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a b s t r a c t
In this work, the effects of incorporating perovskite nanoparticles into polyvinylidene fluoride 
(PVDF) and polysulfone (PS) flat sheet membranes were evaluated in detail. perovskite nanopar-
ticles were added in a low amount (1 wt.%) to the casting solution to fabricate nanocompos-
ite membranes with the non-solvent induced phase separation method. Prepared membranes 
were characterized using atomic force microscopy (AFM), scanning electron microscopy-energy- 
dispersive X-ray spectroscopy, and contact angle techniques. AFM images demonstrated that 
perovskite-embedded membranes had smoother surfaces than neat PVDF and PS membranes. 
Contact angle measurement showed that the hydrophilicity of PVDF and PS membranes was 
improved by adding nanoparticles. Results revealed that the presence of perovskite nanoparti-
cles in the matrix of the membrane improves pure water flux from 58.0 (neat PVDF) and 44.9 (neat 
PS) to 66.1, 71.8, 56.3, and 64.5 L/m2·h for PVDF/LaSrCuMn, PVDF/LaSrCuMn-Pd, PS/LaFeMn, 
and PS/LaFeMn-Pd nanocomposite membranes, respectively. The fouling behavior of prepared 
membranes was ascertained by filtration of humic acid solution. Investigation of antifouling per-
formance showed that nanocomposite membranes have higher fouling resistance. Finally, it was 
found that nanocomposite membranes can be used efficiently to filter humic acid.
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1. Introduction

The need for healthy water is rising due to the rapid 
growth of the world population. It was estimated that one 
billion people don’t have access to drinking water, and 
five million die from being forced to use unhealthy water 
[1]. Various decontamination methods, such as adsorp-
tion [2], ion exchange [3], coagulation [4], and membrane 

separation [5], are used to remove water pollutants. Among 
them, membrane separation is an effective method due to 
low energy consumption, easy scale-up, less or no use of 
chemicals, low maintenance cost, and absence of any harm-
ful byproduct formation. One of the main drawbacks of 
membrane application in water treatment is fouling, lead-
ing to a decrement in the permeability and lifetime of the 
membrane. The natural organic materials in surface water 
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are the main cause of membrane fouling in the ultrafiltra-
tion process. Humic acid (HA) is one of the organic sub-
stances of surface waters that produce from the degrada-
tion of carbohydrates, lignin, and high molecular weight 
protein [6]. It gives color to water when its concentration 
exceeds 5 mg/L and reacts with heavy metal-producing 
metal complexes [7]. Also, it reacts with other substances 
and produces toxic contaminants in water resources [8]. 
Organic polymers and inorganic materials like ceramic 
can fabricate membranes, but ceramic membranes are 
brittle and expensive [9]. Therefore, various polymers 
such as polyethylene (PE), polyvinyl chloride (PVC) [10], 
polypropylene (PP) [11], polysulfone (PS) [12], and poly-
vinylidene fluoride (PVDF) [13] are used to develop poly-
meric membranes. Due to low cost and high mechanical, 
thermal, and chemical stability, PS and PVDF are popu-
lar polymers used to produce microfiltration (MF) and 
ultrafiltration (UF) membranes. Besides these advantages, 
their membranes lack hydrophilicity, the absence of active 
functional groups, and non-wettability. This leads to being 
fouled by colloids and organics during the filtration pro-
cess [14]. membrane foulants are divided into three groups, 
including inorganic, organic, and biofouling which causes 
internal blocking or external deposition on the membrane 
surface [15]. Membrane fouling increases operational costs 
and decrement in pure water flux and membrane lifetime 
[16]. Different approaches are used to solve this problem, 
such as polymer blending, nanoparticle embedding, and 
chemical grafting. Various nanoparticles such as clays [17], 
halloysite [18], SiO2 [19], graphene oxide [16], and reduced 
graphene oxide [20] are incorporated into the membrane 
matrix, which enhances membrane fouling resistance 
and hydrophilicity. Two-dimensional (2D) materials can 
improve the selective performance of polymeric mem-
branes by acting as a shield in their structure. For example, 
boron nitride (BN) has gained a special place in modifying 
polymeric membranes due to showing excellent strength in 
acidic and inorganic environments, high surface area, and 
thermal stability. Vatanpour et al. [21] fabricated polyether-
sulfone (PES) mixed matrix membranes embedded with 
different amounts of amine-functionalized boron nitride 
(AFBN). The obtained results showed that the modified 
membrane with 1 wt.% (AFBN) have the highest amount 
of Reactive Blue 19 rejection (99.7%) and the least degree 
of fouling (90.4%). Another modification method is coating 
an ultrathin layer on a porous membrane. Mansourpanah 
et al. [22] modified PES membranes’ properties by form-
ing a thin chitosan layer and used microwave radiation to 
graft acrylamide onto the chitosan backbone. The effect of 
acrylamide concentration, irradiation time, and power was 
studied using the Taguchi method. In some studies, various 
metal oxides, such as TiO2 [11], ZnO [23], CuO [23], and 
Al2O3 [13], are used to improve hydrophilicity and mitigate 
membrane fouling. These nanoparticles can be integrated 
into membrane structure by blending with polymeric 
matrix or surface deposition and alter intrinsic properties 
of membranes such as porosity by increasing precipitation 
rate. During the last decades, perovskite oxides, with the 
general formula ABO3 or A2BO4, have been a fundamen-
tal class of functional materials that exhibit a range of stoi-
chiometries and crystal structures. These materials have 

