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Abstract
Thin-film composite nanofiltration membranes were prepared through interfacial polymerization of trimesoyl chloride (TMC), 
polyvinylpyrrolidone (PVP), and magnetite nanoparticles (MNPs) on the upper surface of porous cellulose nitrate (CN) 
membranes. Structural and morphological properties of the prepared membranes (CN-TMC/PVP–MNP) were analyzed 
using FTIR, SEM, membrane contrast and AFM. The effects of reaction time, PVP concentration, and MNPs content on 
membrane performance were studied. Surface hydrophilicity and membrane performance were analyzed by measuring pure 
water contact angle, zeta potential, pure water permeation flux (PWP), and solute rejections. The CN-TMC/PVP–MNPs 
membranes exhibited a smooth surface and diverse surface functionalities following interfacial polymerization. The mem-
brane surface charge was strongly affected by the presence of MNPs. Although PWP decreased with increasing MNPs 
content up to 0.10 wt%,  Na2SO4 and NaCl rejections increased with increasing MNPs content, reaching, respectively, 96.8% 
and 76.6% at 0.1 wt% MNPs content. Moreover, the increases in steady-state flux and FRRs with increasing MNPs content, 
reflecting the improvement of antifouling behavior, stability, and durability, indicating their possible application for water 
desalination and treatment.
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Introduction

As a result of population growth and rapid development, 
freshwater scarcity has become a major current challenge. 
To overcome this, seawater desalination is essential in some 
countries as an alternative to generate freshwater (Geoffrey 
et al. 2010; Chung et al. 2012), and membrane filtration is an 
important technique to realize this. In particular, nanofiltra-
tion (NF) has found wide applications in seawater desalina-
tion and water decontamination, in addition to its industrial, 
pharmaceutical, and biological uses (Bai et al. 2019; Ma 

et al. 2019; Kim et al. 2018; Xu et al. 2017; Ye et al. 2017; 
Rathore and Shirke 2011; Zhao et al. 2018). However, for 
their desalination application, NF membranes must pos-
sess certain properties such as high rejection, permeability, 
operational stability, and mechanical strength. Accordingly, 
the use of active separation surface thin-film nanocomposite 
for NF has been explored (Lau et al. 2012).

Thin-film composite (TFC) membranes with desired 
structural properties of the surface thin-film can be fabri-
cated using different processes, such as interfacial polymeri-
zation, dip coating, and layer-by-layer (LbL) assembly (Wei 
et al. 2013; Han et al. 2014; Joseph et al. 2015). In addition, 
the incorporation of nanomaterials can effectively improve 
material properties. Therefore, TFC membranes contain-
ing different materials have been investigated. For instance, 
TFC membranes containing graphene oxide showed bet-
ter membrane performance and higher filtration efficiency 
(Cheng et al. 2021; Kumar et al. 2019). Moreover, TFC 
membranes fabricated from polysulfone embedded with 
zeolite nanoparticles through interfacial polymerization of 
the polyamide layer showed increased surface roughness, 
water permeability, and membrane performance (Dong 
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et al. 2016). Likewise, NF membranes fabricated through 
interfacial polymerization of trimesoyl chloride (TMC) 
and disodium-3-3′-disulfone-4-4′-dichlorodiphenylsulfone 
(S-DADPS)/piperazine (PIP) on porous polysulfone showed 
increased flux, dye rejection, and pH and temperature resist-
ance (Ormanci et al. 2020). Furthermore, variation of the 
S-DADPS/PIP ratio strongly affected membrane perfor-
mance; as such, membranes with the S-DADPS/PIP ratio 
of 80/20 showed markedly improved water flux, although 
their salt or dye rejection remained unaffected. In another 
study, TFC membranes were fabricated via LbL interfacial 
polymerization of polyethyleneimine (PEI) onto the poly-
amide surface, followed by N-methylation and quaterniza-
tion using 3-bromopropionic acid (Deng et al. 2021); water 
permeation ability of the produced membrane was improved 
by 11.6%, and these surface-modified membranes showed 
improved ion selectivity and rejection for divalent ions. 
TFC membranes prepared via interfacial polymerization of 
sericin polymer and TMC onto a commercial porous poly-
sulfone support exhibited a smooth surface, with an isoelec-
tric point of pH 4.1 and salt rejection of, respectively, 22.5%, 
40.5%, 40.8%, and 95.4% for  MgCl2,  MgSO4, NaCl, and 
 Na2SO4 at neutral pH (Zhou et al. 2014). TFC membranes 
with organically bridged silica deposited on a commercial 
polymeric membrane (NTR-7450) using low-temperature 
sol–gel spin-coating and curing were assessed for their 
vapor permeation dehydration of water-isopropanol solu-
tions (Gong et al. 2014); the results showed a water flux 
of 2.3 kg/(m2 h), with markedly enhanced separation fac-
tor of 2500. Further, interfacial polymerization of PEI and 
TMC onto a microporous polyethersulfone support improved 
membrane performance increasing salt rejection (95.1% for 
 MgCl2, 94.4% for  MgSO4, 85.1% for NaCl, and 80.5% for 
 Na2SO4) and pure water permeation flux [24.5 L/(m2h)] (Wu 
et al. 2014). Poly(vinyl alcohol)/poly(vinylidene fluoride) 
composite membranes modified with  TiO2 were prepared 
through dip-coating and applied for dye removal and waste-
water treatment (Li et al. 2014); the membranes showed 
superior performance with enhanced dye removal, salt rejec-
tion, and antifouling properties.

