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Abstract 

This paper presents a comparative assessment of the effect of microwave (MW) on nano silica loaded Polyvinylidene fluoride 

(PVDF) hollow fibre membranes (HFMs). Tetraethyl orthosilicate (TEOS) was introduced into the dope and nano silica was 

introduced during interfacial polymerisation to prepare thin film nanocomposite (TFN) HFMs. Also, exposure to MW irradiation 

at 55°C for 10 minutes in salt solution has been undertaken. Characterisation using scanning electron microscopy (SEM), energy 

dispersive spectroscopy (EDS), atomic force microscopy (AFM), contact angle (CA), porosity and mechanical properties have 

been undertaken. Results showed unchanged morphological features after MW exposure. Surface roughness manifested 

moderate increase upon TEOS or nano silica loading from 37.5 nm to 73.1 nm, where such changes were partially rectified after 

MW exposure. Effect on mechanical properties showed changes in tensile strength between 1.85 to 2.36 MPa, changes in 

modulus between 50.5 to 97.2 MPa and changes in elongation at break between 38% to 55.6%. Increased hydrophilicity was 

observed due to nano silica loading and MW exposure, where CA reached a minimum of 33.6 for nano silica thin film PVDF 

HFM after MW exposure. Finally, porosity investigations manifested moderate changes of mean pore diameter with minor 

changes in membrane total porosity. In general, obtained results permit precise control of membrane characteristics by smart 

combination of nano silica loading and MW exposure, allowing improvement extent of membrane properties and performance 

for versatile applications.  

 

Keywords: Hollow fibre membranes; mixed matrix membrane; silica nanoparticles; thin-film nanocomposite; Microwave-

post-treatment  

 

1. Introduction 

Membrane technology is one of the emerging 

technologies where its importance stems from its 

applicability in various fields, ranging from water 

desalination, water treatment, food, energy, 

biotechnology to  environmental and medical 

applications [1–5]. Hollow fibre membranes (HFMs) 

have many advantages over other configurations as 

they have a high packing density as well as the option 

to work inside-out or outside-in configurations, 

consequently offering more operation alternatives in 

different fields[6, 7].  

Nanotechnology has critically influenced academic 

dialogue on membranes characteristics enhancement  

and manipulation as the properties of nanoparticles 

(NPs) differ completely from their parent ones[8–10]. 

There are two main methods to modify membranes 

with nanoparticles. First, blending the nanoparticles in 

the membrane during dope preparation to produce a 

nanocomposite membrane[11, 12], and, second 

incorporating the nanoparticles on the membrane 

surface through interfacial polymerization to produce 

a thin-film nano composite membrane[13–16]. 

Polyvinylidene fluoride (PVDF) has appealed to 

researchers in the membranes field owing to its 

favourable unique properties, such as good mechanical 

strength, chemically inert, has high thermal stability as 

well as its easy usage in porous membranes 

fabrication[4, 6, 17–19]. However, PVDF main drawback 

is its hydrophobicity and susceptibility to fouling.  

Different inorganic materials are used in PVDF 

membrane modification, including ZnO[20], Al2O3 
[21, 

22], CuO [23, 24], silica and silica/GO [25, 26], TiO2 
[27], 

Fe3O4
[28]. Silica is extensively studied due to its known 
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chemical and physical properties including stability, 

high surface area, non-toxicity, and reactivity [5]. Liao 

et al. [29] studied the effect of incorporating Nano and 

mesoporous SiO2 types inside the dope, on 

PVDF/SiO2 membrane properties. Results 

demonstrated that mesoporous SiO2 enhanced 

mechanical stability, hydrophilicity, and antifouling 

performance while surface roughness was decreased. 

Yu et al.[30] prepared PVDF/SiO2 composite hollow 

fibre membranes using different loadings of TEOS (0-

5 wt%) inside the dope. Mechanical and thermal 

properties were enhanced at low TEOS contents as 

well as hydrophilicity and permeability. At higher 

TEOS contents (>3 wt%) SiO2 formed networks 

leading to deterioration of the tested properties. 

Qianqian Xu et al.[26] prepared PVDF/SiO2 

nanocomposite MF membranes through non-solvent 

induced phase separation. Results confirmed the 

ability of SiO2 nanoparticles addition to enhance 

hydrophilicity, permeability, and rejection of oil 

droplets. Arahman et al.[19] modified PVDF 

membranes via incorporating phospholipid with SiO2 

from bagasse. Results demonstrated that all modified 

membranes showed improved hydrophilicity, five 

times higher permeability as well as high humic acid 

rejections 75-90%. Sun et al. [31] synthesized  PVA-

SiO2 and used it to prepare PVDF UF  nanocomposite 

membrane through phase inversion technique where 

the mean pore size and porosity improved while 

contact, angle decreased indicating more hydrophilic 

surface. Further, pure water flux increased from 60% 

to 96% and fouling ratio decreased. A thorough review 

on thin film composite and thin film nanocomposite 

HFMs using different polymers for several 

applications in water treatment, pervaporation, and 

gas/vapor separation has been published by Khulbe et 

al. [32].  Safarnia et. al.[33] prepared 

PVDF/polydopamine/silica thin film nanocomposite 

membranes where the results confirmed the formation 

of a negatively charged hydrophilic layer  as well as 

diclofenac rejection increased.  Abolfazli et al. [34] 

prepared PS/SiO2 thin film nanocomposite HFMs 

where contact angle and surface roughness decreased 

with increasing SiO2 content in the thin-film. 

Moreover, several endeavours have taken place to 

upgrade membranes properties via post-treatment 

procedures. Microwave (MW) irradiation technology 

is one of the attractive fields for membranes post-

treatment as they offer a clean non-expensive source. 

