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Abstract 

The polyacrylonitrile (PAN)/polysulfone (PSF) blended polymer membranes were modified by 

decaethylene glycol monododecyl ether (C12EO10) as a non-ionic surfactant. Polymeric solutions 

containing 17 wt.% of both PAN and PSF with a ratio of 80/20, and C12EO10 with a mass 

concentration of 6 wt.% and aluminium oxide (Al2O3) nanoparticles with varying concentrations 

(1, 2, and 3 wt.%) were prepared. Adding 6 wt.% of C12EO10 to the casting solution formed a 

membrane with distinguished hydrophilicity and fouling resistance, higher porosity, appreciable 

permeate flux (77.1 L/m2.h), and distinct vacuum gas oil rejection (92%) in comparison with the 

pure PAN ultrafiltration membrane. Further improvement for the PAN/PSF blend membrane using 

2 wt.% of γ-Al2O3 in the presence of 6 wt.% of C12EO10 (PPCA-6-2γ membrane) produced an 

excellent permeate flux of 189.2 L/m²·h, favorable hydrophilicity with a contact angle of 26.55°, 

and an optimistic COD removal%, expressing the VGO rejection, of 97.15%. The PPCA-6-2γ 

membrane revealed acceptable separation performance up to four cycles of filtration and exhibited 

enhanced antifouling properties with an FRR% of 95.4%. The fouling mechanism that determines 

the flux reduction during crossflow ultrafiltration by the PPCA-6-2γ membrane was studied using 

the Hermia models. The cake layer formation model provided the best match for the experimental 

behavior when analyzing the flux reduction with time for the PPCA-6-2γ membrane. The 

fabrication cost was determined for PPCA-6-2γ membrane to be $1.67/20 g, respectively. So, the 

local manufacturing costs of the PPCA-6-2γ membrane did not surpass 90 $/m2 of the membrane. 
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1. Introduction 

    Water scarcity is impacted by global industrial activities and population growth, requiring real 

solutions. One of the most important strategies to solve water pollution problems is water reuse, 

particularly in regions that would face water scarcity (Jain et al., 2023; Sadek and Al-Jubouri, 

2023).  Water pollution due to oil is a significant recent issue, as oily water comprises numerous 

contaminants, including heavy metals, oil and grease, and aromatic organic compounds. 

Wastewater by oil pollution adversely affects freshwater and marine resources due to the 

infiltration of contaminants into the ground, subsequently entering the ground and surface water 

(Sadek and Al-Jubouri, 2024). Furthermore, these contaminants hazard health of human 

(Ahmedzeki et al., 2009). Vacuum gas oil (VGO), often designated as heavy vacuum gas oil 

(HVGO), is a fuel derived from crude oil and frequently employed in maritime and automotive 

applications. The harmful effects of VGO encompass harm to aquatic ecosystems, threatening 

aquatic organisms, and soil degradation, resulting in crop losses. VGO poses numerous severe 

dangers to humans, including skin damage and cracking, as well as cancer.  

      Consequently, treating contaminated water became a serious demand. Several methods have 

been developed for oily water reclamation and potable water generation (Saraswathi et al., 2019). 

Membrane technology is a trustworthy option because of its excellent product quality, 

affordability, spatial efficiency, and ease of maintenance. Polymeric membranes are efficient for 

the exclusion of pollutants from surface water (Adday and Al-Jubouri, 2025; Koutahzadeh et al., 

2018; Saraswathi et al., 2019). Utilization of cost-effective polymers may substantially decrease 

the total expenses associated with the membrane separation process (Ang et al., 2020; Etemadi et 
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al., 2020). Polyvinylidene fluoride and cellulose acetate are prevalent polymers utilized in water 

treatment. PAN is a commonly used polymer for membrane synthesis because it has advantages 

of cost-effectiveness, flexibility, excellent hydrophilicity, and low requirements for membrane 

formation conditions (Abedi et al., 2015; Zhao et al., 2012). Nevertheless, pure PAN-based 

membranes have several drawbacks, including low mechanical strength, poor chemical stability, 

and limited scope of applications (Hu et al., 2020). The PSF has good mechanical properties, 

excellent heat stability, and considerable resistance to alkali and biocompatibility (Zhao et al., 

2015). However, the PSF has low water flux, hydrophobic properties, and anti-fouling ability, 

which makes it susceptible to dirt accumulation during use.  

        Polymer blending is a successful method for developing the characteristics of polymeric 

materials in a less complicated and cost-effective manner. The PAN/PSF blend membranes were 

synthesized, and they gave flux exceeding that of the pure PAN membrane (Ai-lian and Qing, 

1995). Also, the hydrophilicity of PES/PAN blend membranes was investigated, and the 

membrane performance was enhanced at a specific blend of PES/PAN/PEG (Amirilargani et al., 

2012). Previous investigations have demonstrated that the use of additives in the casting solutions 

of a membrane can modify the membrane's structure and reduce fouling. A polyoxyethylene (Brij 

35) and polyethylene glycol dodecyl Ether (Brij-L4) showed successful results when added during 

the manufacturing of membranes because they act as pore-forming agents and increase the 

membrane hydrophilicity (Cortés et al., 2021; Wahab et al., 2019) . The additives' hydrophilicity 

also expedites the nonsolvent (water) inflow rate during membrane formation. 

         Emulsifiers and surfactants are generally amphiphilic compounds, possessing both 

hydrophilic polar and hydrophobic nonpolar regions. This chemical structure enables them to 

adhere to an interface and form a protective membrane around the dispersed phase. Emulsifiers or 
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surfactants are commonly categorized into anionic, cationic, non-ionic, and amphoteric types. 

