledge, no research paper has been published related to CZTS NPs- 
blended PES membrane. 

2. Materials and methods 

2.1. Materials 

All precursor salts were purchased from commercial sources and 
used without further purification. Copper (II) chloride, zinc (II) chloride, 
tin (II) chloride, and thiourea were purchased from Sigma-Aldrich. 
Polyethersulfone (PES Ultrason E6020 P, Mw: 58,000 g/mol) was pur-
chased from BASF Company (Germany). Dimethyl sulfoxide (DMSO) 
and bovine serum albumin (BSA, Mw: 66,000 g/mol) were supplied by 
Merck Company (Germany). Basic Red 18 (BR18) (C19H25Cl2N5O2, Mw: 
426.34 g/mol) were supplied by Dystar. Deionized water used in all 
experiments was obtained from the two-stage Millipore Direct-Q3UV 
purification system. 

2.2. Synthesis of CZTS nanoparticles 

The CZTS NPs were obtained by the hydrothermal method without 
using any surfactant. In a typical synthesis, copper (II) chloride, zinc (II) 
chloride, tin (II) chloride, and thiourea in the stoichiometric ratio of 
2:1:1:4 (for CZTS1.0) were dissolved in ethylenediamine. The ratios for 
samples CZTS0.8 and CZTS0.9 were as 1.95: 0.9: 0.8: 3.8 and 1.9: 0.8: 
0.7: 3.8, respectively. Subsequently, the mixture was transferred to a 
100 mL stainless-steel reactor and heated at 230 ◦C for 24 h. The ob-
tained solid black product was washed several times with ethanol and 
water and then was dried at 70 ◦C under vacuum [22]. 

2.3. Characterizations of CZTS nanoparticles 

The crystallographic structure of CZTS was performed using X-Ray 
powder diffractometer (XRD) (Rigaku Smartlab λ = 154,056 Å) with Cu 
Kα radiation and was measured within the range of (20◦–80◦) at the 
scanning speed of 5 deg/min. Perkin Elmer Frontier device was used for 
Fourier Transform Infrared (FTIR) measurements. Raman spectra were 
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recorded using the WITech alpha 300R micro-Raman spectrometer 
using an excitation source of 532 nm laser. The surface morphologies of 
the nanoparticles were examined by a Field Emission-Scanning Electron 
Microscopy (FE-SEM, Zeiss Supra 55), and the samples were coated with 
platinum before the measurements. The surface image of the NPs were 
taken on a 100 nm scale at 15.00 keV. 

2.4. Photocatalytic activity experiments 

Experimental studies were performed in a batch Pyrex photo-reactor 
(column-shaped) with 500 mL capacity. All properties related to the 
reactor were given elsewhere [23]. Photodegradation experiments were 
carried out by six UV–vis light sources (TL-D Super 80 18 W/865, 
typically 400–700 nm, λVis, max =565 nm, Philips), with an average 
irradiance of G = 40 W/m2. Total irradiance values were measured in 
the central position of the sample holder, using a Delta-T Devices, type 
BF3 pyranometer. The reactor was surrounded by an aluminium-coated 
tube for uniform reflection. In the pyrex reactor, the temperature of the 
reaction was kept around 25 ± 1 ◦C with cooled air. During the reaction 
(180 min), samples were taken from the reactor at a determined time 
and centrifuged at 6000 rpm for 5 min. BR18 dye solution (25 mg/L) 
were prepared using deionized water. Before irradiation, the samples 
were left 1 h in dark to reach the adsorption/desorption equilibrium. 
The photodegradation efficiency, η, was calculated based on the initial 
absorbance of the dye solution (Ci) and the absorbance after 15, 30, 60, 
120, and 180 min (Cf), recorded at the maximum absorbance wave-
length for BR18 (λmax=484 nm), using a UV–vis-spectrophotometer 
(T90 + UV/VIS Spectrometer, PG Instruments Ltd.). 

The experiments were conducted under no irradiation (in dark) using 
the same set-up and parameters as in the photocatalytic experiments to 
evaluate the impact of adsorption to the removal efficiency of the 
samples corresponding to a contact time equal to those used in the 
photocatalytic experiments (1 h in dark followed by 15, 30, 60, 120, and 
180 min under irradiation). All experiments were performed in dupli-
cate. Dye removal efficiency was calculated by Eq. (1): 

Dye Removal Efficiency, η (%) =
Ci − Cf
Ci

× 100 (1)  

where Ci was the initial dye concentration and Cf was the dye concen-
tration after a certain reaction time t (min). 

Membrane surface fouled by BR18 was photocatalytically cleaned 
using the same reactor. Nanocomposite membrane was exposed to light 
for 180 min. 

2.5. Antifouling experiments of CZTS NPs 

2.5.1. DPPH scavenging activity 
The CZTS NPs were assessed for in vitro antioxidant activity against 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical [24]. The hydrogen atom 
or electron donation abilities of the CZTS NPs were tested from the 
bleaching of the violet-colored methyl alcohol solution of DPPH. Briefly, 
2 mL of methyl alcohol solution of DPPH was taken to each tube and 
then 0.5 mL of sample was added into each tube. Test tubes were shaken 
gently and stand in a dark place at room temperature for 30 min. After 
this period, the absorbance of each tube was measured at 517 nm by an 
ultraviolet spectrophotometer. The same procedure was applied to 

ascorbic acid and Trolox as positive control. The percentage of the DPPH 
radical scavenging capacity was calculated based on the Eq. (2). The 
control reaction contains reagent and solvent except for the CZTS NPs. 