Lee et al. [35], compared two different post-treatment 

techniques on PES HF membranes. Results confirmed 

the superiority of MW irradiation post-treatment to 

hypochlorite post-treatment in altering the HFMs 

morphological structure and performance regarding 

UF separation of PEG. Abed et al, [36–38] studied the  

effect of MW post-treatment on PES/PVP HFMs 

immersed in water and NaCl solution at different 

temperatures and time durations. Results confirmed 

MW irradiation is a powerful clean post-treatment 

technique capable of tailoring the membranes 

properties and characteristics according to the needed 

application. Fazullin et al. [39, 40] studied the effect of 

MW irradiation, at different time durations in air and 

ammonium vapor media, on nylon thin film coated 

membranes. Membrane weight and surface roughness 

decreased upon MW exposure, while hydrophilicity 

increased, and oil emulsion specific productivity 

increased. 

Prior studies have thoroughly investigated 

nanocomposite membranes and thin film nano 

composite membranes. Thus, assessment of 

international endeavours on the subject revealed 

scarce data of the effect of MW exposure on nano 

silica loaded PVDF HFMs. This paper fills the gap by 

exploring the effect MW irradiation to PVDF HFMs 

modified with silica on their morphological and 

mechanical characteristics. Two different PVDF 

dopes with and without SiO2 (TEOS) were prepared in 

addition to using SiO2 nanoparticles to produce thin-

film nanocomposite membranes. All produced HFMs 

were MW post-treated in saline solution and the results 

were thoroughly analysed. 

2. Experimental Investigations 

2.1 Materials 

Polyvinylidene fluoride (PVDF), used as the base 

polymer, was purchased from Alfa Aeser, Germany. 

Dimethylacetamide (DMAc) used as the solvent was 

supplied from Carl-Roth. Polyvinyl pyrrolidone (PVP) 

of molecular weight (360 k) was acquired from Sigma-

Aldrich and used as pore former. Tetraethyl 

orthosilicate (TEOS) purchased from Acros, Dimethyl 

formamide and HCl supplied from Carl-Roth were 

used to prepare TEOS solution. Distilled water (DW) 

was used as the bore fluid and in coagulation, washing 

baths and preservation. Isopropyl alcohol was 

purchased from TEDIA. Silicon (IV) oxide, nano 

powder (20 nm) purchased from Alfa Aesar used for 

thin film nanocomposite preparation. Polyamide 

active layer was prepared using m-phenylene diamine 

(MPD), Piperazine (PIP) and Trimesoyl chloride 

(TMC) purchased from Fine Chem Limited and 

Sigma-Aldrich. Triethylamine (TEA) and Adipoyl 

chloride were supplied from Fisher Chemicals and 

Acros, respectively. Cyclohexane used as the organic 

solvent was purchased from El Nasr Pharmaceutical 

Chemicals Co. Magnesium chloride (MgCl2) and 0.1% 

formalin purchased from AL Naser Pharmaceutical 

chemicals were used to preserve as spun and coated 

PVDF fibres. Sodium chloride (NaCl) supplied from 

Chemika was used before MW post-treatment. 

Kerosene oil was supplied from Misr Petroleum Co. 

was used for membrane porosity measurements. 

2.2 Dope Preparation  

PVDF HFMs were prepared by dry-wet phase 

inversion method through a single orifice spinneret, 

according to the dope and operating conditions guided 
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by previous endeavours [41–43] with appropriate 

modification. PVDF powder was thoroughly dried at 

70°C to ensure moisture removal before dope 

preparation. Two different dope compositions with 

and without TEOS were prepared to form dopes of 

about 17-20% PVDF dissolved in DMAc to which 

PVP was added as pore former.  Table 1 presents 

sample codes. In PVDF-TEOS sample, 1% TEOS 

solution, prepared according to Lin-Yu et al. [30], was 

added to the dope mixture. HFMs were prepared from 

the dope solutions (PVDF/DMAc/PVP/TEOS 

composition proprietary) by the procedure adopted by 

Tewfik et al. [43] and presented in earlier work 
[44][45].This procedure is schematically presented in 

Figure 1. 

The as-spun HFMs were soaked and rinsed thoroughly 

with DW, then PVDF and PVDF-TEOS samples were 

soaked in three consecutive isopropanol solutions of 

different concentrations (4%, 2% and 0.5%) for 20 

minutes each, for surface activation. 

Table 1: Sample codes of PVDF HFMs 

Sample code Membrane description 

PVDF PVDF/DMAc/PVP  

PVDF-TEOS PVDF/DMAc/PVP/TEOS  

PVDF-TFN PVDF/DMAc/PVP - SiO2 TFN  

PVDF/ MW PVDF post-treated with MW 

PVDF-TEOS/ MW PVDF-TEOS post-treated with MW 

PVDF-TFN/ MW PVDF-TFN post-treated with MW 

2.3 Thin Film Nanocomposite Preparation  

PVDF sample was thin-film coated via horizontal dip-

coating method. The fibres were thoroughly washed 

with DW before coating to ensure a clean activated 

surface ready for coating. The first coating solution, 

aqueous amine solution, was prepared through the 

dissolution of 2% MPD, in addition to PIP and TEA in 

distilled water. The solution was mechanically stirred 

for 2 hours at 25°C. 0.05% nano silica was added to 

the amine solution with sonication for 30 minutes at 

25°C. The organic solution was prepared by dissolving 

0.75% TMC in addition to Adipoyl chloride in 

Cyclohexane using mechanical stirring of for 1 hour at 

room temperature followed by 30 minutes sonication. 