Anionic surfactants have a negative charge, such as sodium dodecyl sulfate (SDS), and they are 

used in cleaning work, producing hygiene products, and emulsions (Sadek and Al-Jubouri, 2024). 

Cationic surfactants have a positive charge and dissociate in water into an amphiphilic cation and 

an anion. A large proportion of this class corresponds to nitrogen compounds such as fatty amine 

salts and quaternary ammoniums. Amphoteric surfactants have dual charges on their hydrophilic 

end, both positive and negative. The dual charges eliminate each other, resulting in a zero net 

charge, which is zwitterionic. Non-ionic surfactants that do not have any ions, like decaethylene 

glycol monododecyl ether (C12EO10), which can act as a pore-forming agent (Cerar et al., 2021). 

C12EO10 has a molecular weight of 626.86 g/mol, and its hydrophilic-lipophilic balance system 

equals 14.1. Thus, C12EO10 is considered a suitable hydrophilic additive (Karbol and Al-Jubouri, 

2025). 

  Inorganic nanoparticles are also used to develop the properties of the polymeric matrix 

because it is a successful method of membrane modification (Mondal et al., 2024). The fabrication 

of mixed matrix membranes (MMMs), which consist of polymer-inorganic nanoparticle 

composites, offers a promising method for enhancing the separation, permeability, 

physicochemical characteristics, and antifouling characteristics of polymeric membranes (Ahmed 

et al., 2024; Kang and Cao, 2014). The integration of nanoparticles into membranes has garnered 

significant interest as an effective method to improve hydrophilicity. Diverse nanoparticles have 

been integrated into membranes, including silica, titanium dioxide, zeolite, lithium chloride, tin 

(IV) oxide, alumina, zirconium oxide, silver oxide, and zinc oxide. Alumina (Al2O3 NPs) may 

serve as a viable choice for the synthesis of the MMMs, due to their inorganic nature, excellent 

stability, low cost, and non-toxic characteristics (Ayaz et al., 2019). The incorporation of Al2O3 
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NPs in the PES membrane for eliminating copper ions from water was previously examined 

(Ghaemi, 2016). The PES-Al2O3 membrane demonstrated that the hydrophilicity and porosity of 

the membrane were enhanced by adding small amounts of Al2O3 NPs (≤1 wt.%) into the PES 

matrix, resulting in increased efficacy of repelling copper ions. The PSF-Al2O3 membrane for the 

exclusion of dyes from wastewater was fabricated (Kang and Cao, 2014). The results of this study 

indicated enhanced hydrophilicity, porosity, and antifouling properties of the PES membrane. 

      This research aims to improve the mechanical properties, hydrophilicity, and antifouling 

characteristics of the PAN/PSF blend membrane for the removal of VGO by embedding with 

Al2O3 NPs (gamma and alpha phases) at varying concentrations of 1, 2, and 3 wt.% in the presence 

of 6 wt.% of C12EO10. These membranes were developed for the first time for the treatment of oily 

water. The performance and morphology of these membranes were studied utilizing Fourier 

transform infrared spectroscopy, field emission scanning electron microscope, atomic Force 

Microscopy, and contact angle, and the results were compared with those of the pure PAN 

membrane. Furthermore, the regeneration, antifouling performance, fouling mechanism using the 

Hermia models, and the fabrication cost of the prepared membranes were investigated. 

2. Experimental Work 

2.1. Materials 

     PAN (Mwt 150,000 g/mol, the glass transition temperature (Tg) of 95 °C) was purchased from 

Sigma-Aldrich. PSF (Mwt 35,000 g/mol and Tg of 185 °C) was supplied by Shandong Natural 

Micron Pharm Tech CO., Ltd. N,N-Dimethylformamide (DMF) was supplied by Sigma-Aldrich 

(Germany). SDS was purchased from Thomas Baker Mumbai and used as an anionic surfactant. 

C12EO10 (HLB number of 14.1) was provided by Sigma-Aldrich and used as a non-ionic surfactant. 

Al2O3 NPs with gamma and alpha phases and an average size of 20 nm were obtained from 
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SkySpring (United States). Vacuum gas oil (VGO) as a model oil was provided by the Karbala Oil 

Refinery (Karbala, Iraq). 

2.2. Preparation of Membranes 

   The pure PAN, PAN/PSF/C12EO10 (6wt.%), and PAN/PSF/Al2O3 membranes were fabricated 

via the non-solvent induced phase separation method.  For the fabrication of the PAN/PSF blend 

membranes, the ratio was set at 80/20 based on the results of previous work (Karbol and Al-

Jubouri, 2025). Also, the concentration of C12EO10 was set at 6 wt.% according to the results of 

that study. However, the MMMs were prepared by adding the Al2O3 NPs at different 

concentrations of 1, 2, and 3 wt.%. The Al2O3 NPs content in the prepared MMMs was chosen 

according to a published work (Etemadi and Qazvini, 2021). In all the synthesized membranes, 

the phase concentration of polymer, either pure or combined polymer, was 17 wt.%. Initially, 

Al2O3 NPs at a designated quantity were dispersed using sonication in the DMF solvent for 2 h to 

attain a uniform distribution. Then, the determined amount of the C12EO10 was added. 

Subsequently, the amounts of the PAN and PSF were added to the solvent-additive mixture and 

maintained at continual stirring for 24 h to achieve a homogenous combination. Following the 

degassing of the dope fluid, a casting solution layer membrane (200 μm) was cast onto a glass 

substrate. The glass board holding a cast layer was immersed in distilled water for 24 h to remove 

the residual solvent. Table 1 shows the materials composition used in the membrane preparation. 