Capacity (%) =

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100 (2)  

2.5.2. Chelating activity 
The ferrous ion-chelating activity of the CZTS NPs was determined 

according to the method of by Dinis et al. [25]. For this test, 0.05 mL 
FeCl2.H2O (2 mM) was taken to each tube and then 0.5 mL of CZTS NPs 
solution was added into each tube. Then, the reaction was started by 
adding 0.1 mL ferrozine-1,2,4-triazine (5 mM). The total volume was 
adjusted to 2.5 mL with the solvent used. The mixture was shaken 
vigorously and incubated for 10 min at room temperature. Then, for the 
determination Fe2+ chelating ability of CZTS NPs, absorbance of the 
ferrous iron–ferrozine complex was measured at 562 nm against a blank. 
As a standard, EDTA was used. The activity of CZTS NPs to chelate 
ferrous ion calculated according to the Eq. (3). The control reaction 
contains reagent and solvent except for the CZTS NPs. 

Metal Chelating Effect (%) =

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100

(3)  

2.5.3. DNA cleavage activity 
The DNA cleavage studies were performed using pBR322 plasmid 

DNA in Tris− HCl buffer. pBR322 plasmid DNA (0.1 μg/μL) in 50 mM 
Tris− HCl buffer was mixed with CZTS NPs solution (250 μg/mL and 500 
μg/mL). An incubation period was then started, which would last for 2 h 
at 37 ◦C. After that, samples were loaded with loading dye on a 0.9% 
agarose gel containing EtBr. The agarose gel was electrophoresed for 2 h 
at 80 V in Tris/Borate/EDTA buffer and bands photographed under UV 
light. 

2.5.4. Antimicrobial activity 
The CZTS NPs were tested for their in vitro antibacterial and anti-

fungal activity against seven microorganisms: Gram-negative bacteria 
(Pseudomonas aeruginosa (ATCC 9027), Legionella pneumophila subsp. 
pneumophila (ATCC 33,152), Escherichia coli (ATCC 10,536)), Gram- 
positive bacteria (Bacillus cereus, Enterococcus hirae (ATCC 10,541), 
Staphylococcus aureus (ATCC 6538)), and one fungus (Candida albicans). 
The minimum inhibition concentrations (MICs) of the CZTS NPs were 
assessed by the standard broth micro-dilution method [26]. Test mi-
croorganisms (about 108-109 CFU/mL) were inoculated in a medium 
containing different concentrations of CZTS NPs. Culture media in 96 
well microplates were incubated at 37 ◦C and 120 rpm for one day in a 
shaker. Then the microplates were read at 600 nm using a microplate 
reader. 

2.5.5. Biofilm inhibition activity 
Staphylococcus aureus was used as a model organism for biofilm in-

hibition. Different concentrations of the CZTS NPs solutions (50, 150, 
250, and 500 mg/L) and nutrient broth were added to the wells and then 
S. aureus (about 108-109 CFU/mL) were inoculated. Then, these wells 
were incubated in an oven for 72 h at 37 ◦C. After that, the medium was 
then removed from the plates and the wells were washed 2 times with 
distilled water. The plates were left to dry at 80 ◦C for 1 h and then 
crystal violet was added to each well and held for 1 h. After 1 h, the 
crystal violet was removed from the wells and each well was rinsed 2 
times with distilled water. Then, each well was rinsed using alcohol, and 
the measurement was applied using a spectrophotometer at 595 nm. 
Biofilm inhibition was calculated according to the Eq. (4). The wells 
with no CZTS NPs were used as a control. 

Table 1 
Composition of the prepared CZTS NPs blended PES membranes.  

Membrane PES (wt.%) DMSO (wt.%) CZTS NPs (wt.%) 

Bare PES 14 86.00 0.00 
0.25 wt% PES/CZTS 14 85.75 0.25 
0.50 wt% PES/CZTS 14 85.50 0.50 
1.00 wt% PES/CZTS 14 85.00 1.00 
2.00 wt% PES/CZTS 14 84.00 2.00  
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Biofilm Inhibition (%) =

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100 (4)  

2.6. Preparation of CZTS-blended PES membranes 

Bare and CZTS NPs blended PES membranes were prepared by phase 
inversion method where DMSO was used as the polymer-solvent. The 
PES polymer was dried in an oven at 80 ◦C for 2 h before membrane 
preparation. Four different weights of CZTS NPs (0.25, 0.5, 1.0, and 
2.0% wt%, related to the PES weight) and DMSO were added to a flask. 
The composition of the casting solution is given in Table 1. The mixture 
was ultra-sonicated for 15 min to well disperse CZTS NPsinto the DMSO 
solvent. After that, 14 wt% of PES were added and dissolved into the 
solution overnight, under shaking condition using an orbital shaker at 
room temperature (25 ± 1 ◦C). The resulted clear homogenous polymer 
solution was ultra-sonicated for 10 min to remove air bubbles from the 
solutions. The bubble-free solution was cast onto a clean and smooth 
glass plate with a 200 μm casting knife at a speed of 100 mm/s. The 
casting films on the glass plate were immediately immersed into a 
coagulation bath containing deionized water (non-solvent bath) at room 
temperature (25 ± 1 ◦C). The resulted membranes were separated from 
the glass plate and they were kept in deionized water overnight. The 
membranes were carefully cut to a suitable size and deionized water 
(approximately 1 L) was passed from the membranes under 5 bar before 
use. 

