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a b s t r a c t

In this paper, poly(vinyl chloride) (PVC) nanocomposite membranes were fabricated with differ-
ent content ratios of magnetite nanoparticles (MNPs) (0–10 wt %), using phase inversion method 
to improve the PVC membrane performance and its physicochemical properties. Membranes were 
characterized by different techniques including Fourier transform infrared, X-ray diffraction, ther-
mal gravimetric analysis, contact angle measurements and scanning electron microscopy. X-ray dif-
fraction studies revealed the formation of the exfoliated structure. Thermal gravimetric analysis 
studies suggested better thermal stability after the addition of MNPs. The experimental performance 
results demonstrated an enhancement of water flux, solute rejection, and antifouling properties up to 
a loading of 10% MNPs. In particular, the composite membrane of 6% MNPs exhibited an optimum 
performance of around 55% improvement in water flux. Moreover, it demonstrated an improvement 
of around 40% in salt rejection for NaCl, LiCl, and MgSO4 and around 37% for Na2SO4, compared to 
the pure PVC membrane. Furthermore, it illustrated a flux recovery ratio of around 89%, represent-
ing the highest improvement with 22% improvement compared to the pure PVC. 
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1. Introduction

The membrane technology, due to its versatility and effi-
ciency, has drawn considerable attention as a prospective 
separating process with the possibility of wide applications 
in the future. To achieve this purpose, a broad range of poly-
mers have been devised. As a type of material that can be 
applied to membranes, PVC polymerhas not attracted equal 
attention, although it is a major type of commercial plastic 
mainly because of its broad applications and low cost. In 
fact, promoting properties such as low cost and devising 
diverse polymers such as PVC to be used in membranes can 
advance membrane application, even in the rural areas. The 
potential application of PVC membranes has been reported 

in a few studies in the literature. For example, the enhance-
ment of the properties and performance of PVC membranes 
through the addition of polyvinyl butyral [1], PVP/PEG [2], 
and most recently nano-Fe2O3 has been reported in the liter-
ature [3]. Also,PVC copolymers membranes were reported 
with improved performance and antifouling properties 
[4–6].

Polymer-based materials, in general, are reasonably 
cheap, hence their widespread use in membrane fabrica-
tion. However, polymer backbones are highly hydrophobic 
and susceptible to extensive fouling, and thus they cannot 
be used without modifications [7]. Although several meth-
ods have been used to enhance the performance of polymer-
ic-based membranes by increasing the hydrophilicity and 
fouling resistance [8–10], the incorporation of different types 
of nanoparticles into membranes has attracted considerable 
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attention. In fact, the incorporation of nanoparticles into 
the polymeric matrix has proven to yield desirable results, 
and the rationale behind the great interest in nanoparticles 
is because of the capability of nanomaterials to produce 
unique characteristics that can largely improve properties 
such as fouling tendency, selectivity, and permeability. 
Although different types of nanoparticles such as titanium 
oxide [11–15], zinc oxide [16,17], alumina [18], silica [19,20], 
graphene oxide [21], and carbon nanotube [22,23] have 
widely been used to improve the properties of membranes, 
PVC has not been sufficiently studied.

Magnetite nanoparticles (MNPs), in particular, have 
been also considered as an additive due to their unique 
characteristics such as physicochemical properties and 
good biocompatibility. The incorporation of magnetite in 
membranes has been reported for several polymeric-based 
membranes such as PVDF [24], polysulfone [25] and poly-
ethersulfone [26], resulting in the improvement of the anti-
fouling properties. However, the effect of magnetite on 
PVC-based membranes has not been investigated. In this 
work, PVC composite membranes with different loading of 
MNPs were prepared. The objective is to study the effect of 
MNPs on the properties and performance of PVC compos-
ite membranes. 

2. Experimental

2.1. Materials

Poly (vinyl chloride) with Mn ~ 22,000 and Mw ~ 43,000 
was supplied from Aldrich. Dimethylformamide (DMF) 
was obtained from PROLABO. All other chemicals used in 
this study were analytical grade and were purchased from 
Sigma-Aldrich© and used as received unless otherwise 
stated.

2.2. Preparation of the magnetic nanoparticles

Ferrous sulfate solution was prepared by dissolving 
1 g of FeSO4 in 100 mL of distilled water and stirred via 
magnetic stirrer until complete dissolution was achieved. 
Sodium hydroxide solution of 1 mol/L was prepared by 
dissolving 4 g of NaOH in 100 mL of distilled water. Sodium 
hydroxide solution was added at a very slow rate (1 mL/10 
min) to the ferrous sulfate solution. The pH of the reaction 
was measured after each 1 mL addition of NaOH solution. 
The addition was continued until the pH value of 12 was 
achieved. The obtained black suspension was completed to 
200 mL with distilled water and placed in the microwave 
at half power for 10 min. The formed black MNPs were 
repeatedly washed with distilled water until neutral pH 
was attained. Subsequently, the prepared MNPs were sep-
arated via centrifugation and dried until a constant weight 
was achieved.