Since nanomaterial incorporation can effectively improve 
the properties of materials due to their size and character-
istics (Singh et al. 2013), magnetite nanoparticles (MNPs) 
have been explored as a potential additive in polymeric 
composites (Akinay et al. 2018; Zhang et al. 2012; Li et al. 
2011). MNPs can enhance the properties of materials, par-
ticularly when they are well dispersed within the polymeric 
composite. MNPs have promising properties as developed 
surface area, colloidal stability and low toxicity (Kydralieva 
et al. 2016). The ease of synthesis of MNPs and their unique 
physicochemical properties (large surface area, synergistic 
effect on materials mechanical, thermal, magnetic prop-
erties and highly active surface groups) lead to advanced 

applications. (Bustamante-Torres et al 2022). A few studies 
have reported that the incorporation of MNPs during mem-
brane fabrication greatly enhanced properties desirable for 
various applications.

In this study, cellulose nitrate (CN) membranes were 
modified through interfacial surface polymerization of TMC, 
polyvinylpyrrolidone (PVP), and MNPs. Properties of the 
obtained TFC membranes (CN-TMC/PVP–MNP) were opti-
mized in terms of reaction time, PVP concentration, and 
MNPs content to enhance their performance. Structural and 
surface properties of the produced membranes were ana-
lyzed using FTIR, SEM, Inverted phase contrast and AFM. 
Membrane performance was assessed based on pure water 
permeation (PWP), salt rejection, antifouling behavior, and 
surface zeta potential.

Experimental

Materials

Cellulose nitrate (CN) membranes with a diameter of 47 mm 
and pore size of 0.45 μm were purchased from GVS, USA. 
m-Phenylenediamine (m-MPD) and trimesoyl chloride 
(TMC) were obtained from Sigma Aldrich. Hexane and 
dimethylformamide (DMF) as solvents were obtained from 
Acros Organics.

Preparation of MNPs

MNPs were prepared as follows. Ferrous sulfate 
(1 g/100 mL) was slowly (1 mL/10 min) titrated with sodium 
hydroxide (1 mol/L) until reaching a pH of 12. The obtained 
black suspension was raised to 200 mL with distilled water 
and placed in a microwave at half power for 10 min. The 
obtained black MNPs were repeatedly washed with distilled 
water until reaching a neutral pH, separated via centrifuga-
tion, and dried to a constant weight.

