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A simple and straightforward method for preparing hydrophilic and antifouling ultrafiltration 

membranes is described. Silica nanoparticles were synthesized and modified by mussel inspired 

dopamine polymerization. The ultrafiltration membranes were prepared using polyacrylonitrile 

(PAN) with different ratios of polydopamine modified silica nanoparticles (SiO2-DOPA) via a 

phase inversion process. Composite membranes containing increasing amounts of SiO2-DOPA 

were compared to the pure PAN membranes to determine the changes in performance, 

hydrophilicity, and antifouling characteristics. The composite membranes exhibited higher water 

permeation and rejection properties compared to those of the neat PAN membrane. During flux 

decline and recovery experiments, PAN-SiO2-DOPA composite membranes exhibited higher flux 

recovery than a neat PAN membrane. The best performing membrane recovers more than 75% of 

its original flux after being washed with deionized water, demonstrating a high resistance to 

irreversible fouling. The composite membranes were tested for rejection of protein and dye 

molecules, and the high rejection efficiency with moderately declined fluxes indicates their 

suitability for separation and water treatment applications.     
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1. Introduction 

The increasing application of membrane based technologies in various fields, such as the food 

and dairy industry, separation and purification technology, medical, catalysis and environmental 

remediation, desalination and water treatment, etc. led to an increased focus in recent past.
1-7

 For 

all these applications highly porous, antifouling, tunable, and permeable membranes are required. 

Current membrane based filtration processes, such as ultrafiltration (UF), suffers with long-term 

operation due to the low resistance of the membranes to fouling. Membrane fouling, caused by 

the adsorption, accumulation, and growth of various organic, inorganic, and biofoulants on a 

membrane surface or in a membrane matrix during filtration,
8-10

 results in reduced productivity, 

additional operating costs, and the need for frequent chemical cleaning that shortens membrane 

lifespan.
11-14

 Thus, there is an urgent need to develop membranes with better anti-fouling 

property and stability as well as higher water flux for the above discussed membrane based 

processes.  

 Polyacrylonitrile (PAN) is one of the most promising and widely used membrane forming 

materials due to its outstanding properties such as high solvent resistance, chemical stability, 

thermal stability, mechanical strength, and membrane forming ability.
15-21

 Like most of the 

membranes, PAN membranes are also prone to fouling leading to a shorter lifespan. Extensive 

efforts have been rendered to improve the antifouling property by improving the hydrophilicity 

through a variety of methods such as chemical treatment, surface grafting, and additive 

blending.
15, 16, 20, 22-24

 These chemical treatments and grafting modification methods require 

numerous post-treatment processes which complicates the membrane preparation as well as 
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decreases the mechanical strength and performance. On the other hand the additive blending 

method often needs amphiphilic copolymers and inorganic nanoparticles.
16, 25-28

 Among the 

various types of nanoparticles that are being used for addition to polymeric membranes are 

Al2O3, SiO2, ZrO2, TiO2, Fe3O4, halloysite nanotubes, montmorillonite, carbon nanotubes, Ag, 

Au, zero valent iron (Fe
0
), and Pd etc.

15, 29-33
 These mixed membranes, where nanoparticles are 

blended in the polymeric membranes are expected to have a composite structure and to combine 

the basic properties of polymers and inorganic particles. The composite behavior with 

nanoparticles enhances the permeability, separation performance, antifouling property, and 

stability. 