2.3. Membrane preparation

The composite membranes of PVC and MNPs were 
prepared via the phase-inversion technique. First, MNPs 
with varying amounts were dispersed in DMF and stirred 
for one hour to verify the complete dispersion of MNPs 

in the solvent. The obtained suspension was then soni-
cated for one hour to ensure that the particles were well 
dispersed in the solution. Second, the PVC with 17 wt% in 
DMF was prepared and stirred until complete dissolution 
was achieved. Next, the prepared MNPs suspension was 
added to the PVC solution with continuous stirring for 12 
h until a homogenous solution was formed. The absolute 
compositions of the prepared casting solutions are pre-
sented in Table 1. Afterward, to remove the air bubbles, 
a vacuum oven was used for 12 h and before the solution 
was cast on a glass plate. A casting knife was then utilized 
to obtain the cast film (thickness of 0.6 mm), which was 
straight away submerged into a coagulation bath of dis-
tilled water. Subsequently, the obtained film was washed 
several times with distilled water to remove the residual 
solvent and was stored in the distilled water for further 
examination.

2.4. Membrane characterization

Fourier transform infrared spectroscopy (FT-IR) anal-
ysis was performed using Nicolet 6700 FTIR model from 
Thermo-Scientific. The samples were mixed with potas-
sium bromide and compressed to obtain a disk. The 
spectra of the obtained disks were then analyzed in the 
IR region of 400–4000 cm–1. Moreover, Shimadzu 6000DX 
instrument (from Shimadzu Corporation, Japan) was used 
to carry out the XRD analysis, using the CuKα sealed tube 
operated at 40 kV and 30 mA and measured from 5 to 80°2θ 
at 0.020 step with λ = 0.154056 nm. Furthermore, the field 
emission scanning electron microscopy was utilized for 
the evaluation of the morphology of the samples. Images 
were obtained using a Jeol Model 6360 LV SEM (USA). 
The thermal gravimetric analysis was also measured on 
Shimadzu TGA-50H thermal analyzers. The sample with 
around 15 mg in a platinum crucible was heated within 
a temperature range of 30–800°C and at a heating rate of 
10°C min–1 with a controlled nitrogen flow of 40 cm3 min–1. 
Finally, the static water contact angle was used to evaluate 
the hydrophilicity and wettability of the membrane sur-
face using distilled water. 

3. Membrane properties

3.1. Pore size, porosity and water uptake

The membrane properties such as porosity, pore size 
and water uptake were investigated. The volume fraction 
method was applied to calculate the porosity and water 
uptake values of the prepared membrane. The following 

Table 1
Composition of casting solutions for PVC-MNPs

Membrane code PVC (wt/wt%) MNPs (wt/wt%)

PVC 100 0
PVC-MNP 2% 98 2
PVC-MNP 6% 94 6
PVC-MNP 10% 90 10
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equations were used for porosity and water uptake calcula-
tion, respectively [16,27]. 
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where Ww (g) denotes weight for wet membrane, and Wd (g) 
denotes the weight for dry membrane. l and r (cm) are the 
thickness and radius of the membrane, respectively. ρw (g/
cm3) is the density of the water at 25ºC.

Moreover, the mean pore diameter of the prepared 
membrane was estimated according to Eq. (3) [13,22].
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where a (m) is the mean pore diameter. Qw (m3/s) is the 
pure water flux. A (m2) and l (m) are the filtration area of the 
membrane and the thickness of the membrane, respectively. 
μ (Pa·s) is the viscosity of the water at 25ºC. ΔP (Pa) is the 
transmembrane pressure, and ε is the porosity.

3.2. Pure water flux and rejection ratio

The performance of the membrane was studied using 
the dead-end membrane filtration system. The performance 
was also evaluated at differentially applied membrane 
pressures (0.2–1.1 MPa). The applied membrane pressure 
(AMP) was manually adjusted during the runs by manual 
injector compression. The pure water flux (Jw) was deter-
mined according to Eq. (4).

J
V

A tw =
⋅  (4)

where V (L) denotes the permeate volume, which is col-
lected during the time interval t (h), and A (m2) is the effec-
tive area of the membrane.