Preparation of TFC membranes

CN membranes were soaked in distilled water for 5 min, 
followed by immersion in m-PDA solution (2  wt% in 
deionized) for 2 min. PVP solution (1 wt% in DMF) was 
mixed with various amounts of MNPs, stirred for 1 h, and 
sonicated for 30 min at ambient temperature (25 °C). The 
obtained PVP–MNPs solution was mixed with TMC solu-
tion (0.15 wt% in hexane) with continuous stirring to obtain 
the polymerization mixture. The polymerization mixture was 
dropped onto one side of the pretreated membranes and left 
for different reaction times (2, 4 or 6 min).
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Membrane characterization

Surface structural properties of the fabricated TFC mem-
branes were analyzed using FTIR spectroscopy (NICO-
LET 6700 Thermo Scientific) at wave number range of 
400–4000  cm−1 Surface morphological properties of the 
thin film were analyzed using SEM (JEOL 6340) and the 
membrane contrast was imaged using Optika phase con-
trast. Surface roughness of the prepared membranes was 
assessed using AFM (NT-MDT, Type Next, Russia) in the 
non-contact mode and the attached NT-MDT software. The 
membrane porosity (ε%), was determined using gravimetric 
procedure, where the ratio of voids volume to the volume 
of whole membrane was calculated (Ursino et al. 2019). 
The membrane dry weight and the membrane weight after 
immersion in kerosene for 24 h was measured after remov-
ing excess kerosene. The membrane porosity was calculated 
as follows:

Membrane performance

Performance of the fabricated membranes was assessed with 
a laboratory-designed dead-end filtration device. The effec-
tive testing membrane area was 12.56  cm2. Firstly, the mem-
branes were pre-stabilized for 20 min with the feed sample. 
Appropriate concentrations of salts (500 mg/L  NaCl2 and 
 Na2SO4) were applied as feed solutions. These solutions 
were passed through the membrane at 40 psi. Permeation 
flux (J, L/m2 h) and rejection (R, %) were calculated using 
the following equations:

where V is the permeated volume, A is the effective mem-
brane area, and ∆t is the permeation time period.

where Cf is solute concentration in the feed solution and Cp 
is solute concentration in the permeate solution.

Salt solution concentrations before and after permeation 
were measured using an electrical conductivity meter.

Antifouling experiment

Antifouling properties of the TFC membranes were studied 
through permeation experiments using an aqueous solution 

(1)�% =

⎧
⎪⎨⎪⎩

�
Ww −Wd

�
∕�k�

Ww −Wd

�
∕�k +

Wd

�p

⎫⎪⎬⎪⎭

(2)J =
V

AΔt

(3)R =

(
1 −

Cp

Cf

)
× 100%

of sodium alginate (SA; 100 mg/L) as a fouling agent. The 
fouling results of the membranes were presented in terms 
of the normalized permeate fluxes Jt/Jo, where Jo and Jt are 
the initial water flux and water flux after time t of the foul-
ing test, respectively. The values of the normalization flux 
reflected antifouling behavior of the tested membranes and 
the fouling agent deposition onto the membrane surface.

Furthermore, membrane antifouling and durability were 
determined based on fouling reversibility and washing. The 
removal of fouling agent depends on the weak bonding 
between the fouling molecules and membrane surface. Thus, 
to analyze membranes stability and durability, membranes 
are washed and re-applied in repeated fouling experiments. 
Accordingly, the SA solution was applied as a feed solution 
until reaching the steady state, followed by the washing of 
all permeation equipment and the used membrane with dis-
tilled water. The washed membrane was tested for pure water 
permeation to evaluate the pure water flux and determine the 
flux recovery ratio (FRR %), as below:

where Jw1 and Jw2 are pure water fluxes before and after the 
fouling process, respectively.

Results and discussion

Structural and morphological characteristics 
of the prepared membranes

FTIR spectroscopy of the composite membrane

FTIR spectra of the unmodified CN membrane and the thin-
film modified CN-TMC/PVP–MNPs membrane are shown 
in Fig. 1. The CN membrane spectrum (Fig. 1a) showed a 
peak at 3750  cm−1, which was assigned to the stretching 
vibration of the free O–H of cellulose. The peak correspond-
ing to  CH2 vibrations appeared around 3000  cm−1, while 
the sharp peak corresponding to the  H2O bending mode 
appeared at 1635  cm−1. The peaks at 2950 and 2920  cm−1 
were assigned to symmetric and asymmetric  CH2 vibrations 
of the polymer chains. The CN-TMC/PVP–MNPs membrane 
spectrum (Fig. 1b) showed a wide peak at 3450  cm−1