The codes of the membranes shown in Table 1 were formed using the first letter of each material 

used in the preparation. The first P refers to PAN, the second P refers to PSF, C refers to C12EO10, 

and A refers to Al2O3 NPs. The first number in the code refers to the C12EO10 content, and the 

second number refers to the Al2O3 NPs content. 
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Table 1: The composition of materials used in membrane preparation. 

 

2.3. Characterization 

To check the roughness parameters of the prepared membrane, atomic force microscopy (model 

AA3000, Angstrom Advanced Inc., USA) was used. Fourier-Transform Infrared spectroscopy 

(IRAffinity-1- SHIMADZU model) was used to study the surface chemistry of the membranes. 

The morphological characteristics of the synthesized membranes were investigated with field 

emission scanning electron microscopy (Tescan MIRA3 model). The energy dispersive 

spectroscopy analysis (ZEISS model, Germany) was utilized to provide the chemical composition 

of membranes. The mechanical properties of the prepared membranes were evaluated using tensile 

testing equipment (Tinius Olsen H50KT, USA). The contact angle of the synthesized membrane 

was determined by applying the probing liquid (distilled water) on the surface of the membrane 

using a T315A Picoliter dispenser to determine the hydrophilicity of the membrane. 

 

Membrane ID PAN 

(wt.%) 

PSF 

(wt.%) 

C12EO10 

(wt.%) 

α-Al2O3 

(wt.%) 

γ-Al2O3 

(wt.%) 

DMF 

(wt.%) 

PAN 17 0 0 0 0 83 

PAN/PSF/C12EO10 (6 wt.%) 13.6 3.4 6 0 0 77 

PPCA-6-1α 13.6 3.4 6 1 0 76 

PPCA-6-2α 13.6 3.4 6 2 0 75 

PPCA-6-3α 13.6 3.4 6 3 0 74 

PPCA-6-1γ 13.6 3.4 6 0 1 76 

PPCA-6-2γ 13.6 3.4 6 0 2 75 

PPCA-6-3γ 13.6 3.4 6 0 3 74 
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The porosity of the membrane was determined using Equation 1 (Al-Maliki et al., 2023): 

        𝜀 (%) = (
𝑤𝑤𝑚−𝑤𝑑𝑚

𝐴 𝑥 𝑙 𝑥 𝜌
) 𝑥100%                                                                                        (1) 

Where: wwm and wdm are the weights of the wet and dry membranes, respectively, in g, A is the 

area of the membrane in cm2, l is the thickness of the membrane in cm, and ρ is the density of 

water g/cm3. 

2.4. Examination of the filtration performance effectiveness and antifouling analysis 

The flux (either PWF or J) of the prepared membranes was determined via a crossflow UF system 

using Equation 2 (Abbas and Al-Jubouri, 2025):  

𝐽 =
𝑉

𝐴.𝑡
                                                                                                                      (2) 

Where V (m3) indicates the volume of the permeate flux, A (m2) indicates the active area of a 

membrane, and t (h) indicates the permeation time. 

       The rejection of the VGO was assessed in the form of the rejection of the chemical oxygen 

demand (COD removal%) using Equation (3). 

  𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 % = (1 −
𝐶𝑂𝐷𝑝

𝐶𝑂𝐷𝑓
) 𝑥100                                                                                  (3) 

Here, CODp and CODf are the COD concentrations in the permeate and feed (mg/L), respectively. 

The COD values were obtained via the COD reactor system MD200, Lovibond Model (Germany). 

Besides, the filtration performance of the developed membranes was examined at different VGO 

concentrations of 150-500 mg/L. 

     Following the flux (J1) assessments, the flux of the VGO solution (JVGO) was recorded at 90 

min under transmembrane pressure (TMP) of 1 bar. After the separation of the VGO solution, the 
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contaminated membranes were cleansed with distilled water. Then, the water flux of the 

membranes (J2) was recorded.  The flux recovery ratio was analyzed to estimate the antifouling 

properties of the membranes using Equation 4 (Dasgupta et al., 2014): 

𝐹𝑅𝑅 % =
𝐽2

𝐽1
𝑥 100                                                                                                               (4) 

      Simultaneously, the reversible fouling ratio (RRF%), irreversible fouling ratio (RIFR%), and 

total fouling ratio (RTF%) were estimated using Equations 5, 6, and 7, respectively (Saleem and 

Al-Jubouri, 2024): 

 𝑅𝑅𝐹 % = (
𝐽2−𝐽𝑉𝐺𝑂

𝐽1
)𝑥 100                                                                                                     (5) 

𝑅𝐼𝐹𝑅% = (
𝐽1−𝐽2

𝐽1
)𝑥 100                                                                                                         (6) 

𝑅𝑇𝐹% = 𝑅𝐹𝑅 (%) + IFR (%)                                                                                               (7) 

3. Results and discussions 

3.1. Fourier-transform infrared spectroscopy 

The Fourier-transform infrared spectroscopy (FT-IR) results of pure PAN, PAN/PSF/C12EO10 

(6wt.%), and PAN/PSF blend membranes modified by C12EO10 and Al2O3 NPs are illustrated in 

Figure 2. In the spectra of pure PAN membrane, the peak at 3350 cm-1 is associated with the O-H 

bonds. The characteristic peaks at 2985 cm-1, 2431 cm-1, and 1764 cm-1 are observed in the PAN 

membrane for the C-H groups, C≡N, and C=O bonds, respectively (Ruhland et al., 2017). For the 

PAN/PSF blend membrane, the peaks at 3431 cm-1, 2924 cm-1, 1726 cm-1, and 1035 cm-1 can be 

assigned to O-H, C-H, C≡N, C=O, and C-O bonds, respectively (Etemadi et al., 2021).  Figure 1 

shows that the PPCA-6-2γ membrane has peaks at 3452 cm-1 and 3500 cm-1, which might be 

attributed to the presence of the Al-OH bond in the Al2O3 NPs, which reinforces the O-H group. 
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The O-H group is more distinct and pronounced in the modified membranes than in the pure PAN 

and PAN/PSF/C12EO10 (6wt.%) membranes.  The augmentation in the range and intensity of peaks 

in the presence of Al2O3 NPs indicates an improvement in the hydrophilicity of the membrane 

surface. The presence of the O-H group denotes that the membrane has good antifouling properties 

and hydrophilicity (Abdulsalam et al., 2020). 