Selected number of fibres of 30 cm length each were 

fixed onto a wooden frame separated from each other 

to ensure the formation of an intact coating layer. They 

were firstly dipped into the first coating of amine/nano 

silica for 3 minutes in a rectangular Pyrex pan on a 

shaker. Excess solution was drained from the fibres 

followed by air drying for 5-10 minutes. The fibres 

were then immersed in the second coating mixture, 

TMC organic solution, for 1 min. Fibres were again 

drained, air dried for 7 minutes followed by drying in 

an oven at 75 °C for 20 minutes then left to cool down 

gradually. Finally, the prepared thin film coated nano 

composite HFMs (PVDF-TFN sample) were stored in 

1% MgCl2 solution until further treatment. 

 
Figure 1: Block flow diagram of PVDF HFMs spinning process 

2.4 Microwave Post-treatment  

PVDF, PVDF-TEOS and PVDF-TFN samples were 

post-treated using microwave in a 900 Watts 

microwave oven (DAEWOO Electron KOR-1A 6A, 

Korea) equipped with a temperature on-off controller. 

The MW post-treatment conditions were adopted from 

Abed et al.[37] (2% NaCl solution at 55°C and 10 

minutes). PVDF HFMs were washed thoroughly with 

DW and soaked in 2% NaCl solution before MW post-

treatment in a stress-free orientation. Finally, they 

were subjected to microwave irradiation for 10 

minutes at 55°C. 

2.5 Characterization 

2.5.1 Membrane Morphology 
Morphological structures, dimensions and elemental 

analysis were obtained using JOEL JCM-6000 

Neoscope desktop apparatus at high vacuum of 15 kV. 

HFMs were cut using a sharp razor, then fixed on the 

sample holder using carbon tape then gold sputtered to 

increase the sample conductivity for better images. 

Also, elemental dispersion spectroscopy (EDS) 

measurements were carried out using the same device 

to identify elemental peaks in the sample surface. A 

minimum of 5 fibers were studied for each sample and 

their average values were calculated to ensure 

reproducibility of results.  

2.5.2 Surface Roughness 

Surface topography and roughness were studied using 

atomic force microscopy (AFM) model TT-AFM 

workshop of 1.5micron resolution, equipped with 

400X zoom video optical microscope. Samples were 

fixed on a magnetic plate using a double face tape. 

Testing was done in the vibrating scan mode with a 

scan area of 5μm×5μm. “Gwidyyon” software was 

used to calculate roughness parameters. An average of 

five samples were tested. 

2.5.3 Mechanical Properties  
Mechanical properties of HFMs were tested using 

Tinius Olsen H5kS, a bench top tensile testing 

machine equipped with a 5N load cell. Testing was 

done at a gauge length of 100 mm and 50 mm/min jog 
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speed.  Six fibres were tested for each sample and 

average values obtained. 

2.5.4 Contact Angle (CA) 

Hydrophobicity of the HFMs was tested through 

measuring their contact angles through manipulating 

of water drop shape on the samples using the OCA 

15EC Contact angle model produced by the company 

of Data Physics Instrument GmbH. Five different 

positions were tested for each HFM condition, and 

their averages were calculated.  

2.5.5 Mean Pore Size and Porosity Measurement 

Mean pore size of the prepared PVDF HFMs were 

determined using a device BELSORP max made in 

Japan.  Before measurement, the surface of the sample 

has been dried and activated at 60 degrees under 

vacuum (10-2 bar). After that, samples were measured 

under liquid nitrogen temperature as nitrogen gas 

passed and was adsorbed on the sample surface. The 

surface area is automatically measured via Brunauer-

Emmett-Teller (BET) method.  

Porosity of PVDF HFMs was measured using the 

gravimetric method [46]. HFMs were weighed after 

drying for 1 hour at 60°C in an oven, then weighed 

again after soaking in Kerosene oil for 24 hours. Fibers 

were wiped with filter paper before weighing the wet 

membrane to remove excess oil then porosity was 

calculated according to Equation (1): 

𝜀 =

𝑤2−𝑤1

𝜌𝑘
𝑤2−𝑤1

𝜌𝑘
+
𝑤1

𝜌𝑝

× 100                       Equation (1) 

Where: 

w1: weight of dry membrane (g) 

w2: weight of wet membrane (g) 

𝜌k: density of Kersone (0.8 g/cm3) 

𝜌p: density of polymer (PVDF= 1.78 g/cm3) 

3. Results and Discussions 
3.1. Membrane Morphology 

SEM cross-sectional images are shown in Figure 2. 

Cross-sections of all PVDF HFMs manifest the 

successful formation of a characteristic double finger-

like structure, confirming inner and outer phase 

inversion process, with a small dense inter-layer and 

an outer selective layer. PVDF-TEOS sample 

demonstrated an increased number and narrower 

finger-like structures when compared to PVDF 

sample, which could be attributed to TEOS addition 

promoting pore formation as well as accelerating the 

phase separation process. This finding were not in 

agreement with those of Yu et al. [30] where addition of 

TEOS (up to 4 wt%) suppressed the finger-like 

structure and increased the spongy interlayer. This 

difference could be due to different spinning 

conditions as well as higher TEOS loading in their 

work. MW post-treatment maintained the PVDF 

HFMs morphological structure intact without 

alteration, which confirms it as a clean non-destructive 

post-treatment technique which agrees with our 

previous findings, Abed et al [37], on Polyether sulfone 

HFMs. Also, thin-film coating of PVDF-TFN sample 

did not affect the characteristic structure for the as-

spun fibres, only causing an acceptable dimensional 

change due to the thickness of the coating layer 

Table 2 presents EDS values of all the prepared and 

post treated PVDF HFM samples. All EDS results 

exhibit clear elemental peaks of C, N, O and F, 

indicating the presence of PVDF, DMAc and PVP in 

the dope. Moreover, in PVDF-TEOS and PVDF-TFN 

samples, an evident Si peak supports the presence of 

SiO2 in the produced fibres due to TEOS addition in 

the dope for PVDF-TEOS sample or nano silica in the 

coating layer for PVDF-TFN samples. It is worth 

mentioning that Si content in PVDF-TEOS and 

PVDF-TFN samples was comparable despite the 

initial loading due to probable leaching of TEOS from 

the porous as-spun membrane. 

