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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Graphitic carbon nitride (g-C3N4) nano-
particles were prepared and embedded 
into PES membrane. 

• g-C3N4 improved the antifouling and 
separation performance of the compos-
ite membrane. 

• The single-strand DNA cleavage activ-
ities occurred at all tested concentra-
tions antioxidant. 

• g-C3N4 exhibited significant antibiofilm 
activity on E. coli vitality as 98.9% at 
1000 mg/L.  
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A B S T R A C T   

This study aims to investigate the modification of polyethersulphone (PES) membrane with graphitic carbon 
nitride (g-C3N4) nanosheets for improving the antifouling and separation performance. The nanocomposite 
membranes were fabricated with blending of different g-C3N4 nanosheets (0.50, 1.00, and 2.00 wt%) into PES 
and they were synthesized by the phase inversion method. The fabricated g-C3N4 nanosheets and composite 
membranes were analyzed for their morphology. Scanning electron microscopy (SEM) with Energy Dispersive X- 
Ray Analysis (EDX) mapping were used to detect the distribution of g-C3N4 nanosheets on membrane surface, 
whereas surface roughness of membrane was evaluated by atomic force microscopy (AFM). The composite 
membrane surface was found to be hydrophilic (67.54◦), while the water flux of the composite membrane was 
found to be 254.8 L/m2/h for 2.00 wt% g-C3N4/PES membrane. The bovine serum albumin (BSA) separation 
tests indicated that the composite membrane supplied 98.5% BSA rejection ratio. Moreover, a significant 
improvement in antifouling characteristics were verified from BSA filtration experiments. g-C3N4 was also 
investigated for some of its biological properties such as antioxidant, antimicrobial, DNA cleavage, biofilm in-
hibition, and bacterial viability effect. g-C3N4 showed good free radical scavenging activity and moderate 
chelating activity at 500 mg/L. It was also determined that single-strand DNA cleavage activities occurred at all 
tested concentrations. g-C3N4 exhibited significant antibiofilm activity and inhibitory effects on E. coli vitality as 
90.9%, 97.1%, and 98.9% at 250, 500, and 1000 mg/L, respectively. This study provides a simple and useful 
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guideline to create a UF membrane resistant against organic fouling and expand its practical applications for 
wastewater treatment.   

1. Introduction 

In recent years, nanocomposite materials with the rapid develop-
ment of science are mostly preferred because of their very good physical, 
chemical, and antibacterial properties to prevent environmental pollu-
tion and to improve catalytic reactions [1]. Over the last few decades, 
the application of nanotechnology, particularly the use of nanosheets for 
drug delivery, cancer therapy, water splitting, humidity sensing has 
generated a significant impact on scientific solicitations [2–4]. Signifi-
cant researches continue today on new nanomaterials which have 
environmentally friendly, inexpensive, and low toxicity [5]. Addition-
ally, researchers are turning to alternative semiconductors and 
carbon-based nanomaterials pioneered by these properties. Graphitic 
carbon nitride (g-C3N4), as a two-dimensional conjugated polymer is a 
notable metal-free, new carbon-based material that has attracted sig-
nificant attention [6,7]. g-C3N4 is mainly composed of C and N, and 
therefore it is in general environmentally friendly. Moreover, g-C3N4 has 
received immense attention due to its excellent biocompatibility, 
tunable photoluminescence behavior, and ease of heterogeneity in mo-
lecular aspect or surface functional groups [8–12]. g-C3N4 does not 
contain metal, it is lightweight and very stable in ambient conditions. 
Compared to graphene-based derivatives, g-C3N4 as a typical metal-free 
polymeric semiconductor has unique advantages such as simple prepa-
ration procedure, excellent physicochemical stability properties. g-C3N4 
can be used in many photocatalytic applications, such as degradation of 
pollutants in water [13,14], CO2 reduction [15,16], and water splitting 
[17,18]. These reasons make g-C3N4 stand out as an ideal material that 
can be used in priority areas such as the environment and energy. 