 Fabricating polymeric membranes with various metal oxide nanoparticles is one of the 

most used methods to prepare composite membranes, because metal oxides can provide specific 

functionalities to the membrane, while retaining the intrinsic separation performance of the bare 

membrane. SiO2 is one of the widely used inorganic nanoparticles in membrane fabrication 

because of its stability, good hydrophilicity, mild reactivity, and excellent resistance against 

chemicals.
15

 PAN-SiO2 composite membranes have been reported with improved porous 

structure and hydrophilicity.
15, 34, 35

 However, the low miscibility between polymer and 

nanoparticles, because of the different surface properties of the two components, makes it 

difficult to achieve a highly dispersed nanocomposite membrane by direct blending.
15

 The low 

miscibility and dispersion leads to nanoparticle aggregation. Therefore, SiO2 nanoparticles should 

be suitably surface-modified to improve their compatibility with PAN and dispersion in PAN 

matrix. Surface modifications of SiO2 nanoparticles by chemical bonding or physically adsorbing 

polymers are the most common methods to obtain hybrid nanoparticles.
15, 36, 37

 In most of these 

modification approaches, complicated chemical synthesis, solvent extraction, etc. are required, 

which makes the process less economical and productive. Recently, bio-inspired polydopamine 
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(DOPA) coatings have attracted great attention as a biomimetic polymer and universal surface 

modification agent for various materials with a broad range of applications.
38-40

 The DOPA 

polymerization occurs in weak alkaline aqueous media and very adherent polymer coatings on 

most organic and inorganic surfaces are formed.
41, 42

 This modification approach is also used to 

modify different inorganic surfaces and nanoparticles.
43

 DOPA modification also increases the 

hydrophilicity and tunability of the substrate due to multifunctional groups (amino and catechol 

groups). 

Herein we report the fabrication of highly hydrophilic and antifouling membranes by 

using DOPA modified silica nanoparticles with PAN. The effect and concentration of DOPA 

modified silica nanoparticles on membrane formation and properties were systematically studied 

to determine the direct effect of the nanoparticles on the physico-chemical properties of the 

membranes, such as hydrophilic character, water permeability, fouling resistance, and solute 

rejection ability.  

2. Experimental Section 

2.1. Materials 

Polyacrylonitrile, dopamine, and all other chemicals were purchased from Sigma-Aldrich, Inc. 

(St. Louis, Missouri, USA) and used as received. Nonwoven polyester fabric support for the 

membrane preparation was kindly provided by Freudenberg Filtration Technologies, Germany. 

For all purpose Millipore water was used. 

2.2. Synthesis of silica nanoparticles and polydopmine modification 

Silica nanoparticles were synthesized by a modified Stöber method.
44

 In brief, 455 mg of L- 

Arginin was first dissolved in 345 ml of water and then 25 ml of cyclohexane was added. The 
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solution was then heated to 60 °C under stirring. To this solution 18 mL of tetraethyl orthosilicate 

(TEOS) was added and stirred for 48 hours. After that, the cyclohexane was separated by a 

separating funnel and the suspension of silica particles was filled in a dialysis membrane tube. 

The membrane tube was kept overnight in deionized water under stirring to remove any 

unreacted species. This method results SiO2 particles with 8.9 mg mL
-1

 concentration, which was 

further concentrated up to ~450 mg mL
-1

 in a rotary evaporator and used for further applications. 

The synthesized silica nanoparticles were washed with deionized water and dispersed in 2 

mg mL
-1

 dopamine [4-(2-aminoethyl)benzene-1,2-diol] solution dissolved in 10 mmol L
-1 

tris-

HCl buffer solution (pH 8.5, tris = 2-amino-2-hydroxymethyl-propane-1,3-diol). The particles 

were shaken for 24h at room temperature to obtain a DOPA layer coating on the surface. Finally, 

the DOPA coated silica nanoparticles were washed several times with deionized water by 

repeated dispersion and centrifugation. Washed nanoparticles were dried in a vacuum oven and 

used for membrane preparation.     