gained various industrial applications in catalysis, fuel 
cells, sensors, gas-separable membranes, and electrolytes. 
Because of the structural features, they could accommodate 
around 90% of the natural metallic elements of the peri-
odic table that stand solely or partially at the A and/or B 
positions without destroying the matrix structure, offer-
ing a way of correlating solid-state chemistry to catalytic 
properties. Moreover, their high thermal and hydrothermal 
stability makes them suitable catalytic materials for gas 
or solid reactions at high or liquid reactions at low tem-
peratures [24,25]. The sol–gel method is an effective way 
to synthesize these nanoparticles with high dispersity. To 
the author’s knowledge, no studies have been performed 
on using perovskite oxide nanoparticles in the polymeric  
matrix of membranes.

In the current study, PS and PVDF ultrafiltration mem-
branes were fabricated by the non-solvent induced phase 
separation (NIPS) method to remove HA from contami-
nated water. Polyvinylpyrrolidone (PVP) was used as a 
pore-forming agent to enhance pure water flux. To improve 
the fouling properties of fabricated membranes, LaSrCuMn, 
LaFeMn, LaSrCuMn-Pd, and LaFeMn-Pd perovskite oxide 
nanoparticles were incorporated into the matrix of the 
membrane. The morphology, wettability, water flux, fouling 
behavior, and rejection abilities of fabricated membranes 
were investigated in detail.

2. Experimental set-up

2.1. Material

N-methyl-2-pyrrolidone (NMP), polysulfone (PS, 
MW = 22,000 Da), polyvinylidene fluoride (PVDF, 
MW = 534,000 Da), polyvinylpyrrolidone (PVP, MW = 10,000 Da), 
citric acid monohydrate, and humic acid (HA) were 
purch ased from Sigma-Aldrich Co., (Gillingham, United 
Kingdom) La(NO3)3·6H2O, Cu(NO3)2·3H2O, Pd(NO3)2·2H2O, 
Mn(NO3)2·4H2O, Fe(NO3)3·9H2O, and Sr(NO3)2·4H2O were 
purchased from Merck (Darmstadt, Germany).

2.2. Characterizations

The morphology of membranes was demonstrated by scan-
ning electron microscopy (SEM-TESCAN MIRA3-FEG) cou-
pled with an energy-dispersive X-ray spectroscopy (EDAX). 
After fracturing in liquid nitrogen, the surface of the samples 
was made conductive with gold by sputtering. The surface 
roughness of fabricated membranes was investigated using 
atomic force microscopy (AFM; Microscope NANOSURF 
Mobile S). Contact angles of the membrane top surface 
were measured three times at different positions on each 
sample by a contact angle meter (CAG-20SE, JIKAN, Tehran).