One of the applications of g-C3N4 in the environmental field is 
membrane processes. Over the last two decades, the membrane pro-
cesses have been used extensively to provide high-quality water for 
domestic and industrial demands [19–21]. Membrane processes are 
widely used as low-cost and energy-saving methods with the increasing 
need for clean water. Membrane technologies are gaining attention as a 
viable way to treat wastewater and reuse applications as an alternative 
to traditional wastewater treatment technologies [22,23]. However, 
membrane fouling is still one of the most outstanding problems [24,25]. 
The use of g-C3N4 in membrane applications has added a new vitality to 
the development of effective membranes due to its unique chemical 
stability, porous properties, and high stability [26,27]. Kolesnyk et al. 
prepared the PVDF membrane modified with g-C3N4 in order to generate 
photocatalytic properties under visible light irradiation [28]. Modified 
membranes showed ten times higher Rhodamine 6G adsorption rate 
compared to Rhodamine B. High rejection efficiency of Rhodamine B 
(96%) and Rhodamine 6G (94%) was obtained by PVDF-g-C3N4 mem-
branes with high stability and reusability in process of dyes ultrafiltra-
tion. Therefore, g-C3N4 can be widely used to form various functional 
membranes to meet different separation demands. Besides these positive 
properties, PES is a hydrophobic material that makes the membrane 
surface prone to contamination. Therefore, blending composite nano-
sheets into the membranes is often used to reduce membrane fouling and 
to improve membrane performance in terms of flux and selectivity 
[29–31]. For this reason, the preparation of new and specific 
organic-inorganic composite membranes has been of great interest in 
recent years. Moreover, the modified membrane properties such as 
thermal and chemical resistance, separation performance, and protec-
tion against harsh conditions can improve with the blending of nano-
sheets [32–34]. 

In this study, we aimed to modify PES membrane with g-C3N4 
nanocomposite to improve antifouling and permeability performance of 
the membrane. Synthesized g-C3N4 nanosheets were characterized by X- 

ray powder diffraction (XRD) and scanning electron microscopy (SEM). 
The nanocomposite membranes that were fabricated by the non-solvent 
induced phase separation (NIPS) method were analyzed by scanning 
electron microscopy (SEM), atomic force microscopy (AFM), porosity, 
and contact angle. Moreover, the performances of the membranes were 
tested regarding the pure water flux, BSA flux, flux recovery rate, fouling 
resistance, and BSA rejection. In addition, antioxidant, antimicrobial, 
DNA cleavage, cell vitality, and biofilm inhibition activities of g-C3N4 
nanocomposite were also investigated. 

2. Materials and methods 

2.1. Materials 

Urea (Ph.Eur., > 99.5%) and nitric acid (HNO3, 55–57%) were 
supplied from Sigma-Aldrich. Polyethersulfone (PES Ultrason E6020P, 
Mw: 58,000 g/mol) was kindly provided from BASF Company (Ger-
many). Dimethyl Sulfoxide (DMSO) and bovine serum albumin (BSA, 
Mw: 66,000 g/mol) were purchased by Merck Company (Germany). 
Distilled water used in all experiments was obtained from a two-stage 
Millipore Direct-Q3UV purification system. 

2.2. Synthesis of g-C3N4 

In a typical one-step synthesis, the g-C3N4 was prepared by directly 
heating urea in a furnace. 10 g of urea was put into an alumina crucible 
with a cover and calcinated at 580 ◦C for 3 h with a heating rate of 5 ◦C/ 
min. After the thermal treatment, the crude product was purified with 
0.1 M HNO3 solution, washed with distilled water, and then dried at 
70 ◦C for overnight [35]. 

2.3. Preparation of g-C3N4-blended PES membranes 

The phase inversion method was used to prepare pristine and g-C3N4- 
blended PES membranes. A detailed description of the membrane 
preparation procedure has been published elsewhere [36,37]. The 
composition of the casting solution is given in Table 1. 

2.4. Biological properties of g-C3N4 

2.4.1. DPPH scavenging activity 
The antioxidant capacity of g-C3N4, based on the scavenging of stable 

2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical, was determined by 
the method as reported by Blois [38]. Different concentrations of g-C3N4 
in DMSO and reference standards (ascorbic acid and Trolox) (25–500 
mg/L) were added to a methanol solution of DPPH in test tubes. The 
tubes mixed vigorously and then these tubes were incubated at 25 ◦C in 
dark for 30 min. Absorbance was then recorded at 517 nm. Methanol 
was used as a blank sample. The percentage of inhibition activity was 
calculated using the following Eq. (1): 

Capacity
(

%
)

=

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100 (1) 

Table 1 
The composition of the casting solution.  

Membrane PES (wt%) DMSO (wt%) g-C3N4 (wt%) 

Pristine PES  14  86.00  0.00 
0.50 wt% g-C3N4/PES  14  85.50  0.50 
1.00 wt% g-C3N4/PES  14  85.00  1.00 
2.00 wt% g-C3N4/PES  14  84.00  2.00  
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2.4.2. Metal chelating activity 
The Fe2+ chelating ability of g-C3N4 was tested by measuring the 

formation of the Fe2+-ferrozine complex [39]. Various concentrations 
(25–500 mg/L) of g-C3N4 in DMSO and also EDTA were put into test 
tubes. Iron (II) chloride (2 mM, 0.05 mL) was added to each tube. Then, 
ferrozine (5 mM, 0.1 mL) was added to start the reaction, and tubes 
were shaken vigorously. After 10 min incubation, the absorbance was 
measured using a spectrophotometer at 562 nm. The percentage of in-
hibition of Fe2+-ferrozine complex formation was calculated based on 
Eq. (2). 