2.3. Membrane preparation 

Composite PAN based membranes containing different amount of modified silica nanoparticles 

were fabricated via the immersion precipitation method. First a 10 wt.% PAN solution was 

prepared in N,N
’
-dimethylformamide (DMF) and filtered through a 0.45 µm PTFE filter. The 

dopamine modified silica nanoparticles were dispersed separately in DMF by ultra-sonication and 

PAN solution was added drop wise into this dispersion under stirring. The concentration of PAN 

solution was maintained in such a way that the final solution concentration to be 10 wt.% and the 

particle content was varied from 5 wt. to 15 wt. %. The membranes were cast using a doctor 

blade at 150 µm gate height on a non-woven polyester fabric support wetted with DMF and taped 

to a glass plate. After being cast, the glass plate was immersed in a coagulation bath containing 
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water and ethanol in 70/30 ratio. The membrane was kept in the coagulation bath for 1 h and then 

transferred to a deionized water bath for 24 h to remove any residual solvent. Finally, the 

membranes were washed and stored in deionized water at room temperature. The membranes 

were denoted as PAN, PAN-SiO2-5%, and PAN-SiO2-DOPA-X% (where X is 5, 10, and 15%) 

for neat membrane, membrane with unmodified silica nanoparticles, and dopamine modified 

nanoparticle containing membranes, respectively.  

2.4. Characterizations 

The water uptake was determined gravimetrically after soaking the fully dried membrane samples 

in deionized water for 24 h. After wiping out the surface water, membranes wet weight was again 

recorded and the percent water uptake was calculated based on the weight change to that of the 

dry membrane.
45

 The porosity of the membranes was calculated as a function of membrane 

weight before and after water absorption.
29

 Films of known area and dry weight were immersed 

in deionized water for 24 h prior to measurement of swelling state. The porosity was calculated 

using the following equation: 

)1(100(%) ×






 −
=

ρdS

WW
Porosity dw  

where Ww and Wd are the wet and dry weights of the membranes, respectively; S the membrane 

area; d the thickness and ρ is the density of water. The water uptake and porosity data were the 

average values obtained for 3 samples of each membrane. 

 The hydrophilic behavior of the membranes was studied employing the optical contact 

angle measurement system OCA40 (Data Physics, Bad Vilbel, Germany). Contact angles were 

measured by sessile drop experiments as reported earlier using deionized water (surface tension 

of 72.8 mN m
-1

).
8, 39

 The variation in the measured contact angle values was within ±2
o
, and the 
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values reported are averages of at least three measurements from three different membrane 

samples. The free energy values of the solid-liquid interface (-∆GsL) were calculated from the 

advancing contact angle values using a water surface tension value of 72.8 mJ m
-2

.
39, 46 

 The surface and cross-section morphologies of dried samples were observed using a 

NEON 40 FIB-SEM workstation (Carl Zeiss AG, Germany) operated at 3 kV, after 3 nm thick 

sputter coating of platinum. Cross-section images were obtained after breaking the membranes in 

liquid nitrogen. The contact angle of membranes was measured with optical contact angle 

measurement system (Data Physics OCA40, Germany) using sessile drop method at five places 

on same membrane. 

2.5. Protein and dye adsorption 

Fouling of the membrane surfaces was characterized by BSA and Congo red adsorption under 

shaking condition at room temperature. The membranes with known dry weight and area were 

presoaked in deionized water for 24 h and then kept in respective dye and protein solution under 

gentle shaking for 6 h. The amount of dye and protein adsorption was estimated by recording the 

change in absorbance of the solution to that of original solution in UV-vis spectroscopy. The 

amount of adsorbed BSA and dye was calculated using following Equation: 

)2(1001 ×







−=

O

R

C

C
R  

where CR and CO is the remaining and the initial concentration of protein/dye in the solution, 

respectively. 

2.6. Water flux, rejection, and flux recovery studies 

Page 7 of 34 RSC Advances



The hand-cast membranes with nonwoven support were used for pure water permeability and 

flux decline during rejection and recovery studies. To determine the pure water permeability 

values a Millipore dead end filtration device connected with a nitrogen gas cylinder and solution 

reservoir was used. The membranes were first compacted with deionized water at 3.5 bar until the 

flux was stabilized. The stable flux was recorded as the pure water permeability at varying 

pressures from 0.5 to 3 bar.  The pure water flux (Jw) was calculated by the following equation:  

( )
( ) ( )

( )3
2 hTimemArea

LvolumePermeate
J w ×

=  

 The rejection performance was evaluated using BSA protein and Congo red dye in triplicate 

from the same batch of membrane from three different regions. The solutions were filtered in the 

dead end filtration device and the rejection was estimated based on change in concentration. 