2.3. Synthesis of perovskitesi

A sol–gel synthesis approach using the metal nitrate 
precursor materials (La(NO3)3·6H2O, Cu(NO3)2·3H2O, 
Pd(NO3)2·2H2O, Mn(NO3)2·4H2O, Fe(NO3)3·9H2O, and 
Sr(NO3)2·4H2O) was followed for preparation of perovskite 
nanoparticles. To prepare 1.0 g of nanoparticles, an appro-
priate amount of metal nitrates with nominal cation ratios 
were dissolved in 50 mL of de-ionized water. Citric acid 
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monohydrate is added to the solution of the cations with 
a molar ratio of 1:0.525 concerning the total amount of cat-
ions. Then, the solution was heated up to 80°C with stirring 
until a sticky gel was obtained. The gel is heated to 200°C 
for 2 h in the air to remove the organic ligands, decom-
pose the nitrates, and turn them into dark powder. Final 
calcination for 5 h at 700°C yielded the oxidized starting  
materials [25].

2.4. Preparation of membranes

To prepare neat PVDF (M1), PS (M2), and PVDF/
LaSrCuMn (M1-1), PS/LaFeMn (M2-1), PVDF/LaSrCuMn-Pd 
(M1-2) and PS/LaFeMn-Pd (M2-2) nanocomposite mem-
branes, the NIPS technique was used. At first, 1 wt.% per-
ovskite nanoparticles were stirred in NMP solvent (80 wt.%), 
then the prepared solution was sonicated in an ultrasonic 
bath for 30 min to better dispersion of the nanoparticles 
in the solvent. Afterward, PS or PVDF (18 wt.%) and PVP 
(1 wt.%) as pore agents were added to the prepared solu-
tion and stirred for a complete polymer solution. The ready 
solution was cast on a glass plate with a steel knife with a 
400 µm gap and immersed in a water coagulation bath. To 
complete the phase inversion process, the cast film was 
immersed in a DI water bath for 24 h.

2.5. Membrane porosity

The gravimetric method was used to calculate the 
membranes’ porosity (ɛ, %). The mathematical relation of 
the gravimetric method is represented as follows:
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where Ww, Wd, Dw, and Dp are the weight of wet (immersed 
in water for 24 h), dry (dried at 70°C for 8 h) membrane, 
and density of water (0.998 g/cm3) and polymers (1.78 g/cm3 
for PVDF and 1.24 g/cm3 for PS), respectively.

2.6. Pure water flux, antifouling performance, and rejection

A submerged membrane filtration system was used 
to determine pure water flux. Compacting of pre-wetted 
membranes was performed at a pressure of 0.8 bar for 
40 min to minimize compaction effects. Then, pressure 
is reduced to 0.5 bar to determine pure water flux. After 
reaching a steady state, pure water flux (Jw) was calculated 
as follows:

J V
Atw =  (2)

where V (L) is the volume of permeate, A (m2) is membrane 
surface area, and t (h) is permeation time. After determin-
ing pure water flux, to investigate the antifouling proper-
ties of prepared membranes, the flux of HA solution (JP) 
with a concentration of 1 g/L as an organic foulant model 

was calculated every 5 min for 45 min. After filtration of 
HA, membranes were washed with distilled water sev-
eral times to eliminate reversible fouling, and pure water 
flux was determined again (Jw,2). The following equation 
determined the flux recovery ratio (FRR):

FRR %� � � �
J
J
w

w

2

1

100  (3)

The reversible fouling ratio (RFR), irreversible fouling 
ratio (IFR), and total fouling ratio (TFR) were calculated 
by Eqs. (4)–(6):
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The following equation calculated the HA rejection of 
membranes (R %):
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where Cf and CP (g/L) are the concentration of HA in feed 
and permeate solution, respectively.