 

3.2. Field emission scanning electron microscopy  

Figure 3 displays the field emission scanning electron microscopy (FE-SEM) images of the surface 

and the cross-section of the produced PAN, PAN/PSF/C12EO10 (6wt.%), PPCA-6-2γ, and PPCA-

6-2α membranes. The pure PAN membrane texture contained fewer and shorter inner pores than 

Figure 2: FT-IR analysis of PAN, PAN/PSF/C12EO10 (6wt.%), PPCA-6-2α, and PPCA-6-2γ 

membranes. 
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the PAN/PSF/C12EO10 (6wt.) membrane. Including C12EO10 in the PAN/PSF solution augmented 

the hydrophilic functional groups (O-H and C-H). C12EO10 expedited the exchange process 

between the DMF and distilled water. Figure 2B shows a coordinated, elongated, and broader 

finger-like structure with a dense skin layer extending from the top to the slender sponge layer in 

the PAN/PSF/C12EO10 (6wt.%) membrane, compared to the PAN membrane in Figure 2A.  

     The morphology of the membrane, shown in Figure 3 (C-D), drastically changed by adding 

nanoparticles, compared to pure PAN and PAN/PSF/C12EO10 (6wt.%) membranes shown in 

Figure 3 (A-B). As seen in Figure 3 (C-D), the upper layer displays a completely different structure 

depending on the phase of Al2O3 NPs added to the casting solution. The hydrophilic Al2O3 NPs 

caused an increase in thermodynamic instability in the casting solution and instantaneous demixing 

in the coagulation bath to form a more porous membrane structure. Therefore, very big macrovoids 

were formed in the structure of both PPCA-6-2γ and PPCA-6-2α membranes. Similar outcomes 

were reported in literature (Zhang et al., 2010). 

3.3. Energy dispersive spectroscopy 

The energy dispersive spectroscopy (EDX) analysis was conducted for the PPCA-6-2γ membrane 

to confirm the presence of γ-Al2O3 NPs in the membrane texture. EDX element mapping of the 

PPCA-6-2γ membrane shown in Figure 4 reveals that the chemical elements forming the Al2O3 

(Al and O) are homogeneously distributed in the PPCA-6-2γ membrane. Also, the figure shows 

the composition of the PPCA-6-2γ membrane as follows: O was 93.5 wt.%, and Al was 6.5 wt.%. 

The high percentage of O is not only restricted by the presence of γ-Al2O3 NPs in the structure, as 

there are functional groups containing O that belong to PAN, PSF, and C12EO10. 
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Figure 3: The FE-SEM images of the blend and modified membranes. The cross-section on the left 

side with a scale bar of 100 µm and the surface morphology on the right side with a scale bar of 

100 µm. (A) pure PAN, (B) PAN/PSF/C12EO10 (6wt.%), (C) PPCA-6-2γ, and (D) PPCA-6-2α. 
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      Figure 4: EDX analysis and element mapping of PPCA-6-2γ membrane. 

 

3.4.  Atomic Force Microscope analysis 

Membrane roughness is a critical component influencing membrane fouling (Abdulameer and Al-

Jubouri, 2022). Pollutants might accumulate in the valleys of the rough membrane surfaces, 

resulting in an increase in membrane fouling. Consequently, the fabrication of membranes with 

reduced roughness is crucial for the improvement of the final antifouling properties. The atomic 

force microscope (AFM) results of the PAN, PAN/PSF/C12EO10 (6wt.%), PPCA-6-2γ, as well as 

PPCA-6-2α membranes are shown in Figure 5, and the estimated surface roughness characteristics 

are displayed in Table 2. All developed membranes exhibited enhanced porosity in comparison to 

the pure PAN membrane. The augmentation of PAN porosity resulting from the integration of PSF 

material can be clarified as follows: the PSF is a glassy thermoplastic polymer characterized by a 

higher glass transition temperature (Tg) than PAN; hence, the incorporation of PSF into PAN 

resulted in a reduction of solution viscosity (Abdulsalam et al. 2020). The relationship between 
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porosity and viscosity is self-evident in the membrane preparation. The higher the polymer or 

additives concentration, the higher the solution's viscosity, which might decelerate phase 

separation and result in a more compact structure of the membrane with less porosity. However, 

additives like polyethylene glycol and polyvinylpyrrolidone might promote viscosity and produce 

a bigger pore size, enhancing porosity and permeability (Tan and Rodrigue, 2019). Table 2 shows 

that by adding PSF and C12E10, the pore size and surface roughness increased due to raising the 

viscosity and hydrophilicity of the dope solution. The viscosity of the casting solution has an 

important impact on the structure and pore size of the prepared membranes, as reported in another 

work (Tan et al., 2017) The surface of the PAN/PSF/C12EO10 (6wt.%) membrane in contrary of 

the PPCA-6-2γ and PPCA-6-2α membranes, showed higher roughness than the PAN membrane 

based on the roughness parameters represented by the root mean square height (Rq), arithmetic 

mean height or average roughness (Ra), and maximum height (Rz) shown in Table 2. These results 

agreed with those presented by previous work (Adday and Al-Jubouri 2025).  