The rejection efficiency of the membranes was studied 
by performing the filtration of the inorganic salt solutions of 
MgSO4, Na2SO4 and NaCl individually at a constant mem-
brane pressure of 0.2 MPa after flux stability (after at least 
6 h). The feed solutions were prepared at 1 g/L and pH = 
6.0. The pH was regulated by the addition of 0.1 mol/L HCl 
or NaOH. The feed and the collected permeate were tested 
using a conductivity meter. The solute rejection percentage 
(SR) was then attained by Eq. (5) as shown below.
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where Cf and Cp are the concentrations in the feed and the 
permeate solutions, respectively.

3.3. Antifouling performance

Sodium alginate (SA) was used in the fouling experi-
ments as a model of an organic foulant. The experiments 
were carried out using 20 mg/L SA and 10 mM NaCl 
solution as follows: First, the SA solution was applied as 

a feed solution until the flux was almost stable. Then, the 
flux equipment parts and membranes were washed out 
with distilled water. After cleaning, the experiments were 
repeated with distilled water. This was done to evaluate 
the pure water flux and to determine the flux recovery ratio 
(FRR) using Eq. (6).
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where Jw1 is the pure water flux before fouling experiment 
and Jw2 is the pure water flux after the fouling experiment.

4. Results and discussion

4.1. Fourier transform infrared (FT-IR) analysis

Fig. 1 shows the FT-IR spectra of MNPs, PVC, and the 
composites. The peak at around 579 cm–1was attributed to 
the Fe-O characteristic stretching vibration. In comparison, 
the infrared spectra, obtained for the composite spectra, 
showed PVC polymer characteristic peaks of around 2970 
and 2910 cm–1 for C-H stretching, 1427cm–1 for CH2 bending, 
1099 cm–1 for C-C stretching, and 616 cm–1 for C-Cl stretch-
ing. Besides the characteristic peaks of PVC, as a result of 
the addition of MNPs, bands at 3440cm–1 and 1676 cm–1 
appeared in the composites spectra and corresponded to 
O-H stretching and bending, respectively.

4.2. XRD analysis study

The XRD pattern of MNPs and the composite mem-
branes are shown in Fig. 2. The XRD pattern for MNPs 
exhibited the characteristic pattern of MNPs (Fe3O4). The 
peaks appeared at 2θ of 30.21º, 35.57º, 37.20º, 43.23º, 53.63º, 
57.17º, and 62.77º, corresponding to pure Fe3O4, and were 
consistent with the standard data JCPDS 65-3107. Moreover, 
MNPs showed a dominant peak at 2θ = 35.57º, correspond-
ing to a d-spacing of 2.52 Aº. The approximated crystallite 
size, associated with the peak at 35.57o, was of around 27 
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nm, which was calculated using Scherrer’s equation [28]
and determined using the following formula:

D
K
cosc =

λ
β θ 

 (7)

where Dc is the crystallite size in nm, K is the so-called 
shape factor = 0.89, λ = 0.154056 nm, β is the full width at 
half maximum (FWHM), and θ is the diffraction angle.

In contrast, XRD of the composites revealed an amor-
phous morphology. The original characteristic peaks of 
MNPs decreased and slightly shifted or disappeared in the 

composite diffractograms with the addition of MNPs. These 
findings confirm the formation of the exfoliated composite.

4.3. Morphology of the membranes

The morphology of the polymer composite membranes 
was studied using the scanning electron microscopy (SEM) 
analysis (see Fig. 3 for the results). Differences were observed 
between the PVC surfaces that had been taken before and 
after the addition of MNPs. The addition of MNPs had a 
noticeable effect on the surface morphology. The pure PVC 
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had a smoother surface, and surface roughness increased 
with the addition of MNPs, as evident in the SEM images. 
Furthermore, the smoothness of the surface was found to 
decrease with the addition of MNPs. As Fig. 3 illustrates, 
the composite membranes exhibited porous surfaces com-
pared to the pure PVC. It is clear that increasing the con-
tent of MNPs by 10% resulted in greater pores compared 
to the other composite membranes. This observed porous 
structure could be explained by the great solvent-water 
exchange rate through the phase-inversion preparation pro-

cess [29]. Moreover, it is known that increasing the content 
of MNPs in the solution will increase the viscosity of the 
solution and affect the water solvent exchange through the 
phase-inversion process, which may, in turn, alter the sur-
face structure and affect the size of the pores. This also may 
cause the formation of macrovoids, resulting in greater pore 
size, supported by the trend obtained after increasing the 
MNPs by 10%. In addition to the above mentioned results, 
Fig. 3E also displays the differences in the cross-sectional 
images of the pure PVC and PVC-MNP 6% membrane. 
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Fig. 3. SEM images of PVC and PVC-MNP composite membranes: A) pure PVC, B) PVC-MNP 2%, C) PVC-MNP 6%, D) PVC-MNP 
10%, E1) cross-sectional for PVC, E2) cross-sectional for PVC-MNP 6%.
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4.4. Properties of the membranes