, which 
was assigned to the stretching vibration of the O–H of cellu-
lose, water, and PVP. The peak at 2100  cm−1 was assigned to 
the CN bond in PVP, while the peaks at 1500 and 1400  cm−1 
were assigned to the  CH2 bending mode and  NO2, COO 
and C–O vibrations. The sharp peak at 570   cm−1 was 
assigned to N–C=O. The characteristic peak correspond-
ing to  Fe2+–O2− of MNPs was slightly shifted and appeared 
at 530  cm−1 due to bonding within the thin film (Cornwell 

(4)FRR% =

(
Jw2

Jw1

)
× 100
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and Schwertmann 2006; Zheng et al. 2011). The CN-TMC/
PVP–MNPs membrane spectrum showed TFC formation on 
the surface of the supporting CN membrane.

SEM, membrane contrast and AFM of the composite 
membrane

Scanning electron micrographs of the modified and unmodi-
fied CN membranes are shown in Fig. 2a–d. The CN-TMC/
PVP–MNPs membranes showed different characteristics 
from the unmodified CN membranes, as interfacial polym-
erization formed a coating onto the surface of the modified 
membranes. As shown in Fig. 2a and c, the CN membrane 
possesses pores on the surface, while the modified mem-
brane with a thin surface coating (Fig. 2c and d) shows a 
dense, thick, and a smooth surface. As shown in Fig. 2b 
and d, the CN-TMC/PVP–MNPs membrane lacks agglom-
erates, but there is certain folding due to the high surface 
area of MNPs. MNPs with a large surface area, high surface 
energy, and high adsorption enter the pores on the surface 
of the support membrane and enable efficient surface coat-
ing with the co-polymer. In micrographs, the CN-TMC/
PVP–MNPs membrane shows smaller pores on the surface, 
and the surface appears more homogeneous with a thin and 
smooth coating. Moreover, the micrographs of the CN-TMC/
PVP–MNPs membrane showed homogeneous distribution 
of MNPs within the thin surface layer. Thus, MNPs strongly 
affected the surface properties of the membrane. The mem-
brane contrast images for CN-TMC/PVP (Fig. 2e, f) show 
uniform film surface, fine structure with no defects on the 
surface. The images show that the interfacial polymerization 

has occurred homogenously and equivalently on whole sur-
face of the membrane with no agglomeration, folding or 
scalloped area.

Atomic force micrographs (AFM) (Fig. 2e and g) of the 
CN membrane showed symmetric morphology with clear 
surface roughness. Meanwhile, the micrographs of the 
CN-TMC/PVP–MNPs membrane (Fig. 2f, and h) showed 
a dense surface coat with altered roughness due to interfa-
cial polymerization of TFC. The average root-mean-square 
(RMS) roughness was 258 nm for the modified membrane 
compared with 153 nm for the unmodified one. These results 
reflect the formation of a uniform and dense surface film 
with MNPs distributed within. Thus, interfacial polymeriza-
tion provides a smooth surface with a dense and thick layer 
structure.

Contact angle of the composite membranes

The surface contact angles of modified TFC membranes are 
presented in Fig. 3. The highest pure water contact angle 
of 85° was obtained for the thin film lacking MNPs, while 
the angle decreased in the presence of MNPs, reaching 69° 
at 0.1 wt% MNPs. These results indicate that the inclusion 
of MNPs improved membrane surface hydrophilicity. This 
observation can be explained by the fact that the increase in 
MNPs content enhances PVP concentration, which elevates 
film thickness and, ultimately, promotes water uptake. More-
over, increasing the content of MNPs with a large surface 
area and high hydrophilicity nature may markedly enhance 
surface hydrophilicity. Thin film formation increases sur-
face active groups and polarity, which promotes interactions 
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Fig. 1  FTIR spectra of the unmodified CN membrane and the modified CN-TMC/PVP–MNPs membrane with 0.1 wt% MNPs
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Fig. 2  Scanning electron 
micrographs of CN (a, c), and 
CN-TMC/PVP–MNPs (b, d) 
membranes, contrast for CN-
TMC/PVP membrane (e, f) and 
atomic force micrographs of 
CN (e, g) and CN-TMC/PVP–
MNPs (f, h) membranes
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with water molecules through hydrogen bonding and van der 
Waals forces (Pourjafar et al. 2012; Alghamdi et al. 2019). 
Furthermore, increased hydrophilicity may effectively 
improve membrane fouling behavior (Bruggen et al. 2008).