3.2. Surface Roughness 

Surface 3D images and values, average (Ra) and root 

mean square (Rms) surface roughness, are shown in 

Figures 3 and 4, respectively. 3D topographical 

images show typical peaks and valleys of the surface 

where alterations were induced due to silica loading 

and MW exposure. It is worth mentioning that the 

surface roughness values (Ra) increased to 60.6 nm 

with 61% for PVDF-TEOS sample compared to PVDF 

sample (37.54 nm) which agrees with Huang et al. 

findings, where roughness increased from 15 nm to 

66.2 nm [47]. Moreover, PVDF-TFN sample roughness 

Achieved highest value of 73.09 nm, with an increase 

of 94.5%, 20.6% as compared to PVDF, PVDF-TEOS 

samples, respectively. This is in accordance with Yang 

et al. findings, where the increased roughness from 

8.64 nm to 43.1 nm, was attributed to the leaf like 

morphology formed on the membrane surface due to 

the polyamide thin-film coating layer as well as nano 

silica incorporation in PVDF flat sheet membrane [13]. 

Despite of the comparable silica loading rates of mixed 

matrix, yet Yang’s work focused in 80 nm silica 

nanoparticles while our work focused on 20 nm 

nanoparticles. 

A consistent decreasing trend in surface roughness 

was observed for all MW post-treated samples. 

Percentage decrease reached 60% and 54% for PVDF-

TEOS and PVDF-TFN after MW post treatment, 

respectively. As expected from our previous 

endeavours, Abed et al. [37], MW decreased the surface 

roughness due to localized thermal heating effect 

which would further reduce possible membrane 

fouling. This explanation is supported by Fazullin et 

al. [39] associated the decrease of surface roughness 

upon MW irradiation of nylon thin film flat sheet 

membranes to the destruction of the defect regions on 

the membrane surface due to oxidation.  
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Figure 2: Cross-sectional images of control PVDF, PVDF-TEOS, PVDF-TFN and MW post-treated PVDF membranes

3.3. Mechanical Properties Results of mechanical properties assessment of prepared and post-
treated PVDF HFMs are shown in Table 3

 

Table 2: EDS elemental mass % values of control PVDF, PVDF-
TEOS, PVDF-TFN and MW post-treated PVDF membranes 

Sample C N O F Cl Si 

PVDF 35.84 17.51 5.47 41.18 
  

PVDF/ Mw 34 16 5 44.9 0.4 
 

PVDF-TEOS 34.4 16.05 6.67 41.55 0.08 0.34 

PVDF-TEOS/ Mw 33.5 16.3 6.5 43.5 0.2 0.2 

PVDF-TFN 33.85 20.79 18.38 25.98 0.66 0.35 

PVDF-TFN/MW 33.73 16.85 8.63 40.65 0.05 0.09 

 

Table 3. Minor changes in elongation at break have 

been observed due to 1 wt% TEOS incorporation, on 

the other hand, nano silica loading decreased the 

elongation at break values from 83.9% to 59% for 

PVDF-TFN sample. On the other hand, modulus, and 

tensile strength at break of PVDF-TEOS sample 

decreased. As for PVDF-TFN sample, modulus 

decreased from 53.3 MPa to 38 MPa as well as a slight 

decrease of tensile strength from 2.36 MPa to 2.06 

MPa, which is attributed to rigidity of PA thin film 

layer. A probable explanation is the incorporation of 

nano defects in the membrane structure due to TEOS 

or nano silica loading. 

Inspections of MW effect on mechanical properties 

revealed minor to moderate alterations where 

elongation at break, tensile strength, and modulus 

decreased for PVDF/MW sample, while it enhanced 

all mechanical properties for PVDF-TEOS/MW 

sample which could be due to MW irradiation 

interaction with -OH groups formed due to silica 

incorporation, leading to a more relaxed fibre. As for 

PVDF-TFN/MW sample elongation at break and 

modulus increased which is related to the fine matrix 

of nano silica acting as underlying support of the 

polyamide layer, while elongation at break decreased 

upon MW exposure. Thus, this phenomena merits 

additional planned investigations with different 

loading ratios to come up with the governing 

mechanisms in future work 

 

Table 2: EDS elemental mass % values of control PVDF, PVDF-TEOS, PVDF-TFN and MW post-treated PVDF membranes 

Sample C N O F Cl Si 

PVDF 35.84 17.51 5.47 41.18   

PVDF/ Mw 34 16 5 44.9 0.4  

PVDF-TEOS 34.4 16.05 6.67 41.55 0.08 0.34 

PVDF-TEOS/ Mw 33.5 16.3 6.5 43.5 0.2 0.2 

PVDF-TFN 33.85 20.79 18.38 25.98 0.66 0.35 

PVDF-TFN/MW 33.73 16.85 8.63 40.65 0.05 0.09 

 

Table 3: Mechanical properties of control PVDF, PVDF-TEOS, PVDF-TFN and MW post-treated PVDF membranes 

Sample Tensile strength (MPa) Elongation at break (%) Modulus (MPa) 

PVDF 2.36 ±0.0447 83.9 ±5.8 53.3 ±2.72 

PVDF/ MW 2.13±0.05 78.7±12 50.5±7.18 

PVDF-TEOS 1.85±0.058 84.5±9.56 38±1.93 

PVDF-TEOS/ MW 2.36±0.046 97.2±4.67 40.8±8.73 

PVDF-TFN 2.06±0.062 59±11.5 46.7±5.03 

   

PVDF PVDF-TEOS PVDF-TFN 

   
   