Metal Chelating Effect
(

%
)

=

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100

(2)  

2.4.3. Cleavage activity 
The cleavage activity of g-C3N4 was investigated using pBR322 

supercoiled plasmid DNA (Form I) as a substrate in a medium of 50 Tris- 
HCl/NaCl buffer (pH 7.4). Reactions were carried out for 2 h at 37 ◦C in 
20 μL (total volume) of 50 μM Tris-HCl/NaCl buffer, containing pBR322 
supercoiled DNA and various concentrations of g-C3N4. The DNA 
cleavage fragment was analyzed for 1 h at 80 V in Tris/Borate/EDTA 
buffer by agarose gel electrophoresis. After that, the gels were illumi-
nated with UV light and then photographed. 

2.4.4. Antimicrobial activity 
The antibacterial effect of the g-C3N4 was explored against Pseudo-

monas aeruginosa (ATCC 9027), Legionella pneumophila subsp. pneumo-
phila (ATCC 33152), Escherichia coli (ATCC 10536), Bacillus cereus, 
Enterococcus hirae (ATCC 10541), and Staphylococcus aureus (ATCC 
6538). Also, the antifungal effect was tested against Candida albicans. 
The minimum inhibitory concentrations (MICs) of the g-C3N4 were 
evaluated by the standard broth microdilution method. All the microbial 
cultures were available in our laboratory. To activate the microorgan-
isms, cells were inoculated in nutrient broth (NB) and cultured for 1 day 
in a constant shaker at 37 ◦C. After cultivation, the test microorganisms 
were diluted with broth to reach a concentration of 108-109 CFU/mL and 
inoculated in a medium containing various concentrations of g-C3N4. 
These culture media in 96 well microplates were incubated at 37 ◦C for 
1 day in a shaker. For the determination of MIC values, the microplates 
were read at 600 nm using a microplate reader. 

2.4.5. Bacterial viability inhibition test 
E. coli (ATCC 10536) was inoculated in NB liquid medium for 24 h at 

37 ◦C and 120 rpm in a shaker. After incubation bacterial cell was 
harvested at 5000 rpm for 5 min by using a centrifuge. The residues 
medium was removed by cleaning the bacterial cell pellet with sterile 
NaCl solution (0.85% (wt/vol)). The cleaned bacterial cell pellet was 
suspended in 10 mL of NaCl solution. This solution was performed for 
the cell viability process. The bacterial cell pellet was treated with sol-
vent and various concentrations of g-C3N4. The same procedure was also 
applied with the control group which was not contained solvent and g- 
C3N4. They were incubated for 45 min. After that, they were diluted 
with NaCl and inoculated in a petri dish, and left to incubate at 37 ◦C for 
24 h, and then the colonies were counted and the cell viability inhibition 
calculated using Eq. (3). 

Cell Viability Inhibition (%) =

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100

(3) 

Acontrol and Asample are the number of colonies of the control group 
and g-C3N4 on agar plate, respectively. 

2.4.6. Biofilm inhibition effect 
The biofilm inhibitory capacity of g-C3N4 was investigated by the 

following procedure: S. aureus (about 108-109 CFU/mL) were inoculated 
into the wells containing various concentrations of g-C3N4 and NB. 
These suspensions were incubated in an oven for 3 days at 37 ◦C. Then, 
the cells and broth were poured from plate wells. The remaining 
adherent cells into the wells were washed gently 2 times with distilled 
water. The plates were left to be dried for 1 h at 80 ◦C and then crystal 
violet was added to stain the biofilms. After 1 h, the crystal violet was 
removed, and the wells were washed 2 times with distilled water. Af-
terward, ethanol was used to dissolve the crystal violet and the mea-
surement was done using a spectrophotometer at 595 nm. Biofilm 
inhibition ability of g-C3N4 was calculated according to the following 
Eq. (4). The wells with no containing g-C3N4 were used as a control. 