2.7. Characterization of the prepared membranes 

Scanning electron microscopy (SEM, FEI, Quanta 650 Field Emission 
SEM) was used to image the surface and cross-sectional morphology of 
the PES membranes. For the cross-section image, the PES membranes 
were fractured after dipped in liquid nitrogen. All samples were dried 
and coated under vacuum with a thin layer of gold by a sputtering 
system before taking images. 

Water contact angle measurement was carried out using a goniom-
eter (One Attension, Biolin scientific instrument) to characterize surface 
hydrophilicity of the prepared membranes. The contact angle was 
measured at least five times of repetition from different places for each 
membrane to minimize the experimental error. 

The overall porosity (ε) was calculated by the gravimetric method. 
The membranes were dried for 24 h in a desiccator and weighed to 
measure the weight of the membranes in dry conditions (Wd). Then, the 
dried membranes were cut in a definite size (5 cm × 5 cm) and then 
immersed in distilled water for 5 min. After that, water on the surface of 
the membranes was cleaned carefully with a clean cloth and the mem-
branes were weighed (Ww). The overall porosity (ε) of the prepared 
membranes was determined using Eq. (5), based on the gravimetric 
method. 

ε = Ww − Wd

ρw × A× ℓ × 100 (5)  

where, Ww is the weight of the wet membrane (g); Wd is the weight of 
the dry membrane (g); ρw is the density of pure water at room temper-
ature (0.998 g/cm3); A is the effective area of the membrane (cm2), and l 
is the membrane thickness (cm). 

Furthermore, the mean pore radius (rp) on the basis of the pure water 
flux and porosity data was calculated by the Guerout–Elford–Ferry Eq. 
(6). 

rp =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.9 − 1.75ε)8ηℓQ

ε× A× ΔP

√

(6)  

where rp is mean pore radius (nm); η is water viscosity (8.9 × 10− 4 Pa s); 
l is the membrane thickness (m); Q is the volume of the permeate water 
per unit time (m3/s); ΔP is the operating pressure (1 MPa). 

2.8. Protein and dye rejection experiments of the membranes 

A dead-end filtration system (Sterlitech, HP4750 Stirred Cell) with a 
cell capacity of 300 mL and membrane effective area of 14.6 cm2 was 
used to test the performance of the prepared membranes. The mem-
branes were compacted at 5 bar operation pressure for 30 min to obtain 
a steady-state permeation flux. After compaction of the membranes, 
pure water flux was measured for 30 min at the operating pressure of 1 
bar and 25 ± 1 ◦C. 

The pure water flux, Jw,1 (L/m2/h) was calculated using Eq. (7). 

J =
V

A× Δt
(7)  

where, V is the volume of the collected permeated water (L), A is the 
effective membrane area (m2), and Δt is the permeation time (h). 

The pure water permeability (Lp) was calculated using Eq. (8). 

Lp =
Q

A × Δt × ΔP
(8)  

where Q is the quantity of the permeate sample collected over a period 
of time (Δt, h) (L); A is the effective membrane area for filtration (m2); 
ΔP is the transmembrane pressure (bar). 

After 30 min filtration of deionized water, cells were filled with the 
250 mg/L of BSA solution as a model organic foulant. The BSA solution 
was prepared in Phosphate Buffer Solution (PBS, 50 mM, pH 7.4 ± 0.1) 
to prevent denaturation of the protein. BSA or BR18 dye permeation (Jp, 
L/m2/h) was measured for 60 min at a steady pressure of 1 bar and room 
temperature to study the antifouling properties of the prepared mem-
branes. After 60 min, the fouled membranes were carefully rinsed in 
deionized water. Lastly, pure water flux after rinsing (Jw,2, L/m2/h) was 
measured for 10 min at a steady pressure of 1 bar. 

The protein concentration of the feed (Cf) and the permeate (Cp) 
were measured according to the Lowry method [27]. The BSA was used 
as a standard and the results expressed in mg equivalent of bovine serum 
albumin (BSA) per liter. A UV–vis spectrophotometer (GBC-Cintra-20) 
was used to determine the concentrations of protein at the wavelengths 
of 660 nm. 

The rejection performance tests of 25 mg/L solution of BR18 dyes 
were also performed under the operating pressure of 1 bar and pH of 6.5 
± 0.1 with 60 min filtration. The concentration of BR18 dyes in the feed 
and permeate solution was also measured using a spectrophotometer 
(Hach DR 3800) at λmax of 484 nm, respectively. The rejection of BSA 
and dye, R (%) were calculated using Eq. (9). 

R (%) =

(

1 −
Cp
Cf

)

× 100 (9)  

where Cp and Cf are BSA and BR18 dye concentrations in permeate and 
feed samples, respectively. 

Moreover, to study the fouling phenomena detail, total fouling ratio 
(Rt), reversible fouling ratio (Rr), and irreversible fouling ratio (Rir) were 
calculated using Eqs. (10)–(12), respectively. 

Rt (%) =

(

1 −
Jp
Jw,1

)

× 100 (10)  

Rr (%) =

(
Jw,2 − Jp
Jw,1

)

× 100 (11)  

Rir (%) =

(
Jw,1 − Jw,2

Jw,1

)

× 100 (12)  

where, Rr presents the reversible fouling caused by the concentration 
polarization on the surface of the membrane and Rir indicates the irre-
versible fouling resulted by adsorption/desorption of the BSA or dye 
molecules on the surface of the membrane [28]. 