3. Results and discussion

3.1. SEM-EDAX analysis

The cross section of prepared membranes is depicted 
in Fig. 1a–h. As shown in Fig. 1a, the neat PVDF mem-
brane has a fibrous-like microstructure with inter-con-
nected pores. In contrast, the neat PS membrane has fin-
ger-like pores (Fig. 1b). As can be seen from SEM images 
(Fig. 1c–f), nanocomposite membranes had asymmet-
ric structures including dense skin at the top, finger-like 
voids at the middle layer, which connected using spongy 
walls, and macrovoid at the bottom layer. The finger-like 
and macrovoids of nanocomposite membranes are larger 
than neat membranes due to the presence of perovskite 
nanoparticles. Adding perovskite nanoparticles affects 
the thermodynamics and kinetics of the phase separation 
process in a way that enhances the exchange rate of sol-
vent and non-solvent [26]. A comparison of SEM images of 
nanocomposite membranes showed that layers are closer 
in nanocomposite membranes containing LaSrCuMn-Pd 
and LaFeMn-Pd nanoparticles. To investigate perovskite 
nanoparticle dispersion in the cross-section of membranes, 
EDAX analysis was used. Based on obtained results, per-
oxide nanoparticles are well distributed in the cross- 
section of membranes without any aggregation (Figs. 2  
and 3).
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3.2. AFM analysis

To study the surface morphology of membranes, AFM 
analysis was performed. Fig. 4a–f shows three-dimensional 
AFM images of M1, M2, M1-1, M2-1, M1-2, and M2-2 mem-
branes which bright and dark regions are related to the high-
est point of the membrane surface and pores or valleys of 
the membrane, respectively. The roughness parameters of 
prepared membranes (Sa, mean roughness; Sq, root-mean-
square of Z data; and Sy, the height difference between the 
highest peak and the lowest valley) are presented in Table 1. 
Mean roughness of the neat PVDF membrane is higher than 
the neat PS membrane. In both membranes, the addition 
of perovskite nanoparticles decreases the mean roughness. 
Also, the presence of Pd-treated perovskite nanoparticles 
enhances mean roughness compared to perovskite-contain-
ing membranes. According to reported studies, membranes 

with higher roughness possess lower antifouling ability 
due to the accumulation of pollutants on the surface val-
leys of membranes [27].

3.3. Contact angle and porosity

To evaluate the hydrophilicity of the surface of the 
membrane, the contact angle should be measured, which 
provides valuable information about the solid–liquid inter-
facial energy [28]. Hydrophilicity has a crucial effect on 
the flux and antifouling properties of the membranes [7]. 
The contact angle of neat and nanocomposite membranes 
is illustrated in Fig. 5a. The results show that the contact 
angle of nanocomposite membranes is smaller than neat 
ones, so nanocomposite membranes are more hydrophilic 
than PS and PVDF membranes. It can be ascribed to the 
presence of hydrophilic nanoparticles in the structure of 

 
Fig. 1. Scanning electron microscopy images of (a) M1, (b) M2, (c) M1-1, (d) M2-1, (e) M1-2, and (f) M2-2.
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(a) 

(b) 

Fig. 2. Energy-dispersive X-ray spectroscopy-mapping of (a) M1-1 and (b) M2-1.

 
Fig. 3. Energy-dispersive X-ray spectroscopy-mapping of M2-2.
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Fig. 4. Three-dimensional atomic force microscopy images of (a) M1, (b) M2, (c) M1-1, (d) M2-1, (e) M1-2, and (f) M2-2.
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nanocomposite membranes. As shown in Fig. 5b, the nano-
composite membranes containing Pd-treated nanoparticles 
had the highest values of porosity, which can be related to the 
pore formation mechanism. The interfacial stress between 
polymer and nanoparticles induced by polymer shrink-
age during the phase inversion process is released by pore  
formation [29].