Biofilm Inhibition
(

%
)

=

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100 (4)  

2.5. Characterizations methods 

Powder XRD patterns were recorded on an X-Ray diffractometer 
(Bruker AXS D8 Advance) to analyze the crystal structures of the sam-
ples. The morphology of the prepared materials was characterized by 
scanning electron microscopy (SEM, ZEİSS/EVO40) and atomic force 
microscopy (AFM, Park System XE100). AFM images and surface 
roughness of modified PES membranes were examined by the park 
system XEI data processing and analysis program. The scanned area on 
each sample surface was determined as 5 µm × 5 µm and scanning were 
performed using the non-contact mode. Water contact angle measure-
ment was carried out using a goniometer (Attension Theta Lite) to 
characterize the surface hydrophilicity of the prepared membranes. 

The overall porosity (ε) was calculated by the gravimetric method. 
The liquid entry pressure (LEP) was measured using the porometer 
previously described [40]. 

2.6. Protein rejection experiments of the membranes 

The performance of the prepared membranes was investigated using 
a dead-end filtration system (Sterlitech, HP4750 Stirred Cell) with a cell 
capacity of 300 mL and membrane effective area of 14.6 cm2. After 
compaction of the membranes at 10 bar for 30 min, pure water flux was 
measured for 30 min at the operating pressure of 3 bar at room 
temperature. 

The pure water flux, Jw,1 (L/m2h), was calculated using Eq. (5). 

J =
V

A × Δt
(5)  

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 dead-end cell was filled with 250 mg/L of BSA solution after 
30 min filtration of deionized water. Phosphate Buffer Solution (PBS, 
50 mM, pH 7.4 ± 0.1) was used to prepare BSA solution which was 
filtrated at 3 bar and BSA permeation (Jp, L/m2h) was measured for 
120 min to investigate the antifouling properties of the prepared 
membranes. After this step, the BSA-contaminated membranes were 
gently cleaned in deionized water using a sponge and pure water flux 
after rinsing (Jw,2, L/m2h) was measured at 3 bar for 10 min 

The protein concentration of the feed (Cf) and the permeate (Cp) was 
measured at the wavelengths of 660 nm according to the Lowry method 
[41]. The rejection of BSA was calculated using Eq. (6). 

R
(

%
)

=

(

1 −
Cp

Cf

)

× 100 (6)  

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

Total fouling ratio (Rt), reversible fouling ratio (Rr) which was 
resulted from the concentration polarization near the membrane 
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surface, and irreversible fouling ratio (Rir) which was resulted from 
adsorption/desorption of the BSA molecules on the membrane surface 
were calculated using Eqs. (7)–(9), respectively. Flux recovery ratio 
(FRR) was also calculated using Eq. (10). 

Rt

(

%
)

=

(

1 −
Jp

Jw,1

)

× 100 (7)  

Rr

(

%
)

=

(
Jw,2 − Jp

Jw,1

)

× 100 (8)  

Rir

(

%
)

=

(
Jw,1 − Jw,2

Jw,1

)

× 100 (9)  

FRR
(

%
)

=

(
Jw2

Jw1

)

× 100 (10)  

3. Results and discussion 

3.1. Characterization of g-C3N4 nanosheets 

The crystal structure of thermal condensation of the nitric acid- 
treated urea was also monitored by using powder XRD analysis.  
Fig. 1A shows the XRD patterns of g-C3N4 nanosheets synthesized at 
580 ◦C. The characteristic strong peak at 27.5◦ and weak one 22◦ of g- 
C3N4 (JCPDS card no. 14-0801) were observed. This strong peak cor-
responding to an interlayer distance of d = 0.342 nm similar to the 
plane of the graphitic carbon nitride. The strongest peak matches the 
predicted diffraction of g-C3N4 at the very similar to the XRD patterns 
reported in the previous works [42]. All these peaks correspond to a 
material with a low degree of crystallinity. 

The morphology of the SEM images are shown in Fig. 1B. The 
nanosheets synthesized by direct heating urea and acid treatment 
illustrated an irregular structure with typical layered and stacked 
structures. The thickness of the g-C3N4 multilayer was determined be-
tween 50 and 200 nm from the SEM image. Moreover, it could be easily 
seen from the SEM image of the g-C3N4 multilayer roughness’s were 
caused by the irregular and protruding boundaries of the overlapping 
graphitic carbon nitride layers. 

3.2. Characterization of the g-C3N4 nanosheets blended membranes 

The morphological SEM images and elemental analyses of pristine 
PES and modified with g-C3N4 nanosheets membranes are shown in  
Fig. 2 and Fig. 3. The pristine membrane showed a nearly smooth sur-
face (Fig. 2A). However, it can be clearly seen from the SEM images 
(Fig. 2B–D), g-C3N4 nanosheets formed in a certain orientation, and 

covered all surface of the PES membranes in a very regular formation. 
The surface roughness of the PES membranes was determined to in-
crease proportionally to the amount of g-C3N4 nanosheets. The presence 
of the g-C3N4 nanosheets and elemental analyses of the PES membranes 
was characterized using the EDX method (Fig. 3). While the PES mem-
brane contains only carbon (C), oxygen (O), and sulfur (S) elements in its 
content, the presence of nitrogen (N) on the PES membrane surface in-
dicates that graphene has been successfully blended to the PES 
membrane. 