The effects of the content of MNPs on the porosity and 
the mean pore size diameter are listed in Table 2. The results 
showed that both porosity and the mean pore size increased 
after the addition of MNPs, which had the largest value with 
the content of 2% of MNPs. This increase could be related to 
the adsorption and the hydrophilic properties of the MNPs, 
which could improve the exchange between solvent and 
water during the phase inversion, and hence increases the 
pore size and the interconnectivity within the membrane 
layers, which, in turn, controls the permeability [30,31].

4.5. Contact angle measurements

Fig. 4A illustrates that the contact angle of pure PVC mem-
brane is 77º, which is consistent with the literature [1]. The 
addition of MNPs resulted in variations in hydrophilicity. 
The membrane with a 6% addition of MNPs exhibited a more 
hydrophilic character. This might be due to the hydrophilic 
nature of the MNPs. However, with the addition of 10% of 
MNPs, the membrane exhibited a lower hydrophilic charac-
ter. However, the water uptake of the composite membrane 
improved by up to 121%, as compared to the pure PVC (see 
Fig. 4B). This water uptake improvement can be an indication 
of the hydrophilic sub-surface bulk of the PVC-MNPs mem-
branes, arising from the incorporation of MNPs into the poly-
mer structure. This is consistent with what has been reported 
in literature for PVDF/MNPs membrane, where the addition 
of MNPs also resulted in more hydrophobic character [24]. 

4.6. Thermal gravimetric analysis

Based on the observation of a mass loss data at all tem-
perature intervals in TGA curves, different degradation 
peaks were recorded. One degradation peak was observed 
for the pure PVC, whereas three degradation peaks were 
observed for the 2% and 6% MNPs composites, and two 
peaks for the 10% MNPs composite (Fig. 5). For the pure 
PVC, an interval between 221–734°C was observed. For the 
composite membranes, the last step was predominantly the 
weight loss characteristic degradation step of the polymer 
structure. For the 2%, 6%, and 10% MNPs composite mem-
branes, the degradation was observed between 426–786°C, 
396–528°C and 419–636°C, respectively. If we consider 
the decomposition temperature at the characteristic deg-
radation step, the results clearly indicate higher thermal 
decomposition temperatures and lower weight loss for 
the composite membranes. Accordingly, the MNPs-loaded 
membranes demonstrated better thermal stability than the 
pristine PVC.

4.7. Membrane performance 

The experimental results for membranes performance 
included the pure water flux, solute rejection and antifoul-
ing of the differentially prepared nanocomposite mem-
branes. As Fig. 6A shows, the pure water flux increased with 
pressure as well as the presence of MNPs until it reached a 
maximum of around 1310 L/m2 h at 10% MNPs composite 
membrane at 1.1 MPa pressure. This development can be 
attributed to the increase in the permeability of the com-
posite membrane, as shown in Table 2 and the SEM images. 
The increase in the permeability was due to the rise in the 
porosity and the mean pore size after the addition of MNPs. 
i.e. more content ratio of MNPs could change the casting 
solution properties and consequently change the surface 
structure and surface properties.

Fig. 6A also shows the effect of the applied pressure on 
the pure water flux measurements, indicating the stability of 
the membrane. The water fluxes of all the membranes were 
almost linear, with a pressure change up to around 0.6 MPa, 
exhibiting resistance to deformation. Next, the flux values 
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Fig. 4. A) Static water contact angle of PVC and composite membranes with different MNPs concentrations. B) Water uptake values 
of PVC-MNP % composite membrane.

Table 2
Properties of the PVC-MNP % composite membranes

Fe3O4 content 
(wt%)

Porosity 
%

Thickness 
(mm)

Mean pore 
diameter (nm)

0 81 0.3 21
2 94 0.3 52
6 91 0.3 50
10 90 0.3 50
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started to become somewhat steady due to pore deforma-
tion. However, the composite membranes appeared to be 
more susceptible to compaction with pressure above 0.6 
MPa, particularly for the 2% and 10% MNPs-loaded mem-
branes compared to the pure PVC.