Filtrate samples were collected after reaching the steady state flux under vigorous stirring 

condition. The concentration of solutes in the feed and permeate was obtained with the help of UV-

vis spectroscopy. The rejection (R) was calculated using the following equation: 

)4(1001 ×









−=

f

p

C

C
R  

where Cp and Cf are permeate and feed concentrations of solutes, respectively. Flux recovery was 

also estimated for the prepared membranes to analyze the flux decline and recovery testing. 

Solutions were charged in the filtration device with a membrane at stable water permeability and 

to observe the flux decline caused by solute adsorption (fouling). After obtaining again a stable 

flux, deionized water was introduced to wash the membrane surface. After proper washing, flux 

recovery was recorded when a stable flux was reached. The flux recovery (FR) was calculated via 

following equation: 
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)5(100(%) ×=
w

v

J

J
FR  

Where Jw and Jv are the deionized water fluxes before and after the fouling with solutes.   

3. Results and Discussion 

3.1. Silica nanoparticle modification and membrane fabrication 

The uniform sized silica nanoparticles were synthesized by Stöber method. The preparation steps 

and its characterizations are presented in Figure 1. In a mixture of L-Arginine and cyclohexane 

solution, 18 ml of TEOS was added and stirred for 48 h which yielded ~70% of SiO2. The silica 

nanoparticles were modified by mussel inspired polydopamine modification by dispersing in a 

dopamine solution (prepared in 10 mmol L
-1 

tris-HCl buffer solution) under vigorous shaking 

condition for 24 h at room temperature. The schematic of DOPA modification of silica 

nanoparticles is represented in Figure 1 (A). After that the particles were washed with deionized 

water by centrifugation and redispersion till clear supernatant solution. The hydrodynamic size of 

neat and modified silica nanoparticles was found to be 19 and 24 nm, respectively (Figure 1 

(B)).Thus obtained DOPA modified silica nanoparticles were dried in vacuum oven at 60 
o
C and 

used for membrane preparation. Figure 1 (C and D) shows the SEM images of neat and DOPA 

modified silica nanoparticles. Compared with the silica nanoparticles with an average diameter of 

20 nm, the diameter of SiO2-DOPA was found to be about 25 nm. This indicates that ca. 5 nm 

thin DOPA layer was successfully formed on the surface of silica nanoparticles through the 

oxidative self-polymerization of the dopamine. It can also be seen in the image that the DOPA 

modified nanoparticles were tending to agglomerate or joined together due to DOPA film. 

The DOPA modification of nanoparticles was also characterized by studying the thermal 

degradation pattern in N2 environment. The TGA data are presented in Figure 2 (A). The initial 
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weight loss in case of SiO2-DOPA indicates desorption of water as well as the degradation of 

organic DOPA part. However, in same ranges a higher weight loss for neat silica nanoparticle 

shows the water loss and degradation of surfactant used during its preparation. The degradation 

pattern for SiO2-DOPA after 500 
o
C, shows the complete degradation of DOPA layer.  

The nanocomposite membranes were prepared using unmodified and DOPA modified 

silica nanoparticles with PAN as membrane forming material by solution casting and non-solvent 

phase inversion method. The step-wise approach for membrane preparation is depicted in Figure 