AFM was used to characterize the surface roughness of different 
amounts of g-C3N4 nanosheets blended membranes. The average of the 
surface roughness (Ra) analyses was calculated as the standard deviation 
of all the height values within the given area. Fig. 4 shows two and three- 
dimensional AFM images of g-C3N4 blended composite membranes.  
Table 2 shows the values of the root mean square roughness (Rq), the 
average roughness (Ra), and the mean roughness depth (Rz) of various 
membranes. 

The overall porosity and mean pore size of the prepared membranes 
are presented in Table 3. The porosity of the composite membranes was 
higher than that of the pristine PES membrane. Carbon and oxygen 
groups in g-C3N4 nanosheets might have affected thermodynamic and 
kinetic parameters which were influenced the structure of the composite 
membranes during the phase inversion process. The bigger pore sizes 
were obtained for the composite membranes after the addition of g-C3N4 
nanosheets. The calculated pore size increased from 17.03 ± 0.45 nm to 
27.03 ± 0.53 nm when blended g-C3N4 nanosheets increased from 0 to 
2.00 wt%. The blending of g-C3N4 nanosheets into the PES membrane 
increased the hydrophilicity of the pristine membrane (from 
75.42 ± 0.56◦ to 67.54 ± 0.36◦). Zheng et al. reported that modified 
PVDF UF membranes exhibited the remarkable hydrophilicity (38.2◦) 
when dopamine (10 mg), halloysite nanotubes (120 mg), and 3-amino-
propyltriethoxysilane (40 mg) were incorporated to PVDF membrane. 
The modified membrane supplied a pure water flux of 291.9 L/m2/h and 
BSA rejection ratio of 92.0%, which were both higher than the pristine 
membrane. The improvement of membrane hydrophilicity was related 
to the synergism of dopamine and halloysite nanotubes [43]. In our 
study, the addition of g-C3N4 nanosheets incorporated on the membrane 
surface caused to form a new hydrophilic separation layer. Therefore, 
higher water and BSA fluxes were obtained with the improvement of 
hydrophilicity. At the same time, the new hydrophilic separation layer 
prevented the filtration of BSA molecules and increased BSA rejection. 
Hence, g-C3N4 nanosheets created a water layer on the membrane sur-
face and this layer protected to reach BSA molecules easily on the 
membrane surface during the filtration of BSA solution. The water layer 
behaved like a protective barrier between BSA molecules and membrane 
surface, which decreased the adsorption and accumulation of BSA and 
increased the antifouling properties [43]. 

Fig. 1. (A) Typical XRD pattern and (B) SEM image of the prepared g-C3N4 nanosheets.  
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3.3. Membrane performance 

3.3.1. Flux and rejection performance 
The flux and rejection performance of prepared composite mem-

branes are illustrated in Fig. 5. As can be seen from Fig. 5A, the pure 
water flux of the composite membranes increased from the pristine PES 
to 2.00 wt% g-C3N4/PES. An increase in the flux from 133.5 ± 9.5 L/ 
m2/h (for pristine membrane) to 254.8 ± 7.3 L/m2/h (for 2.00 wt% g- 
C3N4/PES membrane) could be explained as the hydrophilicity of g- 
C3N4 nanosheets in the structure of composite membranes. This result is 
consistent with the calculated contact angle which decreased from 
75.42 ± 0.56◦ to 67.54 ± 0.36◦ (Table 3). However, BSA fluxes were 
38.8 ± 0.9, 40.6 ± 1.0, and 48.5 ± 1.2 L/m2/h for pristine, 0.50 wt% g- 
C3N4/PES, and 1.00 wt% g-C3N4/PES membranes, respectively. How-
ever, 2.00 wt% g-C3N4/PES membrane supplied the lowest BSA flux 
(42.4 ± 0.7 L/m2/h) but it is still higher than the pristine membrane 
(Fig. 5B). The BSA rejection capability of the membranes was also 
investigated (Fig. 5C). BSA rejection efficiencies increased from 
45.5 ± 1.8% to 98.5 ± 1.5% when blended g-C3N4 nanosheets increased 
from 0 to 2.00 wt%. Both the smaller pore size and the higher hydro-
philicity of the composite membranes caused to increase in the BSA 
rejection. Zheng et al. prepared high-performing composite PVDF 
membranes based on dopamine-functionalized graphene oxide (DGO) 
nanosheets incorporated two-dimensional MXene (Ti3C2Tx) nanosheets 
for water purification. They reported that water molecules permeated 
along the nanochannels between the interlayer of DGO and MXene 
nanosheets [44]. Similar to their results, we can conclude in our study 
that both physical sieving and electrostatic interaction had positive ef-
fects on removal of BSA using g-C3N4 nanosheets composite membranes. 