K. Ocakoglu et al.                                                                                                                                                                                                                               



Colloids and Surfaces A: Physicochemical and Engineering Aspects 616 (2021) 126230

5

Flux recovery ratio (FRR) was calculated using Eq. (13) to compare 
the fouling resistance of the prepared membranes. 

FRR (%) =

(
Jw2

Jw1

)

× 100 (13)  

3. Results and discussion 

3.1. Characterization of CZTS nanoparticles 

3.1.1. XRD characterizations 
The stoichiometric ratios of copper chloride, zinc chloride, tin 

chloride, and sulfur were determined as 2: 1: 1: 4 for an ideal CZTS 
material. However, Cu/Zn + Sn ratio of CZTS material in pseudo ternary 
diagram generally varies between 0.8–1.0[29]. Therefore, in this study, 
CZTS nanoparticles were prepared by changing this ratio in different 
values such as 0.8− 0.9-1.0. The XRD patterns of the CZTS NPs are shown 
in Fig. 1. According to these patterns, the samples display well-matched 
kesterite peaks at 2θ = 28.5◦, 32.9◦, 47.3◦, 56.1◦ and 58.9◦ corre-
sponding to the (112), (200), (220), (312), (224) lattice planes, 
revealing a tetragonal phase according to JCPDS card number 26− 0575. 
All the findings were found to match the CZTS nanocrystal thin film 
related study conducted by the others [30][31]. The other weak 
diffraction peaks appeared around at 28.5◦ and 32.9◦ can be attributed 
to the planes of the wurtzite structure of CZTS. There is significant 
similarity in the position of some peaks in the two crystal structures 
(wurtzite and kesterite) [32]. This is largely due to the change in the 
proportion of initial metal salts, and as a result, we can conclude that the 
wurtzite phases are formed, albeit very little [32]. 

3.1.2. FTIR characterizations 
Fourier-transform infrared spectroscopy (FTIR) was used for the 

detailed structural analysis of CZTS nanopowders. The weak peak 
around 1630 cm− 1 shown in Fig. 2 was mainly assigned to NH– vi-
bration. Moreover, broadband containing a double peak in the range 
3200–3400 cm− 1 in the spectrum of CZTS1.0 was observed which was 
fitted to the primary peaks of NH2 and OH– groups. However, in the 
other spectra belonging to CZTS0.8 and CZTS0.9 was only observed a 
broadband containing a peak in the range 3420 cm− 1. Moreover, two 
weak peaks around 2850− 2920 cm− 1 show the existence of C–H 
aliphatic groups. 

3.1.3. Raman Spectra characterizations 
To clarify the composition of the CZTS NPs in more detail, Raman 

spectroscopy measurements were performed. The micro Raman spectra 
of the synthesized CZTS NPs were analyzed in ambient conditions using 
532 nm laser in the range of 150–500 cm− 1 as shown in Fig. S1, in which 
the strongest peak in the range 331–338 cm− 1 and a minor peak at 287 
cm-1 were observed. This is consistent with the reported values for the 
typical kesterite CZTS [31]. Also, the strongest peak at 332 cm− 1 and a 
minor peak at 287 cm− 1 observed in the Raman spectra is compatible 
with those reported in the literature. In the light of obtained Raman 
results, it can be said that all materials are generally in the structure of 
the quaternary kesterite CZTS phase. 

Fig. 1. XRD patterns of the CZTS NPs (CZTS0.8, CZTS0.9, and CZTS1.0).  

Fig. 2. FTIR spectra of CZTS NPs (CZTS0.8, CZTS0.9, and CZTS1.0).  

Fig. 3. (A) UV-DRS of CZTS1.0 NPs and (B) BR18 dye removal efficiency in dark and under UV–vis conditions for the CZTS0.8, CZTS0.9, and CZTS 1.0.  
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3.1.4. SEM images 
Fig. S2A and S2B show the top view FE-SEM image and particle size 

distribution histogram of the CZTS1.0 NPs forming in the ethylenedi-
amine solution. Fig. S2A shows a typical FE-SEM image of the samples 
synthesized with different concentrations of metal precursors. FE-SEM 
image reveals a large quantity of well-dispersed uniform nanoparticles 
with the size in the range of 20− 30 nm (Fig. S2B). It was observed that 
the images and particle sizes obtained for the other two samples 
(CZTS0.8 and CZTS0.9) were mostly the same. 

3.2. Photocatalytic experiments 

3.2.1. Photocatalytic properties of CZTS nanoparticles 
The CZTS1.0 was characterized by UV-DRS (Fig. 3A). The UV-DRS of 

CZTS has only a broad absorption band around 400–600 nm, proving its 
absorption only in the visible wavelength region. The effect of Cu/(Zn +
Sn) prepared with different ratios between 0.8–1.0 was examined for 
determination of photocatalytic activity. Cu/(Zn + Sn) = 0.8, 0.9, 1.0, 
which were named as CZTS 0.8, CZTS 0.9, CZTS 1.0, respectively, was 
tested by BR18 dye removal efficiency under UV–vis light irradiation. 
The results demonstrated that CZTS1.0 configuration enhanced better 
results than CZTS0.8 and CZTS0.9 (Fig. 3B). As the morphology of the 
three samples are quite similar, this difference in efficiency may be 
attributed to the better charge transport in the Zn-rich composition of 
the CZTS nanoparticles. The photocatalytic efficiency was 53.0%, 
70.2%, and 88.0% for CZTS 0.8, CZTS 0.9, and CZTS 1.0, respectively for 
4 h. The difference in dye removal efficiency might be attributed to 
different ratios of CZTS NPs. Table S1 shows a summary of recent studies 
on the photocatalytic degradation of dyes using CZTS NPs. 