3. First the nanoparticles were dispersed in DMF by stirring and ultra-sonication. This 

nanoparticle dispersion was then mixed with an already prepared PAN solution and stirred for 24 

h. The DOPA modification of silica nanoparticles resulted in better dispersion in organic solvent 

during membrane formation. Large numbers of amine functional groups on polydopamine layer 

also make it more compatible to PAN polymer matrix. The SiO2-DOPA particles were well 

dispersed in PAN solution and no sedimentation or agglomeration of particles was observed 

when stored for longer time. This indicates that there was a good compatibility between DOPA 

modified silica nanoparticles and PAN matrix. The final membrane forming solution was then 

allowed to degas for some time to remove any trapped air bubbles. The membranes were then 

cast on the solvent wetted non-woven fabric and solvent was allowed to evaporate for 60 s. Then 

the film was transferred to the solvent bath for phase inversion and washed several times with 

deionized water to remove the organic solvent from the membrane. The membranes were 

prepared with varying SiO2-DOPA content (5, 10 and 15%) to study its effect on membrane 

properties. 

3.2. Membrane morphology and hydrophilic properties 
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Figures 4-6 show the SEM images of the surface and cross-section morphology of control and 

nanocomposite membranes. The images indicate that the DOPA modification and the 

nanoparticles concentration in membrane forming solution have a clear effect on the membrane 

structure, which can be described in terms of silica nanoparticle agglomerations, pore size, 

porosity, and hydrophilic behaviors. The high polymer fraction leads to the formation of a denser 

upper layer during phase inversion due to faster drying of solvent and less interaction with water 

molecules. The presence of modified silica particles enhances the hydrophilicity of the film and a 

stronger interaction with water molecules during the phase inversion process which led to the 

formation of highly porous membrane with macrvoids in the matrix. Membrane prepared with 

unmodified silica nanoparticles (Figure 4 (B)) shows high exclusion from the membrane matrix.  

This may be due to the release of hydrophilic nanoparticles from a relatively hydrophobic phase 

during phase inversion. It also indicates a low nanoparticle-polymer interaction. It is well known 

that oxide nanomaterials show a tendency to aggregate due to their high specific surface area and 

hydroxide groups on the surface.
29, 47

 The surface modification of these nanoparticles reduces 

aggregation and enhances their dispersion in solution.
48

 In our case, the polydopamine 

modification of silica nanoparticles led to the formation of homogeneous dispersed 

nanocomposite membranes even at high concentrations of nanoparticles. This may be due to the 

increased interaction between DOPA modified silica nanoparticles and PAN matrix. Membranes 

with DOPA modified silica nanoparticles shows less aggregation as compared to unmodified 

ones. Also no exclusion of nanoparticles from membrane matrix occurred. Figure 4 (C and D) 

with low nanoparticle content (5 and 10%) shows almost smooth surface along with a finger like 

macrovoids (Figure 4 (E)) distributed all through the membrane matrix. Figures 5 and 6 

represent the surface and cross-section images of PAN-SiO2-DOPA-15% membrane.  The 

surface of the membrane is relatively smoother and contains some agglomeration of particles but 
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no exclusion of nanoparticles from the membrane matrix. The cross-section images clearly 

indicate that big macrovoids together with small voids were formed in this case. The upper layer 

was relatively thin as compared to the other membranes which may be due to faster penetration 

of non-solvent and low drying rate. The high magnification of cross-section (Figure 6(E)) 

indicates that the macrovoids entered throughout the membrane and are separated with thin 

porous layers. The silica nanoparticles distribution can be clearly seen in the walls of macriovoids 

which make the membrane highly hydrophilic and less resistive towards water transport.    

Table 1 summarizes the water absorption, contact angle, and porosity data of the prepared 

membranes.  Among all prepared membranes, the neat PAN membrane showed lowest water 

absorption, porosity, and highest contact angle because of their relatively hydrophobic nature as 

compared to the prepared composite membranes. The hydrophilicity of the membranes increased 

with the inclusion of silica nanoparticles which was further enhanced by DOPA modification. A 

linear trend can be seen in the data with the increasing amount of doped silica nanoparticles. 

PAN-SiO2-DOPA-15% showed highest water absorption and porosity. The increased water 

uptake can be attributed to the silica particles and DOPA modification which enhances the water 

binding capacity due to the presence of a large number of hydrophilic groups.  