Table 2: The roughness parameters, porosity, and mean pore size of the prepared membranes. 

 

 

Membranes Roughness parameters Porosity (%) Mean pore size 

Ra (nm) Rq (nm) Rz (nm) 

PAN 87.25 119.54 702.13 48.01 29.75 

PAN/PSF/C12EO10 (6wt.%) 314.1 230.5 1299 57.13 41.32 

PPCA-6-2α 99.46 125.73 886.79 62.45 50.30 

PPCA-6-2γ 83.29 102.67 624.85 66.70 56.13 
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Figure 5: AFM images of the (A) Pure PAN, (B) PAN/PSF/C12EO10 (6wt.%), (C) PPCA-6-2γ 

and (D) PPCA-6-2α membranes. 

 

3.5. Hydrophilicity and surface charge analysis   

    The effect of adding the C12EO10, α-Al2O3 NPs, and γ-Al2O3 NPs on the hydrophilicity of the 

prepared membranes was evaluated based on the values of the CA shown in Figure 6a. The PAN 

membrane showed the highest CA value of 63.01°. Adding 6 wt.% of water-soluble C12EO10 

played a significant role in enhancing the membrane hydrophilicity, as the CA decreased to 31.14° 

for the PAN/PSF/C12EO10 (6wt.%) membrane. Also, the incorporation of Al2O3 NPs improved the 

surface hydrophilicity. The CA dropped to 29.63° and 26.55° for the PPCA-6-2α and PPCA-6-2γ 
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membranes, respectively. This characteristic is attributed to the increased surface hydrophilicity 

of the synthesized membranes by hydrophilic Al2O3 NPs, which increases the existence of 

hydrophilic groups on the membrane's surface, as shown by the FT- 

IR results displayed in Figure 1. These results concurred with those reported by another work 

(Ibrahim et al., 2020; Isloor et al., 2019).   

          The point of zero charge (pHPZC) of the membrane is the point at which the net charge on 

the membrane surface is zero. The pHPZC was calculated to show the effect of the pH on the 

membrane surface charge, as shown in Figure 6b. The PPCA-6-2γ membrane surface was 

negatively charged at pH above 6.3 and positively charged at pH below 6.3. The negative charge 

of the PPCA-6-2γ membrane was dominated because, during the manufacturing of the MMMs, 

many of the Al2O3 NPs were collected on the surface of the membrane, exposing O-H functional 

groups. The O-H group in a negatively charged membrane surface rapidly undergo protonation in 

the acidic aqueous solution, resulting in a positively charged surface (Tan et al., 2017). 
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a                                                                                            b   

 

 

3.6. Mechanical properties 

The tensile strength and elongation at break of the manufactured membranes were measured to 

assess their mechanical properties. Figure 7 shows that the tensile strength for the PAN membrane 

was 0.8 MPa because it has poor mechanical properties. Also, Figure 7 presents that the 

PAN/PSF/C12EO10 (6wt.%) membrane exhibited the maximum tensile strength of 4.8 MPa. This 

can be due to blending PAN with PSF, which has high mechanical strength and the introduction 

of 6 wt.% C12EO10, which increased the tensile strength and elongation of the polymer membranes. 

This result agreed with that reported in a published work (Liang et al., 2016). The addition of α-

Al2O3 NPs raised the tensile strength to 5.7 MPa, and γ-Al2O3 NPs raised the tensile strength to 

6.3 MPa for the PPCA-6-2α and PPCA-6-2γ membranes. In the same way, the Al2O3 NPs 

reinforced the membrane's structure to withstand load stress. The change in elongation was 

Figure 6: (a) Contact angle of the pristine and developed membranes and (b) pHPZC of the PPCA-

6-2γ membrane. 
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moderate from 3.55% for the PAN membrane to 5.02%, 6.26%, and 6.34% for the 

PAN/PSF/C12EO10 (6wt.%), PPCA-6-2α, and PPCA-6-2γ, respectively. 

 

 

3.7. Investigation of permeate flux and VGO removal of the prepared membranes 

Figure 8 shows the permeate flux and COD removal for all developed membranes. Figure 8 

displays that the permeate flux of the PAN membrane was 11.35 L/m².h.  The permeate flux of the 

PAN membrane gradually increased in the presence of 6 wt.% C12EO10, which enhanced the 

porosity, which is an essential parameter for the permeation of water flux. All the MMMs exhibited 

improved permeate flux relative to PAN and PAN/PSF/C12EO10 (6wt.%) membranes. All the 

MMMs exhibited higher hydrophilicity and porosity compared to the PAN/PSF/C12EO10 (6wt.%) 

membranes (see Figure 6 and Table 2). Consequently, the permeate flux of the MMMs was 

  Figure 7: Mechanical properties of the prepared membranes. 
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anticipated to rise. The highest permeate was obtained using PPCA-6-2γ. However, further 

increasing the γ-Al2O3 content to 3 wt.% gave reduced flux, which can be attributed to the reduced 

porosity and hydrophilicity raised by the accumulation of the Al2O3 NPs in the MMM structure. 

This result agreed with others in the literature (Abbas and Al-Jubouri, 2024; Nazemidashtarjandi 

et al., 2017; Zinadini et al., 2017). 