The photocatalysis phenomenon is based on the redox reactions that 

take place at the surface of semiconductor materials [33]. The overall 
photocatalytic process involves three major steps:  

i Absorption of light by the semiconductor to generate electron-hole 
pairs,  

ii Charge separation and migration to the surface of the semiconductor 
and  

iii Surface reaction for the water reduction or oxidation reactions. 

Photocatalysis reactions can be presented according to the Eq.s 
(13–18) [34]. 

Semiconductor(photocatalyst) + hν = e−CB + h+VB (13)  

e−CB + h+VB = Energy (Heat) (14)  

e−CB + O2 = O−
2 (Super oxide radicals) (15)  

h+VB + H2O = OH • (Hydroxyl radicals) (16)  

O−
2 + Organic pollutants = Intermediate

= Final products (CO2 + H2O) (17)  

OH • + Organic pollutants = Intermediate

= Final products (CO2 + H2O) (18) 

Possible mechanism of degradation of BR18 dye in the presence of 
CZTS nanoparticles which acts as a catalyst on contact to the Vis light is 
described in Eq.s (19–24) [31]. 

CZTS + hν = CZTS (e−CB + h+VB) (19) 

Fig. 4. The filtration of BR18 dye solution. (A) flux, (B) rejection, (C) Photographs of the permeates (1. Inlet BR18, 2. Bare membrane permeate, 3. CZTS0.25 wt% 
membrane permeate, 4. CZTS0.50 wt% membrane permeate, 5. CZTS1.00 wt% membrane permeate, 6. CZTS2.00 wt% membrane permeate (Experimental con-
ditions: BR18 concentration: 25 mg/L; pressure: 1 bar; filtration time: 60 min). 
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e−CB + O2 = O−
2 (Super oxide radicals) (20)  

h+VB + H2O = OH • + H+ (Hydroxyl radicals) (21)  

O−
2 + H2O = H2O2 (Hydrogen peroxide) (22)  

H2O2 = 2OH• (23)  

OH • + Dye molecules = Intermediates = Degraded products (24)  

3.2.2. Dye separation and photocatalytic cleaning properties of CZTS NPs 
blended membranes 

Fig. 4 shows the dye flux and BR18 dye retention performance of the 
prepared nanocomposite membranes. The steady-state dye fluxes were 
higher than bare PES membrane (Fig. 4A). However, dye fluxes 
decreased from 109 ± 4.3–82 ± 2.3 L/m2/h when CZTS NPs in the 
membrane increased from 0.25 to 2.0 wt.%. The dye flux of bare 
membrane was 66 ± 3.5 L/m2/h. BR18 dye rejection increased from 
89.5–100% when CZTS NPs in the membrane increased from 0.25 to 
2.00 wt.% (Fig. 4B). The dye rejection was only 64.8 ± 3.0% for bare 
membrane. The results clearly showed that CZTS NPs blended in the PES 
membranes improved dye rejection efficiency. The photograps of the 
permeates are shown in Fig. 4C. A more colorless filtrate was obtained 
when the CZTS NPs ratio in the membrane was increased. A complete 
dye removal was obtained for CZTS1.00 wt% and CZTS2.00 wt% 
membranes. CZTS nanoparticles affected positively the filtration per-
formance of BR18 dye solution. The increase in BR18 dye adsorption 
with the increase of CZTS NPs dosage in the PES membrane can be 
attributed to increased adsorbent surface and availability of more 
adsorption sites throughout membrane surface [35]. In addition, elec-
trostatic attraction exists between the negatively charged surface of the 
CZTS NPs and positively charged cationic BR18 dye molecules at pH of 
6.5 [36]. 

Photocatalytic cleaning properties of CZTS NPs blended membrane 
was also investigated. The photographs of bare membranes and CZTS 
NPs-blended membranes exposed to UV–vis light are shown in Fig. S3. 
The surfaces of PES/CZTS2.00 wt% membranes before and after photo- 
cleaning are shown in Fig. S3(A–D). The clean PES/CZTS2.00 wt% 
membrane was shown in Fig. S3A and it was severely fouled after BR18 
dye filtration (Fig. S3B). It can be clearly seen that photo-cleaning 
removed BR18 dye molecules from the membrane surface after 3 h 
exposition of UV–vis light. The color of the membrane was dark-reddish 
after filtration and color turned light pink after 1 h exposition of UV–vis 
light (Fig. S3C). After 3 h exposition, the color turned from light pink to 
pale orange (Fig. S3D). 

3.3. Antimicrobial properties of CZTS nanoparticles 

3.3.1. DPPH scavenging activity 
The DPPH method is a well-known rapid and convenient method, 

which is simply used for the screening of many samples for radical 
scavenging activity. The results of the investigation of antioxidant 
screening revealed that CZTS NPs exhibited a well radical scavenging 
capacity in a dose-dependent manner compared with the standard 
ascorbic acid and Trolox (Fig. 5A). CZTS NPs displayed a minimum of 
31.07 ± 1.34% DPPH scavenging activity at 25 mg/L concentration 
whereas ascorbic acid and Trolox displayed 90.85 ± 5.34 and 91.64 ±
5.68, respectively. However, when the concentration was increased to 
500 mg/L, the NPs exhibited a maximum scavenging activity of 81.80 ±
1.75% while ascorbic acid and Trolox exhibited as 100%. CZTS NPs 
showed 31.07 ± 1.34%, 43.58 ± 1.48%, 56.60 ± 1.21%, 79.17 ± 1.69%, 
and 81.80 ± 1.75% scavenging activity at concentrations of 25, 50, 100, 
250, and 500 mg/L respectively. It was shown that the radical scav-
enging activity of CZTS NPs was concentration dependent. Duman et al. 
synthesized CuO NPs and reported that they exhibited concentration- 
dependent effective antioxidant activity [37]. Merugu et al. synthe-
sized bimetallic Ag/Cu and Cu/Zn NPs and reported that Ag/Cu and 
Cu/Zn NPs exhibited 58% and 40% DPPH radical scavenging activity at 
100 mg/L [38]. Our findings were demonstrated similar radical scav-
enging activities with their findings. 