PVDF/MW PVDF-TEOS/MW PVDF-TFN/MW 
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PVDF-TFN/ MW 2.12±0.06 50.5±10.5 55.6±5.79 

 

 

 
Figure 4: Surface roughness values, average (Ra) and root mean 

square (Rms), of control PVDF, PVDF-TEOS, PVDF-TFN and 

MW post-treated PVDF membranes 

 

3.4. Contact Angle 

A decreasing trend was observed for the contact angle 

(CA) for all samples as depicted in Table 4 where, 

PVDF>PVDF-TEOS>PVDF-TFN samples 

(74.4°>72.7°>58.7°), indicating higher hydrophilicity 

owing to the hydrophilic -OH groups introduced by 

silica incorporation in the dope or thin film improving 

the interaction between water and the membrane 

surface which was confirmed by several studies [33, 34, 

48–50]. As for MW post-treatment, it is obvious that 

surface hydrophilicity decreased for PVDF/MW and 

PVDF-TEOS/MW samples by increasing CA from 

74.4° to 87.8° and from 72.7° to 81.5°, respectively. 

However, this trend was reversed for PVDF-TFN/MW 

sample, where CA decreased from 58.7° to 33.6° after 

MW post-treatment (42.8%) achieving the highest 

hydrophilic surface. Fazullin et al [39] depicted similar 

results of increased hydrophilicity by MW post-

treatment of nylon thin film coated flat sheet 

membranes, by decreasing the CA from 130° to 99°. 

3.5. Mean Pore Size and Porosity Measurement 

Figure 5Table 4 depicts the mean pore size as well as 

the porosity of the prepared and post-treated PVDF 

HFMs. Mean pore diameter increased 14% for PVDF-

TEOS sample from 10 nm to 11.39 nm. A similar 

increasing trend was observed by Huang et al. [47], 

where mean pore size of PVDF/TEOS flat sheet 

membrane increased from 50 nm to 150 nm. On the 

other hand, MW post-treatment for PVDF, PVDF-

TEOS samples caused a decrease in mean pore 

diameter (7.12, 8.04 nm). Porosity of all fabricated and 

post-treated PVDF HFMs in this study was in the 

range of 86-88.9 %, as shown in Table 4, confirming 

MW irradiation is a strong post-treatment technique to 

alter HFMs properties. 
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Figure 3: Surface roughness 3D images of control PVDF, PVDF-TEOS, PVDF-TFN and MW post-treated PVDF membranes 
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Figure 5: Mean pore diameter of control PVDF, PVDF-TEOS and 

MW post-treated PVDF membranes  

 

Apparently, the effect of MW is restricted to the main 

surface while the total porosity was not sacrificed 

which permits control of membrane selectivity while 

maintaining the underlying membrane structure.  

Table 4: Porosity and contact angle of control PVDF, PVDF-

TEOS, PVDF-TFN and MW post-treated PVDF membranes  

Sample code 
Contact 

angle 
Porosity (%) 

PVDF 74.4 87.2 

PVDF/ MW 87.8 87 

PVDF-TEOS 72.7 88.9 

PVDF-TEOS/ MW 81.5 88.8 

PVDF-TFN 58.7 85.9 

PVDF-TFN/ MW 33.66 86.2 

 

3.6. Implications on membrane system design 

Obtained results reveal numerous opportunities for 

extending applicability for membrane separation 

processes and improving efficiency of traditional 

separations. Effect of nano silica loading, and MW 

exposure provide larger window of opportunity for 

membrane design especially regarding surface 

roughness, contact angle, mechanical properties, and 

porosity characteristics.  

4. Conclusions 

This paper addresses smart manipulation of HFMs 

characteristics via combination of nano silica loading 

and specified MW exposure. Incorporation of 1 wt% 

TEOS and nano silica has been introduced to 

membrane dope and interfacial polymerization, 

respectively. Different measurements including SEM, 

EDS, AFM, mechanical properties, CA and porosity 

have been adopted to identify and monitor membrane 

characteristics. Results demonstrated a maintained 

morphological structure upon MW exposure and a 

slight increase in the finger-like structure upon TEOS 

incorporation. While surface roughness increased due 

to nano silica loading in the dope and in thin film 

nanocomposite membrane, reaching a maximum of 

73.1 nm for PVDF-TFN sample. MW exposure 

decreased the surface roughness values due to its 

probable thermal effects on the surface, with a 

maximum roughness decreases of 60% for PVDF-

TEOS/MW sample. It was confirmed that silica 

loading inside the dope and during interfacial 

polymerization increased the PVDF HFMs 

hydrophilicity with moderate alterations upon MW 

exposure, showing a minimum CA of 33.6° for PVDF-

TFN/MW sample. Mechanical properties decreased 

slightly due to silica incorporation, while MW 

exposure imparted moderate alterations showing a 

maximum tensile strength and elongation at break of 

2.36 MPa and 97.2%, respectively, for PVDF-

TEOS/MW and maximum modulus of 55.6 MPa for 

PVDF-TFN/MW. As for porosity, MW exposure 

decreased mean pore diameter moderately to reach a 

minimum of 7.12 nm for PVDF/MW sample while not 

sacrificing membrane total porosity. Obtained results 

show the capacity of combined nano silica loading and 

MW exposure to precisely tweak PVDF membranes' 

characteristics towards achieving higher efficiency of 

membrane separation for different applications. It is 

worth mentioning that this paper explored three 

benefits of MW interventions for silica loaded PVDF 

HFMs summarized as follows; First, decreased 

roughness achieved via MW exposure makes the 

membrane less prone to fouling which makes it more 

suitable for medical applications. Second, decreased 

hydrophilicity achieved qualifies the membrane for 

membrane distillation applications. And finally, 

stability of porosity profile after MW irradiation 

enhances membranes for constant flux applications. 