Zeta potential of the composite membrane

The surface charge of membranes strongly affects their 
characteristics, especially fouling behavior and adsorption 
properties (Kim et al. 1996; Rodemann and Staude 1995). 
The adsorption and fouling of materials onto the membrane 
surface may be affected by its electrostatic interactions with 
the solutes. Membrane surface charge depends on the dis-
sociation of charged surface groups and pH of the solution 
(Wilbert et al. 1999). The surface charges of fabricated 
membranes against solution pH are presented in Fig. 4. Zeta 
potential decreased with increasing solution pH, which may 
be explained by the adsorption of  OH− anions and possible 

dissociation of membrane surface groups. Based on the 
results in Fig. 4, interfacial polymerization of TMC/PVP 
thin film affected the surface charge of the CN membrane. 
Specially, the membrane became negatively charged after a 
pH of 3.4, and the isoelectric point shifted to approximately 
4 due to TMC/PVP polymerization. Moreover, the inclu-
sion of MNPs markedly affected surface charge, as the point 
of zero charge shifted towards a higher pH value. Nitro-
gen atoms form quaternary nitrogen species with carboxyl 
groups of TMC, and the certain electrostatic interactions 
among surface groups attenuate the negative charge (Liu 
et al. 2014).

Preparation of CN‑TMC/PVP–MNPs composite membranes

Improving the structural and morphological properties of 
membranes such as higher porosity, pore volume, and film 
thickness may decrease the hydraulic resistance and con-
sequently affect water permeation. A thin layer plays an 
important role in the structural and morphological properties 

Fig. 2  (continued)
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of the membrane interface and, consequently, determines 
membrane performance (Ahmad and Ooi 2013). Therefore, 
membrane performance was assessed as a function of layer 
thickness. The TFC membrane was prepared through inter-
facial polymerization of TMC/PVP–MNPs in hexane. The 
film thickness was controlled by limiting the reaction time 
between CN and TMC/PVP–MNPs. The reaction time and 
MNPs content were optimized with respect to membrane 
performance. The effects of reaction time and PVP concen-
tration on membrane performance were examined and the 
results are presented in Table 1.

Based on the results in Table 1, both reaction time and 
PVP concentration, strongly affected CN membrane perfor-
mance. A longer reaction time affected film thickness, which 
significantly decreased PWP. The reaction time of 6 min was 
considered optimum to deliver an appropriate film thick-
ness for providing a PWP of 16.9 L/m2 h·bar. Moreover, salt 
rejection of the unmodified CV was clearly improved from 
80.1% at a reaction time of 2 min to 82.1% at a reaction time 
of 6 min, indicating increased thickness of the interfacial 
polymerized composite film. The role of MNPs in water per-
meation and salt rejection improvement could be explained 
due to the diffusion of MNPs through the pores of porous 
polymeric materials (Bhattacharya 2021). Furthermore, 
MNPs have surface active groups and have adsorption prop-
erties for ions and molecules and which enhances solutes 
retention. However, higher concentrations of MNPs in the 
polymeric composite could increase crosslinking between 
polymeric moieties which provide more surface stiffness, 
toughness (Romero-Fierro et al. 2022).

Therefore, preparation parameters controlling membrane 
performance were studied at a fixed reaction time of 6 min 
and fixed PVP concentration of 0.5%. Moreover, the effect 
of MNPs content on membrane performance was studied, 
and the results are presented in Table 2.

Based on results in Table  2, MNPs content of the 
interfacial thin film significantly affected membrane 
performance (water flux and salt rejection). The results 

demonstrate a clear improvement in membrane perfor-
mance. At the same reaction time and PVP concentra-
tion, the presence of MNPs decreased the pure water flux 
and increased salt rejection of the CN-TMC/PVP–MNPs 
membrane compared with the CN-TMC/PVP membrane. 
Effects of MNPs inclusion on PWP are also presented in 
Fig. 5a. These results could be explained by the properties 
of MNPs. Specially, MNPs enhance surface hydrophilicity 
of the interfacial surface layer, consequently promoting 
water permeation through the thin film (Hu and Mi 2013; 
Stankovich et al. 2006; Lee et al. 2013). The membrane 
porosity (ε%), was determined for CN-NF3, CN-NF4 
and CN-NF5 and found to be 62, 54 and 44%, respec-
tively. These results reveal that the porosity decreased 
with increasing MNPs content in the thin-film composite 
deposited on CN surface, which agreed with the decreased 
water permeability.