 

        The rejection of the VGO (COD removal%) for an initial VGO concentration of 150 mg/L 

was 72.6% for the PAN membrane, while the PAN/PSF/C12EO10 (6wt.%) membrane, which 

contained 6 wt.% of C12EO10, exhibited a VGO rejection of 92%, as shown in Figure 8. The 

inclusion of Al2O3 NPs increased the COD removal% to 94.32% and 97.15% for the PPCA-6-2α 

and PPCA-6-2γ membranes, respectively. The reduction of the permeate flux and the elevation of 

Figure 8: The permeate flux and COD removal% of prepared membranes. 
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COD removal% with rising concentration of Al2O3 NPs can be attributed to the aggregation of the 

nanoparticles on the membrane surface during the casting process. The accumulation of 

nanoparticles on the membrane surface increased the thickness of the active layer, resulting in 

decreased porosity and hydrophilicity. The result is consistent with those reported in a published 

work (Hosseini et al., 2020). 

3.8.  Effect of the initial VGO concentration 

        Figure 9 displays the impact of initial VGO concentrations (150, 250, and 500 mg/L) on the 

permeate flux and COD removal% of the PPCA-6-2γ membrane. The permeate flux marginally 

diminished with raising the initial VGO concentration. The flux decreased from 189.2 to 112.3 

and 97.18 L/m2.h at concentrations of 150, 250, and 500 mg/L, respectively. A high VGO 

concentration created a cake layer on the membrane surface, hence decreasing the flux. The COD 

removal% significantly declined from 97.15% to 79.26% and 63.48% at concentrations of 150, 

250, and 500 mg/L, respectively, due to the increased deposition of oil droplets on the membrane 

surface. The occurrence of the concentration polarization phenomenon at high VGO 

concentrations led to the transportation of oil molecules from the membrane to the permeate side, 

hence reducing the membrane's efficacy in retaining oil. 
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3.9. Antifouling study 

    To examine the antifouling properties of the synthesized membranes used for the VGO 

separation, the fouling parameters RFR%, RIFR%, RTF%, and FRR% were assessed for each cycle 

using these membranes, as depicted in Figure 10. Typically, RIFR% is caused by sharp interactions 

between foulants and the surface pores of the membrane (Saleem et al., 2025; Vatanpour et al., 

2012). The pristine PAN membrane exhibited an RIFR% of 42.16%; however, this value diminished 

to 31% for the PAN/PSF/C12EO10 (6wt.%) membrane and to 19.7% for the MMMs at 2 wt.% of 

γ-Al2O3 NPs. The RIFR% value decreased due to the low roughness of the PAN/PSF/C12EO10 

(6wt.%) membrane and MMMs compared to the pure PAN membrane. Rougher membranes 

possess more foulant attachment sites, thereby increasing fouling (Abdikheibari et al., 2018). 

Furthermore, enhanced membrane hydrophilicity limited the adsorption of hydrophobic foulants 

Figure 9: Effect of the initial VGO concentration on the separation performance 

of the PPCA-6-2γ membrane. 
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on the membrane surface (Karimi et al., 2020). Figure 10a shows that the MMMs had a reduced 

RIFR% relative to other samples, due to their enhanced hydrophilicity. Figure 10a shows that the 

FRR% of the PAN/PSF/C12EO10 (6wt.%) membrane and MMMs exceeded that of the pristine 

PAN membrane. The FRR% was 77.5% for the pure PAN membrane, but it increased to 88.9%, 

90.72%, and 95.4% for the PAN/PSF/C12EO10 (6wt.%), PPCA-6-2α, and PPCA-6-2γ, 

respectively. Reducing the membrane surface roughness diminished fouling of the produced 

membranes, leading to an increase in FRR% (Sadek and Al-Jubouri, 2024). Figure 10 shows that 

the addition of nanoparticles to the membrane casting solution increased FRR% due to its low 

roughness and enhanced hydrophilicity.  

      The recyclability test assesses the membrane's stability and durability to guarantee its 

prolonged functionality. The PPCA-6-2γ membrane was examined in four cycles of VGO 

filtration, each cycle lasting for 1 h, followed by a 30 min cleaning procedure utilizing a 5 mM 

SDS solution at 45 ⁰C. Figure 10b displays the findings of the reusability examination. In the fourth 

cycle, the FRR% for the PPCA-6-2γ membrane decreased to 60.1%. The reduction in FRR% 

resulted from a surfactant layer enclosing  small oil droplets that coalesce to create bigger oil 

droplets, as reported in (Khader et al., 2025). The oil droplets spread over the membrane's surface, 

reducing interaction between water and the membrane's surface. While the cleaning procedure may 

not entirely restore the membrane's surface performance, the γ-Al2O3 NPs demonstrated 

exceptional antifouling efficacy for the modified PPCA-6-2γ membrane. 
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3.10. Fouling Models 

      Hermia’s fouling models were applied to the data obtained from studying the VGO filtration 

to determine the fouling mechanism of the PPCA-6-2γ membrane. The fouling mechanisms can 

be categorized into four types: complete pore blocking, intermediate pore blocking, standard pore 

blocking, and cake layer formation. In complete pore blocking, the particles are of equal size to 

the pores of the membrane, which completely block the entrances and prevent the flow. Hermia 

developed a general equation which can be used for all types of fouling, depending on the value 

of n, as shown in Equation 8 

d2t

dv2 = K(
dt

dv
)n                                                                      (8) 

Figure 10: (a) Antifouling parameters for membranes in the filtration of VGO and (b) Antifouling 

analysis of the cycles of the PPCA-6-2γ membrane. 
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The fouling type depends on the magnitude of n present in Equation 8. For complete pore 

blocking, n = 2. Hermia's model of the complete pore blocking mechanism in crossflow is shown 

by Equation 9 (Sadek et al., 2024). 

ln (
1

𝐽𝑉𝐺𝑂
) = 𝐾𝐵t + ln(

1

𝐽0
)                                                       (9) 

Where KB is the coefficient of complete pore blocking (m2/L) 

Standard pore blocking results in a decrease in porosity of the membrane and an increase 

in the membrane resistance because of the ability of tiny particles to adhere to the inner wall of the 

pores, constricting them and minimize the flow rate. Hermia's model of the standard pore blocking 

mechanism in crossflow is shown by Equation 10 (Saleem et al., 2025). For this model, the n value 

shown in Equation 8 is 3/2. 