3.3.2. Antifouling performance 
Antifouling performance of the membranes were investigated by 

calculation of fouling ratios. Rt value of the pristine PES membrane has 
70.9%. However, the Rt values of the composite membranes (0.50 wt% 
g-C3N4/PES, 1.00 wt% g-C3N4/PES, and 2.00 wt% g-C3N4/PES) increase 

to 70.5%, 80.4%, and 83.3%, respectively. The results depicted that Rr 
values increased while Rir values decreased after the blending of g-C3N4 
(Fig. 6A). The FRR and Rr/Rir ratios of the membranes are shown in 
Fig. 6B. Rr/Rir ratio increased from 0.49 for pristine PES membrane to 
5.10 for 2.00 wt% g-C3N4/PES membrane. The increase of Rr/Rir ratio 
can be attributed to converting off the irreversible membrane fouling 
into reversible membrane fouling. In another word, incorporation of g- 
C3N4 nanosheets into the PES membrane prevented irreversible BSA 
fouling in the membrane pores. Moreover, FRR values increased from 
52.4% for pristine PES membrane to 86.3% for 2.00 wt% g-C3N4/PES 
membrane after incorporation of g-C3N4 nanosheets. 

3.4. Antioxidant activity of g-C3N4 nanosheets 

3.4.1. DPPH scavenging activity 
To test the anti-radical activity of various compounds, the DPPH 

radical scavenging assay is widely used as a basic screening method. 
This method is based on the measurement of the capacity of antioxidants 
to scavenge stable radical DPPH in a short time [45,46]. The percentage 
radical scavenging capacity of g-C3N4 compared with ascorbic acid and 
Trolox as standards are presented in Fig. 7. According to the results, 
DPPH radical scavenging capacity increased with sample concentration. 
The g-C3N4 exhibited a minimum 20.18 ± 1.28% inhibition of DPPH 
radicals at 25 mg/L, while ascorbic acid and Trolox exhibited about 
89.67 ± 5.12% and 90.35 ± 5.37% inhibitory effect, respectively, at 
25 mg/L. The g-C3N4 displayed 21.77 ± 1.36%, 25.80 ± 1.85%, and 
33.06 ± 2.09% scavenging activity at concentrations of 50 mg/L, 
100 mg/L, and 250 mg/L, respectively. The g-C3N4 exhibited a 
maximum of 45.16 ± 2.97% inhibition of DPPH radicals at 500 mg/L. 
Ayodhya and Veerabhadram prepared g-C3N4/Ag2S composite and they 
reported it was good antioxidant capacity due to the charge transfer and 
stability [47]. In light of our results, we can conclude that g-C3N4 offers a 
good radical scavenging effect. 

Fig. 2. (A) SEM analyses of the pristine membrane, (B) 0.50 wt% g-C3N4/PES, (C) 1.00 wt% g-C3N4/PES, (D) 2.00 wt% g-C3N4/PES.  
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3.4.2. Ferrous ion chelating activity 
Lipid peroxidation is a degenerative process that takes place on the 

polyunsaturated fatty acids of membrane phospholipids. Transition 
metals, especially iron, are active in the initiation and propagation of 
lipid peroxidation. Fe2+ ion chelating ability of g-C3N4 was evaluated by 
the ferrozine test. Ferrozine can quantitatively form complexes with 
Fe2+. If other chelating agents are found, the complex formation is 
disrupted and the reduction in purple color of the complex can be 
detected spectrophotometrically [48]. As shown in Fig. 8, the Fe2+ ion 
chelating ability of the g-C3N4 and EDTA was concentration-dependent. 
The chelating activities were found as 10.09 ± 0.86%, 11.38 ± 0.74%, 
13.32 ± 0.68%, 19.79 ± 1.27% and 26.90 ± 1.97% at concentrations of 
25, 50, 100, 250, and 500 mg/L, respectively. On the other hand, EDTA 
showed almost 100% metal chelating activity at all concentrations 
except 25 mg/L (95.40 ± 8.81%). According to these results, g-C3N4 
displayed weak metal chelating activity. 