3.3.2. Metal chelating activity 
Under favorable conditions, reactive oxygen species (ROS) 

constantly occur as by-products throughout the electron transport sys-
tem and other metabolic activities at basal levels, and ROS is produced 
by metal-catalyzed oxidation reactions. The ROS mainly comprise 
singlet oxygen (1O2), hydroxyl radical (OH•), hydrogen peroxide 
(H2O2), and superoxide (•O2

− ). These are harmful and cause extensive 
damage to DNA, protein, and lipids and thereby affect normal cellular 
functioning [39]. However, they are unable to cause damage, as they are 
being scavenged by different antioxidant mechanisms. Transition metals 
(especially Fe(II)) play a crucial role as pro-oxidants of the oxidation 
process, including lipid peroxidation [40]. In addition, oxidative stress 
occurs when excess oxidative free radicals are produced in cells [41]. In 
order to determine the antioxidant capacities of the CZTS NPs ferrozine 
test was applied. Metal chelating activities are presented in Fig. 5B 
compared to standard (EDTA) material. The metal chelating activities 
were found as 30.27 ± 1.98%, 32.32 ± 2.16%, 40.13 ± 2.82%, 54.79 ±
3.09%, and 72.19 ± 4.63% for at concentrations of 25, 50, 100, 250, and 
500 mg/L respectively. The metal chelating activity of the CZTS NPs was 
found to be less than EDTA at the same concentration. However, in light 
of our findings, CZTS NPs can be used as antioxidant agents after further 
researches. 

Fig. 5. (A) DPPH scavenging activity and (B) metal chelating activity.  
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3.3.3. DNA cleavage ability 
The chemical nuclease activities of the CZTS NPs were evaluated by 

using pBR322 plasmid DNA in Tris/Borate/EDTA buffer 37 ◦C. When the 
plasmid DNA is conducted by agarose gel electrophoresis, the super-
coiled circular form (Form I) is observed to migrate relatively faster than 
the nicked circular form (Form II) and linear form (Form III). Gel elec-
trophoretic separation image of pBR322 DNA treated with the concen-
tration of 250 μg/mL and 500 μg/mL CZTS NPs is presented in Fig. 6. 
Obtained results showed that CZTS NPs were exhibited chemical 
nuclease activity, whereas untreated DNA did not exhibit cleavage ac-
tivity in Lane 3. CZTS NPs showed single strand cleaved DNA activity at 
250 μg/mL while they showed double-strand cleaved DNA activity at 
500 μg/mL concentration (Lane 1 and Lane 2). Similar to our results, 
Duman et al. [37] reported that when CuO NPs interacted with plasmid 
DNA, the supercoiled circular form was broken and the intensity of the 
nicked circular form increased. Bazrafshan et al. [42] investigated the 
interaction of ZnO nanorods with DNA molecules and they reported that 
ZnO nanorods caused DNA damage. The results attribute to DNA cleave 
demonstrate their ability to inhibits the growth of the pathogenic 
microorganism by cleaving their genome [43]. 

3.3.4. Antimicrobial activity 
In vitro anti-bacterial and anti-fungal properties of CZTS NPs were 

investigated against six bacterial and one fungal strains. The MIC values 

in μg/mL were determined and the results are presented in Table 2. CZTS 
NPs were exhibited MIC values of 512,128, 256, 256,128,128 and 256 
μg/mL against Escherichia coli, Bacillus cereus, Staphylococcus aureus, 
Enterococcus hirae, Pseudomonas aeruginosa, Legionella pneumophila 
subsp. pneumophila, Candida albicans, respectively. The results of the 
study showed that CZTS NPs were exhibited moderate activity against 
tested microorganisms except for Escherichia coli. Escherichia coli. was 
found to be the most resistant bacteria to CZTS NPs. Merugu et al. [38] 
synthesized and characterized Ag/Cu and Cu/Zn NPs and reported that 
they were inhibited the growth of Alcaligenes faecalis, Klebsiella pneu-
moniae, Citrobacter freundii, Staphylococcus aureus and Clostridium per-
fringens. Carbone et al. [44] indicated that Cu/Zn mixed oxide NPs 
effectively inhibited Escherichia coli. Saedi et al. [45] synthesized sulfur 
NPs and reported that sulfur NPs were inhibited the growth of Staphy-
lococcus aureus, Aspergillus flavus, Listeria monocytogenes and Candida 
albicans. They also reported that the sulfur NPs did not inhibit the 
growth of Escherichia coli with MIC value of 1024 μg/mL. Our results 
displayed more effective antimicrobial activities than their findings. The 
main antimicrobial mechanism of NPs is to destroy the structure of the 
microorganism cell membrane, release NPs and produce ROS to damage 
intracellular structures as well as modulate signal transduction path-
ways of microorganisms. The different results obtained in antimicrobial 
studies can be attributed to this mechanism and also DNA cleavage 
abilities of CZTS NPs. 