 

5. Acknowledgements 
The authors would like to thank the Ministry of 

International Cooperation for securing funds to initiate 

and support the Hollow Fibre Membranes Program at 

the National Research Centre from the Islamic 

Development Bank and Kuwait fund for Arab 

Economic Development. This work is funded by 

Science and Technology Development Fund, STDF, 

Ministry of Scientific Research, Egypt; Project No. 

30280 entitled “Development of a Solar Powered, 

Zero Liquid Discharge Integrated Desalination 

Membrane System to Address the Needs for Water of 

the Mediterranean Region,” within the scope of 

ERANETMED program ID 2-72-357. 

 

6. References 
[1] Desalination Sustainability: A Technical, 

Socioeconomic, and Environmental Approach, 1st 

ed.; Arafat, H., Ed.; Elsevier, 2017. 

[2] Lalia, B. S.; Kochkodan, V.; Hashaikeh, R.; Hilal, 

N. A Review on Membrane Fabrication: Structure, 

Properties and Performance Relationship. 

Desalination, 2013, 326, 77–95. 

[3] Yang, Z.; Ma, X.-H.; Tang, C. Y. Recent 

Development of Novel Membranes for 

Desalination. Desalination, 2018, 434, 37–59. 

[4] Zhang, Q.; Lu, X.; Liu, J.; Zhao, L. Preparation and 

Preliminary Dialysis Performance Research of 

Polyvinylidene Fluoride Hollow Fiber 

Membranes. Membranes (Basel)., 2015, 5 (1), 

10

7.1

11.4

8

0

2

4

6

8

10

12

M
ea

n
 p

o
re

 d
ia

m
et

er
 (

n
m

)



Yomna O. Mostafa et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. SI:13B (2022) 

742 

120–135. 

[5] Alkindy, M. B.; Naddeo, V.; Banat, F.; Hasan, S. 

W. Synthesis of Polyethersulfone (PES)/GO-SiO2 

Mixed Matrix Membranes for Oily Wastewater 

Treatment. Water Sci. Technol., 2020, 81 (7), 

1354–1364. 

[6] Feng, C. Y.; Khulbe, K. C.; Matsuura, T.; Ismail, 

A. F. Recent Progresses in Polymeric Hollow Fiber 

Membrane Preparation, Characterization and 

Applications. Sep. Purif. Technol., 2013, 111, 43–

71. 

[7] Peng, N.; Widjojo, N.; Sukitpaneenit, P.; Teoh, M. 

M.; Lipscomb, G. G.; Chung, T. S.; Lai, J. Y. 

Evolution of Polymeric Hollow Fibers as 

Sustainable Technologies: Past, Present, and 

Future. Prog. Polym. Sci., 2012, 37 (10), 1401–

1424. 

[8] Tewfik, S. R.; Sorour, M. H.; Abulnour, A. M. G.; 

Shaalan, H. F.; Hani, H. A.; El-Sayed, M. M. H.; 

Abdelrahman, Y. O.; Sayed, E. S.; Mohamed, A. 

N.; Al-Mansoup, A. A.; et al. Membrane Materials 

Design Trends: Nanoadditives. In Membrane 

Desalination: From Nanoscale to Real World 

Applications; Sapalidis, A., Ed.; CRC Press, 2020; 

pp 17–64. 

[9] El Haj Assad, M.; Bani-Hani, E.; Al-Sawafta, I.; 

Issa, S.; Hmida, A.; Gupta, M.; Atiqure, R. S. M.; 

Hidouri, K. Applications of Nanotechnology in 

Membrane Distillation: A Review Study. Desalin. 

Water Treat., 2020, 192, 61–77. 

[10] Khulbe, K. C.; Matsuura, T. Nanotechnology 

in Membrane Processes. 2021, 364. 

[11] Šupová, M.; Martynková, G. S.; 

Barabaszová, K. Effect of Nanofillers Dispersion 

in Polymer Matrices : A Review. Sci. Adv. Mater., 

2011, 3, 1–25. 

[12] Krishnan, N. N.; Henkensmeier, D.; Jang, J. 

H.; Kim, H.-J. Nanocomposite Membranes for 

Polymer Electrolyte Fuel Cells. Macromol. Mater. 

Eng., 2014, 299, 1031–1041. 

[13] Yang, Z.; Yin, J.; Deng, B. Enhancing Water 

Flux of Thin-Film Nanocomposite (TFN) 

Membrane by Incorporation of Bimodal Silica 

Nanoparticles. AIMS Environ. Sci., 2016, 3 (2), 

185–198. 

[14] Islam, M. S.; Touati, K.; Rahaman, M. S. 

High Flux and Antifouling Thin-Film 

Nanocomposite Forward Osmosis Membrane with 

Ingrained Silica Nanoparticles. ACS ES&T Eng., 

2021, 1 (3), 467–477. 

[15] Ang, M. B. M. Y.; Trilles, C. A.; De Guzman, 

M. R.; Pereira, J. M.; Aquino, R. R.; Huang, S. H.; 

Hu, C. C.; Lee, K. R.; Lai, J. Y. Improved 

Performance of Thin-Film Nanocomposite 

Nanofiltration Membranes as Induced by 

Embedded Polydopamine-Coated Silica 

Nanoparticles. Sep. Purif. Technol., 2019, 224, 

113–120. 

[16] Kadhom, M.; Yin, J.; Deng, B. A Thin Film 

Nanocomposite Membrane with MCM-41 Silica 

Nanoparticles for Brackish Water Purification. 

Membranes (Basel)., 2016, 6 (4). 

[17] Xia, S.; Ni, M. Preparation of 

Poly(Vinylidene Fluoride) Membranes with 

Graphene Oxide Addition for Natural Organic 

Matter Removal. J. Memb. Sci., 2014, 473, 54–62. 