The porosity of all membranes was calculated based on the water uptake according to 

equation 1. As a result of the doping of nanoparticles the porosity of the membrane increases. 

This behavior can be attributed to the enhanced macrovoid formation leading to a higher 

membrane specific area which favors water sorption inside the membrane.
29, 45

 Also, the initial 

drying time, coagulation bath temperature, coagulation solvent, and coagulation solvent-polymer 

interaction, etc. play an important role in overall porosity of the membrane. In this case, the 

coagulation solvent-polymer interaction was increased with the increasing hydrophilic silica 
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content in the membrane matrix which increases the hydrogen bonding capabilities between 

water and membrane matrix. The highest porosity was observed for PAN-SiO2-DOPA-15% 

membrane which is ~20% more than for neat PAN membrane. This increase in porosity was due 

to high water absorption (>2.5 times as compared to the neat PAN membrane) and their retention 

due to the strong hydrogen bonding.  

Contact angle values for all prepared membranes also show a similar trend as obtained for 

water absorption. The improved hydrophilicity with increased content of nanoparticles was 

evident with decreasing the contact angle value of the PAN membrane from 68
o
 for PAN to 32

o
 

for PAN-SiO2-DOPA-15% membrane. The increasing nanoparticle concentration favors solvent 

inter-diffusion and hence, the average pore size and porosity and leads to increase in the 

hydrophilicity. The work of adhesion (modulus of the interaction free energy ∆GSL) resulting 

from interactions between the solid surface and the applied water molecules, was also increased 

with the amount of silica nanoparticles. These findings clearly indicate that the prepared 

membranes were highly hydrophilic and porous in nature which is required properties of filtration 

membranes. 

 

3.3. Water permeation studies  

Membrane permeation properties depend upon several parameters such as porosity, pore size, 

hydrophilicity, upper layer thickness, sublayer morphology, etc. The increased porosity and 

hydrophilicity lead to an increase in water permeability. Also, the membrane permeability is 

inversely proportional to the thickness of a membrane (especially the upper layer). The SEM 

images of prepared membranes indicate that the upper layer thickness was lowered with the 

increasing concentration of SiO2-DOPA particles. The water absorption and contact angle data 

prove the highly hydrophilic nature of these membranes. Thus, from these aspects, the membrane 
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with 15% SiO2-DOPA particles possesses all required properties for a high water permeating (i.e. 

low hydraulic resistance) membrane. The water permeation data of all membranes are shown in 

Figure 7.The flux of pure water increased significantly for nanocomposite membranes as 

compared to the neat PAN membrane. The enhancement was further improved with the DOPA 

modified particle inclusion in membranes as compared to the neat silica nanoparticles. PAN-

SiO2-DOPA-15% shows more than 10 times higher water flux than a neat PAN membrane. 

 The higher water permeation through nanoparticle containing membranes can be 

explained due to a higher affinity to water of SiO2 and SiO2-DOPA nanoparticles in comparison 

to the relatively hydrophobic PAN. The affinity of water towards SiO2-DOPA should be even 

higher as compared to pure SiO2 due to the presence of a large number of hydroxyl and amine 

functional groups. This affinity also affects the membrane morphology evolution and pore 

formation during the phase inversion process. The presence of nanoparticles, not only increases 

the water diffusion in membranes during the phase inversion, but also affects the polymer-solvent 

interaction.
29, 49 

Thus the increased water permeation of SiO2-DOPA containing membranes was a 

result of the increase in the membrane’s porosity and hydrophilicity as well as the more open 

membrane structure, through the improvement in macrovoid formation. 

 

3.4. Rejection properties 

The rejection behavior of prepared membranes was evaluated using BSA protein and Congored 

dye in dead end filtration mode. The physical sieving phenomenon is believed to be one of the 

main driving forces which control the organic molecule rejection through filtration membranes. 