1

(JVGO)0.5 = KSt +
1

(J0)0.5                                                              (10) 

Where KS is the coefficient of standard pore blocking (m/L0.5.min0.5). 

      In the intermediate pore blocking, there is an accumulation of some particulates at the top of 

already precipitated particulates, plugging the pore openings. Hermia's model of the intermediate 

pore blocking mechanism, as shown in Equation 11 (Iritani and Katagiri, 2016). For this model, 

the n value shown in Equation 8 is 1. 

1

JVGO
= Kit +

1

J0
                                                                      (11) 

Where Ki is the coefficient of intermediate pore blocking (m2/L). 

Formation of cake layers is a process in which large particles accumulate on the surface of 

a membrane, forming a permeable cake that is not completely impermeable. Hermia found the 
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mathematical properties of the cake formation with a special case of constant filtration pressure as 

shown in Equation 12. For the cake layer formation, the value of n shown in Equation 8 is 0. 

1

(JVGO)2
= KCt +

1

(J0)2
                                                           (12) 

Where KC is the coefficient of cake layer formation (m4.min/L2). 

     Figure 11 and Figure 12 show the plots of Hermia’s models. Table 3 displays the values of the 

fitting parameters and equations of the first and third cycles for the PPCA-6-2γ membrane. 

Depending on the R2 value presented in Table 3 and the results of the FRR%, the PPCA-6-2γ 

membrane was less prone to oil molecules accumulating after using the membrane for one time. 

This is because the formation of a hydration layer on the membrane surface at a low contact angle 

inhibited the retention of oil molecules. Therefore, during the washing process, the PPCA-6-2γ 

membrane’s surface reduced the accumulated oil molecules because it has a low contact angle. 

        Figure 11 and Figure 12 show that the cake layer formation model was the best model for 

describing PPCA-6-2γ membrane fouling with a high R2 value. Then, the R2 value notably 

increased from just above 0.93 for the third cycle. The PPCA-6-2γ membrane suffered from 

deposition of oil droplets on the membrane pores due to the adsorption mechanism. The flux 

declined with time, even though the thickness of the fouling layer did not increase with time. To 

gain the desired antifouling characteristics of membranes, physical methods like backwashing, 

water flushing, and ultrasonication should be utilized with chemical agents. 
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Figure 11: The linear plots of the fouling mechanism model for the first cycle of the PPCA-6-

2γ membrane. a) intermediate pore blocking, b) complete pore blocking, c) standard pore 

blocking, and d) cake formation 

 

Figure 12: The linear plots of the fouling mechanism model for the third cycle of the 

PPCA-6-2γ membrane. a) intermediate pore blocking, b) complete pore blocking, c) 

standard pore blocking, and d) cake formation. 
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      By applying the UF processes to oily water, the four models of fouling examined had a good 

linear correlation. This is an indication that all the fouling mechanisms are occurring 

simultaneously. For the PPCA-6-2 membrane, in every washing process, some oil molecules 

cannot be physically removed since they are strongly bonded to the membrane surface or pores. 

Particles left behind after every cycle resulted in a drop in the permeate flux and decreased the 

difference between the two readings. Thus, the value of R2 increased after every cleaning process. 

The results showed that the oil fouled the membrane by depositing a cake layer, whereas certain 

oil molecules were adsorbed, immobilized on the surface, and imbibed into the membrane. 

Therefore, the permeate flux decreased each time the membranes were reused in the filtration 

processes. 

Table 3: The fitting parameters of the first and third cycles of the PPCA-6-2γ membrane. 

Membrane Cycles 
Intermediate pore 

blocking 

Complete pore 

blocking 

Standard pore 

blocking 

Cake 

formation 

 

PPCA-6-2γ 

membrane 

First 

y = 0.0005x + 

0.3266 

R² = 0.6091 

y = 0.0014x - 

1.1197 

R² = 0.6001 

y = 0.0004x + 

0.5714 

R² = 0.6046 

y = 0.0003x + 

0.1068 

R² = 0.6183 

Third 

y = 0.0007x + 

0.6922 

R² = 0.9290 

y = 0.001x - 

0.3671 

R² = 0.9267 

y = 0.0004x + 

0.8321 

R² = 0.9279 

y = 0.0011x + 

0.4782 

R² = 0.9312 

 

3.11. The costs of membrane manufacturing 

    The cost of total manufacturing of the MMMs will be determined according to Equation 13 and 

Equation 14, considering that the official price of power in Iraq for government institutions is 120 

IQD/kWh, which is equivalent to 0.09091 $/kWh. Also, the price of the materials used in the 

membrane manufacturing was set as sold in the local stores (Saleem et al., 2025). 
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Ct = Cm + Cp                                                                      (13) 

Cp = Pi ∗ Cop                                                                       (14) 

Where Ct is the cost of total manufacturing ($), Cm is the cost of total materials ($), Cp is the cost 

of total consumed electrical power ($), Pi is the power of instruments used in the manufacturing of 

the membrane (kWh), and Cop is the official price of power ($/kWh). The total cost of the 

consumed electrical power involved the power which is consumed in the casting solution 

preparation processes (sonication and stirring) and the casting process (film applicator machine). 