[18] Chang, P. T.; Paranthaman, S.; Rosli, A.; 

Low, S. C. Manipulating Membrane 

Hydrophobicity By Integrating Polythylene-

Coated Fume Silica in PVDF Membrane. ASEAN 

Eng. J., 2022, 12 (1), 157–164. 

[19] Arahman, N.; Mulyati, S.; Fahrina, A.; 

Muchtar, S.; Yusuf, M.; Takagi, R.; Matsuyama, 

H.; Nordin, N. A. H.; Bilad, M. R. Improving 

Water Permeability of Hydrophilic PVDF 

Membrane Prepared via Blending with Organic 

and Inorganic Additives for Humic Acid 

Separation. Molecules, 2019, 24 (22). 

[20] Li, J.; Ren, L. F.; Zhou, H. S.; Yang, J.; Shao, 

J.; He, Y. Fabrication of Superhydrophobic PDTS-

ZnO-PVDF Membrane and Its Anti-Wetting 

Analysis in Direct Contact Membrane Distillation 

(DCMD) Applications. J. Memb. Sci., 2021, 620, 

118924. 

[21] Dai, J.; Xiao, K.; Dong, H.; Liao, W.; Tang, 

X.; Zhang, Z.; Cai, S. Preparation of 

Al2O3/PU/PVDF Composite Membrane and 

Performance Comparison with PVDF Membrane, 

PU/PVDF Blending Membrane, and Al2O3/PVDF 

Hybrid Membrane. Desalin. Water Treat., 2016, 57 

(2), 487–494. 

[22] Razmgar, K.; Saljoughi, E.; Mousavi, S. M. 

Preparation and Characterization of a Novel 

Hydrophilic PVDF/PVA/Al2O3 Nanocomposite 

Membrane for Removal of As(V) from Aqueous 

Solutions. Polym. Compos., 2019, 40 (6), 2452–

2461. 

[23] Liu, Y.; Guo, R.; Shen, G.; Li, Y.; Li, Y.; 

Gou, J.; Cheng, X. Construction of 

CuO@CuS/PVDF Composite Membrane and Its 

Superiority for Degradation of Antibiotics by 

Activation of Persulfate. Chem. Eng. J., 2021, 405, 

126990. 

[24] Saldías, C.; Terraza, C. A.; Leiva, A.; 

Koschikowski, J.; Winter, D.; Tundidor-Camba, 

A.; Martin-Trasanco, R. PVDF Composite 

Membranes with Hydrophobically-Capped 

CuONPs for Direct-Contact Membrane 

Distillation. Nanomaterials, 2021, 11 (6), 1497. 

[25] Zhu, Z.; Jiang, J.; Wang, X.; Huo, X.; Xu, Y.; 

Li, Q.; Wang, L. Improving the Hydrophilic and 

Antifouling Properties of Polyvinylidene Fluoride 

Membrane by Incorporation of Novel Nanohybrid 

GO@SiO2 Particles. Chem. Eng. J., 2017, 314, 

266–276. 

[26] Xu, Q.; Chen, Y.; Xiao, T.; Yang, X. A Facile 



THE EFFECT OF MICROWAVE IRRADIATION ON MORPHOLOGICAL AND MECHANICAL CHARACTERISTICS OF NANO SILICA LOADED 

______________________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. SI:13B (2022) 

743 

Method to Control Pore Structure of PVDF/SiO2 

Composite Membranes for Efficient Oil/Water 

Purification. Membranes (Basel)., 2021, 11 (11), 

1–17. 

[27] Teow, Y. H.; Ooi, B. S.; Ahmad, A. L.; Lim, 

J. K. Investigation of Anti-Fouling and UV-

Cleaning Properties of PVDF/TiO2 Mixed-Matrix 

Membrane for Humic Acid Removal. Membranes 

(Basel)., 2021, 11 (1), 1–22. 

[28] Hafiza, N.; Norharyati, W.; Salleh, W.; 

Rosman, N.; Asikin, N. PVDF / Fe2O3 Mixed 

Matrix Membrane for Oily Wastewater Treatment. 

Malaysian J. Fundam. Appl. Sci., 2019, 15 (5), 

703–707. 

[29] Liao, C.; Zhao, J.; Yu, P.; Tong, H.; Luo, Y. 

Synthesis and Characterization of Low Content of 

Different SiO 2 Materials Composite Poly 

(Vinylidene Fluoride) Ultrafiltration Membranes. 

Desalination, 2012, 285, 117–122. 

[30] Yu, L. Y.; Xu, Z. L.; Shen, H. M.; Yang, H. 

Preparation and Characterization of PVDF-SiO2 

Composite Hollow Fiber UF Membrane by Sol-

Gel Method. J. Memb. Sci., 2009, 337 (1–2), 257–

265. 

[31] Sun, D.; Yue, D.; Li, B.; Zheng, Z.; Meng, X. 

Preparation and Performance of the Novel PVDF 

Ultrafiltration Membranes Blending with PVA 

Modified SiO2 Hydrophilic Nanoparticles. Polym. 

Eng. Sci., 2019, 59, E412–E421. 

[32] Khulbe, K. C.; Matsuura, T. Thin Film 

Composite and/or Thin Film Nanocomposite 

Hollow Fiber Membrane for Water Treatment, 

Pervaporation, and Gas/Vapor Separation. 

Polymers (Basel)., 2018, 10, 1–22. 

[33] Safarnia, M.; Pakizeh, M.; Namvar-

Mahboub, M. Assessment of Structural and 

Separation Properties of a PVDF/PD Composite 

Membrane Incorporated with TiO2 Nanotubes and 

SiO2Particles. Ind. Eng. Chem. Res., 2021, 60 (1), 

659–669. 

[34] Abolfazli, Z.; Rahimpour, A. Fabrication and 

Modification of Thin-Film Composite Hollow 

Fiber NF Membranes. J. Membr. Sci. Res., 2017, 3 

(1), 42–49. 