3.4. Pure water flux, antifouling performance, and rejection

Pure water flux is one of the important parameters 
of membranes related to the membrane’s porosity and 
pore sizes [30]. The purified water flux of prepared mem-
branes after 20 min at an operating pressure of 0.5 bar is 
depicted in Fig. 6a and b. As can be seen, the pure water 
flux of neat PVDF is higher than neat PS. Adding per-
ovskite nanoparticles to the membrane matrix improves 
the membranes’ hydrophilic nature and porosity, so the 
pure water flux of nanocomposite membranes is higher 
than neat membranes. Also, the pure water flux of nano-
composite membranes containing Pd-modified perovskite 
is higher than other membranes, which may be related to 
higher porosity and larger inner macropores confirmed by 
SEM images of the cross-section of membranes. By com-
paring Fig. 6a and b, it can be concluded that permeate 
flux of the neat PVDF membrane is higher than the neat 
PS membrane after 45 min filtration processes. In addi-
tion, the modification of neat membranes with perovskite 
nanoparticles and Pd-modified perovskite nanoparticles 

enhances permeation flux which may be related to big-
ger surface pore size, higher porosity, and hydrophilicity 
enhancement [29]. The lower permeate flux compared to 
pure water flux can be associated with the accumulation 
of humic acid on the membrane’s surface, leading to the 
concentration polarization effect, pore blocking, and cake 
formation [26]. The pure water flux of cleaned membranes 
is lower than the initial pure water flux of membranes 
related to some irreversible fouling that is not cleaned 

Table 1
Parameters of surface roughness of prepared membranes

Membrane ID Parameters of surface roughness

Sa (nm) Sq (nm) Sy (nm)

M1 32.606 44.172 432
M2 25.24 12.705 91.95
M1-1 11.37 15.869 166.73
M2-1 12.57 17.47 180.67
M1-2 12.536 17.181 135.26
M2-2 20.849 27.607 206.51
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Fig. 5. (a) Contact angle and (b) porosity of neat and nanocomposite membranes.
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Fig. 6. Time-dependent flux variation of the (a) M1 and mod-
ified membranes (b) M2 and modified membranes using 
humic acid as a pollutant.
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during washing membranes. Weak and physical interac-
tions between foulants and membrane surface form revers-
ible fouling. It can be removed by water rinsing, whereas 
irreversible fouling occurs by strong binding between fou-
lants and membrane surface and pores, leading to mem-
brane damage. Fouling parameters include the FRR, RFR, 
IFR, and the TFR and rejection are summarized in Table 2. 
FRR is calculated to evaluate the antifouling performance 
of prepared membranes. FRR of nanocomposite mem-
branes containing Pd-modified perovskite nanoparticles 
is highest among other membranes, so they show strong 
resistance to membrane fouling. FRR of nanocomposite 
membranes is higher than neat membranes, which can be 
related to increased hydrophilicity and improved mem-
brane surface smoothness by incorporating perovskite 
nanoparticles based on contact angle and AFM analysis, 
respectively. As can be seen, the IFR of membranes is sig-
nificantly decreased by incorporating perovskite nanopar-
ticles due to the restricted attachment of hydrophobic HA 
to the membrane surface. Besides high permeate flux, 
modified membranes indicate higher rejection than neat 
membranes, which can be related to the lower affinity of 
hydrophobic HA molecules to interact with hydrophilic  
membranes.

4. Conclusions

In the current study, novel PVDF and PS nanocompos-
ite membranes containing perovskite nanoparticles are fab-
ricated using the phase inversion method to remove humic 
acid from contaminated water. The results of AFM analysis 
confirm higher smoothness of nanocomposite membranes 
compared with neat PVDF and PS membranes. The pre-
pared membranes’ hydrophilicity and pure water flux are 
improved by incorporating perovskite nanoparticles into 
the membrane matrix. Investigation of antifouling proper-
ties showed that IFR is significantly decreased by embed-
ding perovskite nanoparticles. The results of this study 
confirmed that perovskite nanoparticles can be used as 
potential antifouling additives for the fabrication of nano-
composite membranes.
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