The salt rejection behavior of CN-TMC/PVP–MNPs 
membranes with different MNPs contents was studied 
through flow permeation experiments with salt solu-
tions containing NaCl and  Na2SO4. Based on results in 
Fig. 5b, the salt rejection of CN-TMC/PVP–MNPs mem-
branes improved with increasing MNPs content. These 
results could be due to the effect of MNPs on the mem-
brane porosity, as it diffused through the membrane filter 
micro-pores (Bhattacharya 2021). MNPs additionally have 
highly active surface groups, which could cause solutes 
adsorption and increase retention. On the other hand, the 
presence of MNPs in the composite thin-film increases 
its viscosity and produces a denser layer which affects 
the solute rejection. Furthermore,  Na2SO4 rejection was 
significantly greater than NaCl rejection. Thus, the rejec-
tion of solute ions closely depends on membrane pore size 
and is strongly affected by both the electrostatic proper-
ties of solute ions and membrane surface (Schaep et al. 
1998; Peeters et al. 1998). Cations with greater charges 
show higher membrane affinity and, consequently, greater 
rejection.

Table 1  Effects of reaction time and PVP concentration on membrane 
performance

Membrane Preparation condi-
tions

Membrane performance

Reac-
tion time 
(min)

PVP 
content 
(%)

PWP (L/m2 h bar) Salt rejection 
(%)  (Na2SO4)

CN-NF01 2 0.5 19.6 ± 0.2 80.1 ± 0.7
CN-NF02 4 0.5 17.8 ± 0.3 81.3 ± 0.6
CN-NF03 6 0.5 16.9 ± 0.2 82.1 ± 0.5
CN-NF04 4 0.25 14.8 ± 0.3 83.9 ± 0.6
CN-NF05 4 0.5 12.8 ± 0.4 85.9 ± 0.8
CN-NF06 4 1 11.5 ± 0.3 87.5 ± 0.8

Table 2  Effect of MNPs content on the performance of modified CN 
membranes

Membrane Preparation conditions Membrane perfor-
mance

Reaction 
time (min)

PVP 
content 
(%)

MNPs (%) PWP (L/
m2 h.bar)

Salt 
rejec-
tion (%) 
 (Na2SO4)

CN-NF1 6 0.5 0.02 24.6 84.3
CN-NF2 6 0.5 0.04 21.2 86.8
CN-NF3 6 0.5 0.06 19.3 89.7
CN-NF4 6 0.5 0.08 16.5 94.1
CN-NF5 6 0.5 0.10 13.6 96.8
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Effect of permeation time on permeation flux

The salt rejection behavior for  Na2SO4 in aqueous solution 
was further studied using CN-NF2, CN-NF3, and CN-NF4 
membranes with different MNPs contents. The permeation 
of 500 mg/L of  Na2SO4 was studied at 0.276 MPa and differ-
ent permeation times, and the results are presented in Fig. 6.

As shown in Fig. 6, the solution fluxes of modified mem-
branes with different MNPs contents gradually decreased 
with time up to 8 h. The steady-state flux increased with 
increasing MNPs content, reflecting improvement of the 
antifouling behavior due to the inclusion of MNPs. These 
results reflect the antifouling behavior of the modified TFC 
membrane toward salt solutions and highlight its potential 

application for heavy metal removal and pollutant rejection. 
Additionally, as shown in Table 3, salt rejection of the pre-
pared TFC membranes was improved. These observations 
may be explained by the improvement of surface properties 
due to thin-film polymerization and MNPs addition. Moreo-
ver, under the present experimental conditions, electrostatic 
interaction likely produced a marked effect.