Additionally, the molecular size, charge nature, Donnan exclusion, the thickness of the 

membrane, hydrophilic/hydrophobic properties, and the degree of polymer swelling also 

influence the rejection properties. The rejection results along with the representative UV-vis 
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spectra for all membranes are presented in Figure 8 (BSA) and 9 (Congo red). The rejection data 

indicate the typical molecular weight related rejection behavior. The membranes showed highest 

rejection for BSA because of to its high molecular weight and large molecular volume. The 

Congo red rejection was less than BSA which was obvious because of its low molecular weight. 

The rejection property of membranes was improved with the addition of SiO2, and SiO2-DOPA 

particles. The rejection was further improved with increasing concentration of SiO2-DOPA in the 

membrane matrix. This increment in the rejection behavior can be explained due to the presence 

of entrapped nanoparticles in the pores and on the surface of the membranes. At higher 

concentration, the nanoparticles start plugging the pores of the membranes, causing an increase in 

the rejection of organic solutes.  

3.5. Fouling and flux recovery studies 

The presence of hydrophilic nanoparticles in the polymer membrane matrix enhances its overall 

hydrophilic behavior which has already been discussed above. This leads to a high surface 

hydration which is generally considered the key to nonspecific protein adsorption resistance, 

organic fouling, microorganisms attachment, etc., since a tightly bound water layer forms a 

physical and energetic barrier to prevent the adsorption to the surface.
8, 39, 45, 50-52

 Considering that 

fouling is caused by adsorption of foulants on the membrane surface, the probability of BSA and 

Congo red dye adsorption was minimized due to the presence of nanosized hydrophilic SiO2-

DOPA particles. The relative BSA and Congo red adsorption on the prepared membranes is 

shown in Figure 10.  The net adsorption for both compounds decreases with increasing 

nanoparticle concentration. Membrane showed relatively lower adsorption for BSA as compared 

to the Congo red. Due to the large size and high hydration, BSA molecules could not penetrate 

the membrane hydrophilic surface and thus a low adsorption was observed. Whereas, the Congo 
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red can diffuse inside the membrane pores due to its small size and gets entrapped, leading to a 

higher adsorption. This adsorption trend clearly indicates that the antifouling behavior of the 

membrane was improved by the addition of SiO2-DOPA nanoparticles. 

The fouling behavior of the prepared membranes was also studied under dynamic 

condition by repeated BSA protein filtration and washing of membrane surface and analyzing the 

flux recovery for each cycle. The flux recovery data can be used to indicate the reversible fouling 

properties of the membranes. The membranes which showed maximum flux recovery after proper 

washing are regarded as more antifouling and the fouling is considered as reversible fouling. 

Figure 11 represents the first cycle of initial, with BSA, and recovered flux data of representative 

membranes, which clearly indicate that more than 75% flux was recovered in case of PAN-SiO2-

DOPA-15% membrane as compared to only 49% for neat PAN membrane. To further study the 

effect of washing and long-term recovery properties, the PAN and PAN-SiO2-DOPA-15% 

membranes were subjected to a second and third cycle of protein filtration. The flux recovery 

data in second and third cycle for PAN was found to be 40 and 35.4% whereas for PAN-SiO2-

DOPA-15% membrane it was 73 and 71%, respectively. This observation clearly indicated that 

irreversible fouling occurred on the pure PAN membrane, while after the addition of SiO2-DOPA 

nanoparticles, the flux decline was less significant, and the simple washing could effectively 

recover more than 70% of its initial permeation flux for continuous three cycles, indicating the 

improved antifouling performance of the nanocomposite membrane. These results could be 

attributed to the increased hydrophilicity of the membranes after the addition of SiO2-DOPA 

nanoparticles, which decreased the affinity between the membrane surface and the proteins. In 

conclusion, the flux recovery data confirm the trend observed in adsorption and repeated BSA 

filtration studies which indicate the improved antifouling properties of the prepared 

nanocomposite membranes. 
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4. Conclusions 