3.3.5. Biofilm inhibition activity 
The biofilm-forming activity of Staphylococcus aureus is recognized as 

a major cause of persistent human infections and plays an important role 
in increasing antibiotic resistance. For this reason, attacking biofilms is 
an alternative way recommended to combat bacterial infections [46,47]. 
Thanks to advances in nanotechnology, new antimicrobial agents have 
been developed in recent years. Nanomaterials have a wider germicidal 
range than antibiotics and even showed responses against a variety of 
cell types [48]. For these reasons, the anti-biofilm effect of CZTS NPs at 
50, 100, 250, and 500 mg/L concentration against the Staphylococcus 
aureus biofilm formed on polystyrene microplates was tested by 
screening the population of viable cells. The obtained result is presented 
in Fig. 7. CZTS NPs provided 60.66 ± 3.45%, 88.29 ± 4.78%, 89.28 ±
5.06%, and 92.15 ± 5.67% reduction in biofilm formation by Staphy-
lococcus aureus at concentrations of 50, 150, 250, and 500 mg/L 
respectively. The inhibition of biofilm formation may be due to ROS 
production. Miao et al. [49] reported that CuO NPs inhibit biofilm for-
mation by negatively affecting the physiological and ecological aspects 
of the microorganisms in biofilms. Applerot et al. [50] and Dwivedi et al. 
[51] reported that ZnO NPs showed important inhibition in biofilm 
formation. Their studies were also explained that the ROS formation is 
the major reason for antibiofilm activity. The metal nanoparticles come 
into contact with bacteria, they induce a significant rise of ROS. This 
stress leads to killing the bacteria. The results of this study reveal that 

Fig. 6. DNA cleavage activity of CZTS. Lane 1) pBR 322 DNA +250 μg/mL 
CZTS, Lane 2) pBR 322 DNA +500 μg/mL of CZTS, Lane 3) pBR 322 DNA. 

Table 2 
The minimum inhibition concentration (MIC) of test 
microorganisms.  

Microorganisms CZTS 

E. coli 512 
B. cereus 128 
S. aureus 256 
E. hirae 256 
P. aeruginosa 128 
L. pneumophila subsp. pneumophila 128 
C. albicans 256  

Fig. 7. Biofilm inhibition activity.  
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Fig. 8. Surface SEM of nanocomposite membranes in different loading CZTS NPs (A and B: top surface and cross-section of bare membrane; C and D: top surface and 
cross-section of CZTS 0.25 wt%; E and F: top surface and cross-section of CZTS 0.50 wt%; G and H: top surface and cross-section of CZTS 1.00 wt%; I and J: top 
surface and cross-section of CZTS 2.00 wt%). 
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CZTS NPs can be investigated as a potential antibiofilm agent after 
further studies. 

3.4. Characterization of CZTS NPs-blended PES membranes 

Fig. 8 shows the surface and cross-section SEM micrographs of the 
prepared membranes. All nanocomposite membranes showed an 
agglomeration on the surface of membranes. The agglomeration of 
nanoparticles on the structure of nanocomposite membranes increased 
with the increasing of CZTS nanoparticle concentration. Cross section 
structure of nanocomposite membranes remained unchanged and 
finger-like structure was obtained for all membranes. Fig. S4, which 
shows the surface EDX spectra of the bare and nanocomposite mem-
branes, proved that the CZTS nanoparticles were within the structure of 
PES nanocomposite membranes. The EDX spectra of bare PES membrane 
showed the elementary components was composed of C, O, and S. In 
addition to C, O, S elements found in bare membrane, the EDX elemental 
spectra of all the nanocomposite membranes further confirmed the 
presence of Cu, Zn, and Sn, which proved CZTS NPs was within the 
membrane structure. Regarding these captured micrographs, no struc-
tural flaw (defects and brittleness) was observed on the surface of the 
prepared nanocomposite membranes. 

The overall porosity, mean pore size and contact angle of the pre-
pared membranes are presented in Table 3. The porosity and contact 
angle of the nanocomposite membranes decreased after blended of CZTS 
NPs. However, mean pore radius increased compared to bare 
membrane. 

3.5. Membrane performance 

3.5.1. Pure water flux 
The dead-end technique was used to investigate the flux and rejec-

tion performance of prepared nanocomposite membranes, and the ob-
tained results were illustrated in Fig. 9. As can be seen from Fig. 9A, the 
pure water flux of all nanocomposite membranes increased from the 
bare PES to PES/CZTS 1.0 wt%. Such flux enhancements could be 
described by both the desired distribution of CZTS NPs in the matrix of 
membrane and enhancement of the hydrophilicity and mean pore size of 
the nanocomposite membranes [52]. A decrease in the flux of PES/CZTS 
2.0 wt% membrane could be explained as the agglomeration of CZTS 
NPs in the structure of nanocomposite membranes and clogging the 
pores of the smaller pore-nanocomposite membrane. Bare PES mem-
brane supplied the lowest BSA flux (20.1 ± 3.2 L/m2/h) (Fig. 9B). The 
BSA flux increased from 25.1 ± 3.5–73.8 ± 9.8 L/m2/h when CZTS 
concentration increased from 0.25 to 2.00 wt.%. Furthermore, the 
rejection capability of the membranes towards BSA was investigated 
(Fig. 9C). An increase of the BSA rejection of PES/CZTS 1.0 wt% and 
PES/CZTS2.0 wt% membranes could be explained as both the smaller 
pore size and the higher hydrophilicity of the membranes compared to 
the PES/CZTS 0.25 wt% and PES/CZTS 0.50 wt% membranes. 