      Determination of manufacturing costs has been made per 20 g of the casting solution for the 

PPCA-6-2γ membrane according to the ratios shown in Table 1. This dose of a casting solution 

forms 0.1125 m2 during casting by the casting machine. Table 4 presents the details of the material 

prices used in manufacturing the membrane. It shows that the total cost of the materials used in 

the manufacturing of the PPCA-6-2γ membrane was about 9.88 $, respectively. The total costs of 

the consumed electrical power were 1.67 $ as shown in Table 5. Table 6 shows the total 

manufacturing cost for the PPCA-6-2γ membrane. The manufacturing prices of the PPCA-6-2γ 

membrane have been compared with other pristine flat sheet UF membranes manufactured by 

Guochukeji Technology (Xiamen) Co., Ltd (China). As advertised by this company, the ex-price 

of these specified membranes is 180 $/m2, but without the shipping cost. The shipping cost to Iraq 

is 100 $ by FedEx. So, the total price after shipping to Iraq becomes 280 $. The local manufacturing 

costs of the PPCA-6-2γ membranes did not surpass 90 $/m2 of the membrane. 
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Table 4: Prices of materials used in the manufacturing of the PPCA-6-2γ membrane. 

 

 

 

 

 

  

 

Table 5: : Cost estimate of the power used in PPCS-6-0.5 and PPCA-6-2γ membranes 

preparation. 

 

 

 

 

 

Table 6: Total cost of the prepared membrane. 

 

 

3.12. Comparison of the performance of membranes 

     Table 7 compares the efficacy of the PPCA-6-2γ membrane in this study with several modified 

membranes utilizing different nanoparticles reported in the literature for the separation of oil from 

wastewater systems. Table 7 presents several important membrane properties, including CA, flux, 

and FRR%. The PPCA-6-2γ membrane showed a superior oil rejection and a higher FRR% 

compared to the membranes reported in the literature. The PPCA-6-2γ membrane exhibited 

Material Quantity   Price Used quantity price 

wt.% g $/g $ 

PAN/PSF 17 3.4 1.515 5.151 

DMF 76.5 15.3 0.074 1.1322 

C12EO10 6 1.2 0.067 0.0804 

γ-Al2O3 2 0.4 4.667 1.8668 

Total Price ( γ-Al2O3)  8.2082 

Devices Time Power 

(h) W W Wh kWh 

Ultrasonic (γ-Al2O3) 3 100-1000 500 1500 1.5 

Magnetic Stirrer 37 450 450 16650 16.65 

Casting Machine 0.5 50-500 370 185 0.185 

Total power (Al2O3)  18.34 

Cost of the used material for the PPCA-6-2γ membrane 9.88 $ 

Total cost of the PPCA-6-2γ membrane                                               88 $/m2 
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permeate with oil content that meets the WHO permissible limit for oily water discharge (oil 

concentration < 5 mg/L). 

Table 7: Performance of prepared PPCA-6-2γ membrane compared to other developed membranes 

studied in the rejection of oil from wastewater. 

 

4. Conclusions  

        This study involved the development of PAN/PSF blend membranes by adding C12EO10 and 

α-Al2O3 NPs and γ-Al2O3 NPs, both with an average size of 20 nm, at different concentrations. 

The PAN/PSF blend membrane, which contained 6wt.% C12EO10 and 2 wt.% γ-Al2O3 NPs 

exhibited the highest values of both hydrophilicity and porosity. The FT-IR analysis indicates the 

existence of functional groups on the surface of the PPCA-6-2γ membrane, hence confirming the 

incorporation of γ-Al2O3 NPs into the membrane structure. Measurements of contact angle 

demonstrated that the hydrophilicity of the PPCA-6-2γ membrane was enhanced, resulting in a 

significant improvement in the permeate flux. The PPCA-6-2γ membrane exhibited the highest 

Polymer Additive 

type 

Oil type Contact 

angle (ᵒ) 

Flux 

(L/m2.h) 

FRR% Rejection 

(%)  

Ref. 

PVDF Triton X-

100, TiO2 

(2 wt.%), 

and CuO (2 

wt.%) 

O/W 

emulsion 

53 >1800  99.9 95 (Rosset et al., 

2025) 

PES Isotropic 

PES 

Heavy 

O/W 

39 65 (L/h.  

m2.bar) 

98.2 59.5 (Abdel-Aty 

et al., 2020) 

PES/CA 0.5 wt.% 

4A zeolite 

Kerosene 29 91.1 97.7 98.8 (Abbas and 

Al-Jubouri, 

2024) 

PAN/PSF γ-Al2O3 (2 

wt.%) 

C12EO10 (6 

wt.%) 

VGO 
 

26.55 189.2 95.4% 97.15% Current study 
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permeate flux of 189.2 L/m²·h, favorable hydrophilicity with a contact angle of 26.55°, and the 

best VGO rejection with COD removal% of 97.15% at 150 mg/L. The integration of Al2O3 NPs 

improved the anti-fouling effectiveness. The PPCA-6-2γ membrane demonstrated the highest 

FRR% of 95.4%, compared to 77.5% for the PAN membrane, signifying improved resistance to 

VGO adhesion and superior self-cleaning capability. The reusability of the membranes was 

established by verifying their efficiency after four cycles of filtration. Also, the cake layer 

formation model successfully explained the fouling that occurred in the PPCA-6-2γ membrane. 

The manufacturing costs were estimated for the PPCA-6-2γ membrane to be $1.67/20 g, 

respectively. So, the local manufacturing costs of the PPCA-6-2γ membrane did not surpass 90 

$/m2 of the membrane. This study revealed the efficacy of Al2O3 NPs in enhancing the 

performance of PAN/PSF blend membranes containing 6 wt.% of C12EO10 for addressing oily 

water challenges. This method is essential for regulating the release of greasy wastewater and other 

dangerous contaminants into natural water bodies. 
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