In summary, the mussel inspired DOPA modification of SiO2 nanoparticles and its inclusion in 

PAN matrix was reported to obtain hydrophilic, low fouling, and high permeable membranes. A 

series of hybrid membranes with varying SiO2-DOPA content was prepared by blending into the 

PAN matrix.  The SiO2 nanoparticle synthesis and its DOPA modification were well established 

by various characterization techniques. The DOPA modified nanoparticles were entrapped into 

the PAN matrix by solution dispersion and phase inversion process. The results showed that the 

SiO2-DOPA nanoparticles could be well and homogeneously dispersed in the PAN matrix with 

low exclusion and agglomeration. The presence of DOPA on the surface of SiO2 nanoparticles 

increases the compatibility with PAN matrix and therefore homogeneous dispersed 

nanocomposite membranes were formed. The mixing of SiO2-DOPA nanoparticles also 

effectively improved the hydrophilicity, porosity, and water absorption properties. The 

microscopy images clearly proved the presence of nanoparticles in the membrane matrix and on 

the walls of the pores which reduces the water transport resistance which is reflected in high 

water transport through nanocomposite membranes. The presence of nanoparticles also enhanced 

the antifouling properties against protein adsorption. The nanocomposite membranes also showed 

improved rejection performance for BSA protein and Congo red dye. Furthermore, the high flux 

recovery of these membranes proved its long-term application. These properties indicate the 

usefulness of the PAN-SiO2-DOPA membranes for water filtration and separation applications.  
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Table 1: Membrane properties: water absorption, porosity, and contact angle. 

Membrane Water content 

(wt. %)
 

Porosity 

(%) 

Contact angle 

(θ, degree)
 

Free energy (-

∆GSL, mJ m
-2

) 

PAN 93.1 51.7 68 100.0 

PAN-SiO2-5% 153.4 64.8 48 121.5 

PAN-SiO2-DOPA-5% 181.5 69.4 40 128.6 

PAN-SiO2-DOPA-10% 202.4 72.1 36 131.7 

PAN-SiO2-DOPA-15% 250.0 77.1 32 134.5 
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Figure 1. (A) Schematic of polydopamine modification; (B) DLS results; and (C and D) SEM 

images of dried neat and DOPA modified silica nanoparticles on silicon wafer. 
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Figure 2: TGA: (A) of neat and DOPA modified silica nanoparticles, and (B) PAN-SiO2 and 

PAN-SiO2-DOPA-15% membranes. 
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Figure 3. Schematic representation of membrane preparation methodology. 
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Figure 4. SEM images of membranes: (A) PAN; (B) PAN-SiO2-5%; (C) PAN-SiO2-DOPA-5%; 

(D) PAN-SiO2-DOPA-10%; and (E) cross-section of PAN-SiO2-DOPA-10%; 
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Figure 5. Surface SEM images of PAN-SiO2-DOPA-15% membrane at different magnification. 
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Figure 6. Cross-section SEM images of PAN-SiO2-DOPA-15% membrane at different 

magnification.  
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Figure 7. Water permeation properties of different prepared membranes. 
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Figure 8. BSA rejection performance of prepared composite membranes: (A) representative UV 

graphs and (B) percent rejection. 
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Figure 9. Congo red rejection performance of prepared composite membranes: (A) representative 

UV graphs and (B) percent rejection. 
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Figure 10. Adsorption experiment of BSA and Congo red dye on membranes. 
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Figure 11. Fouling assessment of the membranes by flux recovery performance after BSA 

filtration. 
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TOC 

Polydopamine modified silica nanoparticles were incorporated into polyacrylonitrile to fabricate 

highly hydrophilic and antifouling filtration membranes for water purification applications. High 

dispersion and better compatibility of polydopamine modified nanoparticles with 

polyacrylonitrile was observed which resulted into high permeable and rejection membrane. 

 

Page 34 of 34RSC Advances