Antifouling behavior of CN‑TMC/PVP–MNPs membrane

The antifouling behaviors of fabricated CN-NF3 and 
CN-NF4 membranes were evaluated during the permeation 
of 100 mg/L aqueous SA solution at pH 7.0 and of 25 °C. 
The molecular size of the applied fouling agent is larger than 
the NF membrane pore size; therefore, it cannot pass through 
the membrane pores during solution permeation, leading to 
the fouling of the membrane surface. Surface fouling was 
performed at a permeation flux of 80 L/m2·h to verify the 
required permeation-driving hydrodynamic force. Normal-
ized fluxes (Jt/Jo) of the studied membranes are presented 
in Fig. 7.

As shown in Fig. 7, membrane flux for the SA solution 
sharply decreased at first, followed by a slow decrease over 
time. These observations may be attributed to the deposition 
of fouling agent on the membrane surface until reaching the 
steady state. The steady-state flux of aqueous SA solution 
decreased at a rate of about 6% for the CN-NF4 membrane 

Fig. 5  Effect of MNPs content 
on the pure water permeability 
(a) and salt rejection (b) of the 
modified CN membrane
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Fig. 6  Effect of permeation time on the permeation flux of  Na2SO4 
solution through CN-TMC/PVP–MNPs membranes with different 
MNPs contents

Table 3  Steady-state salt rejection and permeation fluxes of CN-
TMC/PVP–MNPs membranes

Membrane Steady-state flux (L/
m2 h)

Steady-state 
removal of 
 Na2SO4 (%)

CN-NF2 53 86.7
CN-NF3 55 90.1
CN-NF4 58 94.3
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and 8% for the CN-NF3 membrane. These findings indicate 
the effect of MNPs content in the interfacially polymerized 
thin film on the surface properties of membrane for improv-
ing its fouling behavior. The membrane with a higher MNPs 
content showed a better performance in fouling resistance. 
Fouling agents are adsorbed onto the membrane surface 
via hydrophobic interactions, hydrogen bonds, electro-
static interactions, and van der Waals forces. Consequently, 
antifouling properties can be improved by decreasing the 
adsorption driving forces and enhancing the repulsion effect 
of the membrane surface on the fouling molecules (Bruggen 
et al. 2008; Al-Amoudi and Lovitt 2007). Notably, at the 
specified testing conditions, the membrane surfaces are more 
negatively charged; thus, stronger electrostatic repulsive 
forces may act between the membrane surface and fouling 
agent, resulting in a weaker fouling effect.

Furthermore, to analyze flux recovery ratio (FRR 
%), membranes stability, and durability, membranes are 
washed and re-applied in repeated fouling experiments. As 
shown in Table 4, the inclusion of MNPs in the thin film 
improved antifouling properties, providing higher FRRs. 

This improvement of antifouling properties may be related 
to the increased hydrophilic properties of the composite 
surface layer, which may inhibit the interaction between 
the fouling molecules and hydrophobic membrane surface. 
Surface hydrophilicity determines surface adsorption behav-
ior (Khorshidi et al. 2016; El-Zahhar 2019). The increase 
in hydrophilicity by the presence of MNPs was confirmed 
based on the decrease in water contact angle with increasing 
MNPs content. Based on results in Table 4, the CN-NF3 and 
CN-NF4 membranes were stable until the fourth fouling-
washing cycle. Overall, the CN-TMC/PVP–MNPs mem-
branes showed increased stability, durability, and FRRs, 
indicating their possible application for water desalination 
and treatment.

Conclusion

Nanofiltration TFC membranes were fabricated via modi-
fied interfacial polymerization of TMC/PVP–MNPs on the 
surface of a porous CN support. The optimum preparation 
conditions are a reaction time of 6 min, PVP concentration 
of 0.5 wt%, and MNPs content of 0.1 wt%. Structural and 
morphological analyses revealed differences between the 
unmodified CN and the modified CN-TMC/PVP–MNPs 
membranes. The pure water contact angle of the modified 
membrane (with 0.1 wt% MNPs) was decreased to 69° 
compared with 85° of the unmodified membrane. The zeta 
potential of the CN-TMC/PVP–MNPs membrane signifi-
cantly varied with increase in MNPs content. Although the 
PWP decreased with increasing MNPs content, membrane 
performance was superior due to enhanced salts rejection 
and clearly improved stability, durability, and antifouling 
performance.
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