3.4.3. DNA cleavage activity 
The agarose gel electrophoresis was applied for the determination of 

DNA cleavage activity of the g-C3N4. DNA cleavage is controlled by the 
relaxation of the supercoiled circular form (Form I) into nicked circular 
form (Form II) and linear form (Form III). If a single strand is cleaved, 
Form I will relax to produce a slower-moving Form II. If double strands 
are cleaved, Form III will be generated and migrates between Form I and 
Form II. The image of the DNA cleavage activity of g-C3N4 is presented in  
Fig. 9. Obtained results indicated that g-C3N4 exhibited single strand 
cleaved DNA activity (Form I was broken and the intensity of Form II 
increased) at all tested concentrations, whereas untreated DNA and DNA 
treated with DMSO did not have cleavage activity. According to the 
results of this experiment, the g-C3N4 can be used to inhibit the growth 
of pathogenic microorganisms by cleavage their genome. 

Fig. 3. EDX mapping of pristine and 2.00 wt% g-C3N4 nanosheets blended PES membrane.  
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Fig. 4. Two and three-dimensional AFM images of g-C3N4 blended membranes (A, B) 0.50 wt% g-C3N4 blended membrane and its three-dimensional AFM images, 
(C, D) 1.00 wt% g-C3N4 blended membrane and its three-dimensional AFM images, (E, F) 2.00 wt% g-C3N4 blended membrane and its three-dimensional AFM 
images, (G, H) pristine PES membrane and its three-dimensional AFM images. 
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3.4.4. Antimicrobial activity 
The antimicrobial capability of g-C3N4 was determined by the micro 

dilution method. This simple method is applied to distinguish the anti-
microbial effects of wide varieties of compounds and to determine the 
minimum inhibition concentrations (MICs) of all samples against bac-
terial and fungal strains. MIC values of g-C3N4 are shown in Table 4. The 
results demonstrated that the g-C3N4 did not exhibit a good antimicro-
bial effect against all microbial strains. Similarly, Ayodhya and Veer-
abhadram prepared the g-C3N4/Ag2S composite and stated that g-C3N4 
alone did not show antimicrobial effect, whereas g-C3N4/Ag2S com-
posite showed a significant antimicrobial effect [47]. Nithya and 
Ayyappan synthesized pristine g-C3N4 and g-C3N4/ZnBi2O4 nano-
composite and analyzed its antibacterial properties [49]. They reported 
that ZnBi2O4 doped g-C3N4 showed strong inhibitory activity than 
g-C3N4. Our results were in line with their findings when using only 
g-C3N4 as antimicrobial agents. 

3.4.5. Bacterial viability effect 
The bacterial cell inhibitory capacity of the g-C3N4 was assessed by 

determining the viability of E. coli as a bacterial strain. E. coli viability 
activity is shown in Figs. 10 and 11. The inhibitory capacity of the g- 
C3N4 was determined as 90.9%, 97.1%, and 98.9% at 250 mg/L, 
500 mg/L, and 1000 mg/L, respectively. The results suggested that g- 
C3N4 exhibited a significant inhibitory effect. The reason for the high 

Table 2 
Rq, Ra, and Rz values of the composite membranes.  

Membrane Rq (nm) aRa (nm) bRa (nm) Rz (nm) 

Pristine PES  7.3  5.9  4.8  31.8 
0.50 wt% g-C3N4/PES  14.6  15.1  8.5  58.4 
1.00 wt% g-C3N4/PES  19.7  16.3  10.2  73.9 
2.00 wt% g-C3N4/PES  25.3  17.6  12.3  80.4  

a Ra is average roughness which is scan over the red and green line. 
b Ra is the average roughness in the entire scan area in the image. 

Table 3 
Porosity, mean pore size, and contact angle of the pristine and g-C3N4 blended 
PES membranes.  

Membrane Porosity (%) Mean pore size (nm) Contact angle (◦) 

Pristine PES  56.83 ± 1.17  17.03 ± 0.45  75.42 ± 0.56 
0.50 wt% g-C3N4/ 

PES  
80.46 ± 1.25  18.03 ± 0.52  74.20 ± 0.29 

1.00 wt% g-C3N4/ 
PES  

80.63 ± 1.32  25.83 ± 0.47  70.54 ± 0.60 

2.00 wt% g-C3N4/ 
PES  

81.83 ± 1.15  27.03 ± 0.53  67.54 ± 0.36  

Fig. 5. The performance of g-C3N4-blended composite membranes; (A) pure water flux, (B) BSA solution flux, and (C) BSA rejection.  
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inhibitor effect can be explained by the direct contact of the bacterial 
cells with a test compound and the inability to use resistance mecha-
nisms adequately because the bacteria are not in the culture medium. 