3.5.2. Antifouling performance 
The antifouling performance of membranes during the filtration 

process was also investigated by calculating of reversible fouling ratio 
(Rr), irreversible ratio (Rir), and total fouling ratio (Rt) depending on 

Table 3 
Porosity, mean pore size, and contact angle of CZTS-blended composite 
membranes.  

Membrane type Porosity (%) Mean pore radius (nm) Contact angle (◦) 

Bare PES 66.6 ± 1.0 34.6 ± 0.25 73.4 ± 0.4 
CZTS 0.25 wt% 65.8 ± 1.8 36.1 ± 0.19 69.2 ± 0.5 
CZTS 0.50 wt% 62.4 ± 0.9 37.5 ± 0.14 66.4 ± 0.3 
CZTS 1.00 wt% 61.6 ± 1.5 36.5 ± 0.32 66.2 ± 0.3 
CZTS 2.00 wt% 58.1 ± 0.6 34.9 ± 0.09 68.9 ± 0.5  

Fig. 9. The performance of CZTS NPs-blended nanocomposite membranes; (A) pure water flux, (B) BSA solution flux, and (C) BSA rejection.  
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fluxes data. As given in Fig. 10A, Rt value of the bare PES membrane has 
the highest at 84.9%, indicating serious flux decline caused by BSA 
fouling. In comparison to bare PES membrane, the Rt values of the 
nanocomposite membranes (CZTS0.25, CZTS0.50, CZTS1.00, and 
CZTS2.00 wt.%) decrease to 82.6%, 82.8%, 72.5%, and 67.9%, respec-
tively. Moreover, the results depicted that Rir values increased while Rr 
values decreased after the blending of CZTS NPs (Fig. 10A). Further-
more, the flux recovery rate (FRR) and Rr/Rir ratios of the membranes 
were shown in Fig. 10B. The increase of Rr/Rir ratio approves that the 
irreversible membrane fouling is converted into reversible membrane 
fouling in the filtration process [53]. In another word, the irreversible 
BSA fouling in the membrane pores is inhibited due to the incorporation 
of CZTS NPs. Rr/Rir ratio increased from 0.72 for bare PES membrane to 
9.41 for CZTS 2.00 wt.% membrane. It can be explained as the formed 
hydration layer near the membrane surface can reduce the interaction 
force between the membrane surface and partially hydrophobic BSA 
molecules, leading to the prevention of irreversible BSA adsorption [54]. 
The nanocomposite membranes exhibited a higher flux recovery than 
the bare PES membrane. Incorporation of CZTS nanoparticles enhanced 
BSA fouling resistance during the filtration process and FRR values 
increased from 50.7% for bare PES membrane to 93.5% for CZTS 2.00 
wt.% membrane. Xiang et al. [55] prepared ionic-strength-sensitive 
membrane via in situ cross-linked polymerization of sulfobetaine 
methacrylate (SBMA) in polyethersulfone (PES) solution and a liquid-
–liquid phase separation technique to improve anti-fouling property and 
blood compatibility. The results showed that the anti-fouling property 
and blood compatibility were considerably improved with the increase 
of the PSBMA content in the membrane [55]. 

4. Conclusions 

A novel PES nanocomposite membrane incorporated with copper 
zinc tin sulfide nanoparticles (CZTS NPs) was prepared through the 
phase inversion method. First, CZTS NPs was synthesized as well as 
characterizated and molar ratio was optimized from 0.8 to 1.0 con-
taining different copper and zinc ratios. The CZTS kesterite phase was 
evidenced through XRD patterns, outlining a unique peak at 2θ = 28.5◦

and 47.3◦. CZTS1.0 sample exhibited Zn-rich composition which 
improved charge transfer in the heterostructure. Second, BR18 cationic 
azo dye removal efficiency of three heterostructures CZTS-type nano-
particles (CZTS0.8, CZTS0.9, CZTS1.0) was investigated as a photo-
catalyst. 88.0% degradation of BR18 dye was obtained after 3 h of 
irradiation under visible light radiation. No catalyst deactivation was 
observed after three cycles. This property was used for photo-cleaning of 
the nanocomposite membranes. CZTS NPs protected the surface of the 
nanocomposite membranes from dye contamination under visible light 
irridation. Third, CZTS NPs displayed effective and concentration- 
dependent antioxidant activity. Besides, it was determined that CZTS 

NPs were effective nuclease activity. The NPs exhibited their high 
antimicrobial activities against Bacillus cereus, Pseudomonas aeruginosa, 
Legionella pneumophila subsp. pneumophila. In addition to these, they 
indicated significant biofilm inhibition against Staphylococcus aureus. 
Results from the studies suggest that CZTS NPs can be useful material for 
biotechnological applications. The results also depicted that the nano-
composite membranes illustrated remarkable antifouling properties 
(flux recovery ratio ~94%) in contrast with the bare PES (flux recovery 
ratio ~51%) when BSA was filtrated as a model protein. The high 
retention of BSA (100%) as well as high permeation flux (73.8 ± 9.8 L/ 
m2/h) of the CZTS2.00 wt% membrane demonstrated that the con-
structed nanocomposite membrane possessed the characteristics of a 
promising membrane for removal of proteins from the protein-rich 
solution. 
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