Moreover, as Fig. 6B illustrates, all the studied compos-
ite membranes exhibited considerable rejection level from 
around 81% to 94 %, varying with solute types. Obvious-
ly,this study revealed up to 40% enhancement of the solute 
removal after the addition of MNPs. Similar solute rejection 

Fig. 5. TGA curves of A) pure PVC, B) PVC-MNP 2%, C) PVC-MNP 6%, D) PVC-MNP 10% composite membranes.
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patterns were observed in the following sequence: Na2SO4 
> NaCl > MgSO4 > LiCl. For example, with the PVC-MNP 
6% composite membrane, the rejection ratio obtained for 
NaCl and Na2SO4 were 93% and 94%, respectively. In con-
trast, MgSO4 and LiCl showed lower ratios of around 88% 
and 83%, respectively. These results revealed the enhance-
ment of the solutes removal despite the observed increase 
in the pore diameter after the addition of MNPs (Table 2), 
which suggested the possible influence of the other factors. 
In fact, the obtained enhancement could be attributed to 
the influence of factors such as surface charges, membrane 
morphology, and MNPs high adsorption efficiency for ions. 
Certainly, the obtained results demonstrate an enhanced 
membrane performance for both permeability and sol-
ute rejection, breaking the known trade-off relationship 
between permeability and selectivity. Furthermore, besides 
the water treatment potential applications of the prepared 
composite membranes, the obtained results also indicate 
the potential applicability of the composite membrane for 
water softening.

To study the antifouling properties of the membranes 
and the effect of the additive content on fouling, the FRR 
analysis was performed for the prepared membranes. 
According to Fig. 7, the pure PVC membrane showed a 
FRR value of around 73%. The addition of MNPs led to an 
apparent enhancement in antifouling properties, resulting 
in higher FRR values. In particular, PVC-MMT 6% compos-
ite membrane showed the highest FRR of around 89%, rep-
resenting around 22% enhancement compared to the pure 
PVC. The improvement of the FRR could mainly be due to 
the hydrophilic sites of the composite membranes, which 
inhibited the hydrophobic interaction between the mem-
brane surface and the foulant. The obtained results were 
also consistent with the contact angle measurements. This 
may also be supported by the FRR value declination after 
the further addition of MNPs (PVC-MNP 10%), which can 
be related to the decrease in the surface hydrophilicity after 
the addition of 10% of MNPs. Moreover, this would sug-
gest the reversibility of SA fouling on the membrane surface 
is more likely, as a result of higher surface hydrophilicity 

and the presence of MNPs on the surface. Though it was 
reported that the fouling behavior is highly dependent on 
the layer hydrophilicity [32], the obtained results would 
suggest that hydrophilicity is not the only factor that can 
affect the antifouling. Other parameters, such as surface 
charge and surface roughness may also have an effect in 
controlling the antifouling characteristics of the membranes 
as reported by Vatanpour et al., where a similar opposite 
behavior was observed [23]. In addition, the porosity and 
pore size of the composite membrane, which also increased 
with the MNPs addition, may have an effect on the antifoul-
ing observed performance.

5. Conclusions

The presence of MNPs was found to result in an appar-
ent enhancement of the PVC membrane performance. The 
pure water flux results demonstrated an improvement in 
the flux in tandem with an increase in the MNPs content. 
The composite membranes reached around 1310 L/m2h 
and rose up to around 55%, compared to the pure PVC. In 
particular, with regards to solute rejection efficiency, the 
composite membranes with 6% MNPs were found to dis-
play an optimum performance up to 93%, 94%, 88%, and 
83% for NaCl, Na2SO4, MgSO4, and LiCl, respectively. In 
addition to the enhanced water flux and solute rejection, 
enhanced antifouling properties and thermal stability were 
also observed.

Acknowledgments

The authors extend their appreciation to the Deanship 
of Scientific Research at King Khalid University for funding 
this work through the General Research Project under grant 
number (G.R.P-18-39 /2018)”.

Symbols

ε	 —	 Membrane porosity
Ww — Weight for wet membrane
Wd — Weight for dry membrane
ρw — Density of water
r — Radius of membrane
l — Thickness of membrane
a — Mean pore diameter
µ	 —	 Viscosity of water
Qw — Pure water flux
A — Filtration area
ΔP — Transmembrane pressure
V — Volume of permeate
t — Time interval
SR% — Solute rejection percentage
Cf — Concentration of the feed
Cp — Concentration of the permeate
FRR% — Flux recovery ratio
Jw — Pure water flux
Jw1 — Pure water flux before fouling
Jw2 — Pure water flux after fouling
Dc — Crystallite size
β	 —	 Full width at half maximum
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