Fig. 6. (A) Rt, Rr, and Rir and (B) FRR and Rr/Rir ratio of the membranes.  

Fig. 7. DPPH scavenging activity.  

Fig. 8. Metal chelating activity.  

Fig. 9. DNA cleavage activity of g-C3N4. Lane 1: pBR 322 DNA, Lane 2: pBR 
322 DNA + DMSO, Lane 3: pBR 322 DNA + 100 μg/mL g-C3N4, Lane 4: pBR 
322 DNA + 250 μg/mL of g-C3N4, Lane 5: pBR 322 DNA + 500 μg/mL of 
g-C3N4. 

Table 4 
The minimum inhibition concentration (MIC) of test 
microorganisms.  

Microorganisms C3N4 

E. coli  1024 
B. cereus  512 
S. aureus  512 
E. hirae  512 
P. aeruginosa  1024 
L. pneumophila subsp. pneumophila  1024 
C. albicans  1024  

Fig. 10. Bacterial cell vitality (E. coli).  
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The inhibitory effect mechanism of g-C3N4 may be related to interaction 
with the cellular membrane which disturbs the transport system, 
enzyme inhibition, or respiratory process inhibition [50]. 

3.4.6. Antibiofilm effects 
The concentration-dependent antibiofilm activities of g-C3N4 were 

investigated against strong biofilm-producing S. aureus, which is 
recognized as a major cause of persistent human infections and plays an 
important role in increasing antibiotic resistance. After 72 h treatment, 
the percentage of biofilm inhibition activity of g-C3N4 was determined. 
The results are shown in Fig. 12. Inhibition activities were determined as 
8.03 ± 0.8%, 34.27 ± 1.9%, 55.19 ± 2.7% and 68.16 ± 3.4% at con-
centrations of 50, 100, 250, and 500 mg/L, respectively. Results 
demonstrated that colonization of the S. aureus biofilm structure was 
inhibited due to g-C3N4 treatment. This effect can be interpreted as that 
g-C3N4 inactivates bacteria by inducing membrane damage such as 
physical degradation, formation of reactive oxygen species [51] and 
lipid extraction from the cell membrane [52]. The antibiofilm effect of 

g-C3N4 can be improved by modifying g-C3N4 with various nanosheets. 

4. Conclusions 

In this study, g-C3N4 nanosheets blended PES membranes were 
prepared by phase-inversion method and the composite membranes 
were used for protein separation. BSA as an organic model foulant was 
used to test the antifouling properties of the fabricated composite 
membranes. The pristine and g-C3N4 blended PES membranes were 
characterized by SEM, AFM, porosity, contact angle, and mean pore size. 
SEM images proved that g-C3N4 nanosheets penetrated the PES mem-
brane structure. AFM images showed that the roughness of g-C3N4 
nanosheets blended membranes increased with increasing nanosheets 
concentration. The porosity, pore size, and hydrophilicity of the com-
posite membranes also increased due to the blending of g-C3N4 nano-
sheets into the PES membrane. 

The pure water flux of the composite membranes increased from 
133.5 ± 9.5 L/m2/h (for pristine membrane) to 254.8 ± 7.3 L/m2/h 

Fig. 11. Bacterial cell vitality (a) only E. coli; (b) E. coli + DMSO, (c) E. coli + DMSO + 250 mg/L g-C3N4, (d) E. coli + DMSO + 500 mg/L g-C3N4, (e) 
E. coli + DMSO + 1000 mg/L g-C3N4. 

Fig. 12. Biofilm inhibition activity.  
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(for 2.00 wt% g-C3N4/PES membrane). However, BSA fluxes increased 
from 38.8 ± 1.0 L/m2/h (for pristine membrane) to 48.5 ± 1.2 L/m2/h 
(for 1.00 wt% g-C3N4/PES membrane). BSA rejection efficiency 
increased from 45.5 ± 1.8% (for pristine membrane) to 98.5 ± 1.5% 
(for 2.00 wt% g-C3N4/PES membrane). FRR and Rr/Rir ratio results 
showed that the antifouling properties of the composite membranes 
improved during BSA filtration. Therefore, g-C3N4 nanosheets can be 
used to decrease membrane fouling. 

The obtained results of the present study indicated that g-C3N4 
exhibited antioxidant and antimicrobial activities and effective 
nuclease, antibiofilm, and bacterial cell viability inhibitory capabilities. 
The g-C3N4 can provide potential biological applications in near future 
in wastewater treatment, nanobiotechnology, and biomedicine. 
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