[35] Sze Yean, L.; Idris, A. Effect of Bore Fluid 

and Post Treatment on Polyethersulfone 

Ultrafiltration Hollow Fiber Membranes, 

Universiti Teknologi Malaysia, 2008. 

[36] Abed, K. A.; Mahallawy, N. A. El; Sorour, 

M. H.; El-bayoumi, M. A.; Mostafa, Y. O. Effect 

of Microwave Post-Treatment on PES Hollow 

Fiber Membranes. In Arab International Industrial 

Conference; 2018. 

[37] Abed, K. A.; Mahallawy, N. A. El; Sorour, 

M. H.; El-bayoumi, M. A.; Mostafa, Y. O. 

Microwave Post-Treatment of PES Hollow Fiber 

Membranes Immersed in NaCl Solution. J. Sci. 

Eng. Res., 2017, 4 (9), 520–527. 

[38] Abed, K. A.; Mahallawy, N. A. El; Sorour, 

M. H.; El-bayoumi, M. A.; Mostafa, Y. O. 

Experimental Investigation on Polyethersulfone 

(PES) Hollow Fiber Membranes Post-Treatment 

Using Microwave Heating. In 1st International 

Joint Symposia on "Product Development and 

Innovation” and “Industrial Systems and 

Operations Management"; 2016. 

[39] Fazullin, D. D.; Mavrin, G. V.; Shaikhiev, I. 

G. Effect of MW Radiation on Thin-Film Polymer 

Membranes. Surf. Eng. Appl. Electrochem., 2020, 

56 (1), 105–111. 

[40] D. Fazullin, D.; A. Kharitonova, E.; V. 

Mavrin, G. Modification of Thin-Film Polymer 

Membranes by Microwave Radiation in Ammonia 

Medium. Int. J. Eng. Technol., 2018, 7 (4.36), 

1050–1053. 

[41] Tewfik, S. R.; Sorour, M. H.; Hani, H. A.; 

Shaalan, H. F.; Abdelghani M. G. Abulnour, M. M. 

E. S.; Sayed, E. S.; Eltoukhy, M. Preparation and 

Assessment of Polyvinylidene Fluoride Hollow 

Fiber Membrane for Desalination by Membrane 

Distillation. Desalin. Water Treat., 2022, 255, 

200–211. 

[42] Sorour, M. H.; Hani, H. A.; Shaalan, H. F.; 

El-Toukhy, M. A. Fabrication and Characterization 

of Hydrophobic PVDF-Based Hollow Fiber 

Membranes for Vacuum Membrane Distillation of 

Seawater and Desalination Brine. Egypt. J. Chem., 

2021, 64 (9), 4889–4899. 

[43] Tewfik, S. R.; Sorour, M. H.; Shaalan, H. F.; 

Hani, H. A. Effect of Spinning Parameters of 

Polyethersulfone Based Hollow Fiber Membranes 

on Morphological and Mechanical Properties. 

Membr. Water Treat., 2018, 9 (1), 43–51. 

[44] Shadia R.Tewfik. "Development of a Solar 

Powered, Zero Liquid Discharge Integrated 

Desalination Membrane System to Address the 

Needs for Water of the Mediterranean Region”, 

Project ID:Science Amd Technology Development 

Fund (STDF):30280, IDEA- ERANETMED 2-72-

357, National. 

[45] Tewfik, S. R.; Sorour, M. H.; Shaalan, H. F.; 

Hani, H. A.; Abulnour, A. M. G.; Sayed, M. M. El; 

Mostafa, Y. O.; Eltoukhy, M. A. Effect of Post 

Treatment Routes on the Performance of PVDF-

TEOS Hollow Fiber Membranes. Manuscr. Prep., 

2022. 

[46] Ahmad, H.; Zahid, M.; Rehan, Z. A.; Rashid, 

A.; Akram, S.; Aljohani, M. M. H.; Mustafa, S. K.; 

Khalid, T.; Abdelsalam, N. R.; Ghareeb, R. Y.; et 

al. Preparation of Polyvinylidene Fluoride Nano-

Filtration Membranes Modified with 

Functionalized Graphene Oxide for Textile Dye 

Removal. Membranes (Basel)., 2022, 12 (2). 

[47] Huang, X.; Zhang, J.; Wang, W.; Liu, Y.; 

Zhang, Z.; Li, L.; Fan, W. Effects of PVDF/SiO2 

Hybrid Ultrafiltration Membranes by Sol-Gel 



Yomna O. Mostafa et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. SI:13B (2022) 

744 

Method for the Concentration of Fennel Oil in 

Herbal Water Extract. RSC Adv., 2015, 5 (24), 

18258–18266. 

[48] Urper-Bayram, G. M.; Bossa, N.; Warsinger, 

D. M.; Koyuncu, I.; Wiesner, M. Comparative 

Impact of SiO2 and TiO2 Nanofillers on the 

Performance of Thin-Film Nanocomposite 

Membranes. J. Appl. Polym. Sci., 2020, 137 (44). 

[49] Pang, R.; Zhang, K. Fabrication of 

Hydrophobic Fluorinated Silica-Polyamide Thin 

Film Nanocomposite Reverse Osmosis 

Membranes with Dramatically Improved Salt 

Rejection. J. Colloid Interface Sci., 2018, 510, 

127–132. 

[50] Abadikhah, H.; Kalali, E. N.; Behzadi, S.; 

Khan, S. A.; Xu, X.; Agathopoulos, S. Amino 

Functionalized Silica Nanoparticles Incorporated 

Thin Film Nanocomposite Membrane with 

Suppressed Aggregation and High Desalination 

Performance. Polymer (Guildf)., 2018, 154, 200–

209. 

 


