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Abstract 

Membrane reusability determines the economic sustainability of separation process. However, the 
reusability of membrane was deduced by the antifouling properties, while the actual reuse performance of 
membrane using palm oil mill effluent (POME) is rarely reported. This study investigates the reusability 
of nano-Fe3O4/PVDF (PVDF1) membrane for POME treatment. The chemical oxygen demand (COD), 
total suspended solid (TSS) of permeate, molecular weight cut off (MWCO), pure water flux (PWF) and 
contact angle (CA) of membranes were also determined. Result showed that the neat membrane (PVDF0) 
and PVDF1 exhibited ~77°, ~342 L/(m2.h) and ~70°, 278 L/(m2.h) for CA and PWF, respectively, due to 
the small MWCO in PVDF1. The POME flux was maintained at ~16 L/(m2.h) in 5 cycles of filtration 
process. The COD rejection was higher for PVDF 1 compared to PVDF0, and PVDF1 showed consistent 
~58 % COD and ~98 % TSS removal in all the cycles. The good performance of PVDF1 due to the 
presence of nano-Fe3O4, improved the membrane hydrophilicity and tailored the membrane pore size for 
POME treatment. 
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Introduction 

Agriculture is the third contributor to the gross domestic product in Malaysia after the servicing and 
manufacturing sectors [1]. According to the work published by Malaysian Agricultural Research and 
Development Institute (MARDI), oil palm occupied the largest land use, which was 5,672 thousand 
hectare in 2020 and followed by rubber which was 1197.6 thousand hectare [2]. The export of palm oil 
and the related products contributed approximately US$1 billion [3]. Despite its contribution to the 
economy, the oil palm processing pollutes a large volume of water. Water is used as the feed for boiler 
and as the diluent in the refining process to enhance the oil separation [4]. It was estimated that 0.114 m3 
of water/tonne fresh fruit bunches was used in the purification process. Water is also used to sterilise the 
palm fruit bunch [5].  The polluted water is generally known as palm oil mill effluent (POME) and it 
consists of 51,000 mg/L of chemical oxygen demand (COD), 25,000 mg/L biological oxygen demand 
(BOD) and 18,000 mg/L of total suspended solid (TSS) at pH 9.0 [6]. Besides, other minerals such as 
potassium, calcium and phosphorus are also present in POME. According to Department of Environment 
(DOE), the discharge limit for BOD3 and TSS are 100 and 400 mg/L, respectively with pH within 5.0 - 
9.0 [6,7]. COD shall be maintained at non-detectable limit. Open ponding system which consists of 
cooling and mixing, anaerobic, facultative and aerobic ponds, is widely adopted to treat POME in order to 
minimise the undesirable impact on the environment [6]. To date, the need to comply with the latest 
stringent DOE discharge limit as well as the introduction of 0 effluent discharge concept, attempts have 
been made to incorporate membrane technology to enhance the quality of effluent. Study conducted by 
Loh et al. [8] showed that the effluent consisted of approximately 700 mg/L of COD, < 20 mg/L of 
BOD3 and 0.8 NTU after ultrafitration treatment. TSS was not detectable in the effluent. In the study 
conducted by Hadi et al. [9] the BOD reading was reduced from 50 mg/L to < 10 mg/L in the presence of 
polishing plant, which consisted of a bioreactor and polyvinylidene difluoride (PVDF) membrane.  

PVDF is the widely used membrane forming material due to its high mechanical strength and 
excellent chemical and thermal resistance properties. However, PVDF membrane is prone to foul due to 
its native hydrophobic property. Fouling reduces the flux, separation performance as well as the life span 
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of the membrane which leads to high operational cost. Numerous attempts have been made to improve the 
antifouling property of PVDF membrane by alternating the surface properties of membranes. 
Subramaniam et al. [10] added 0.5 wt% of titanate nano tubes to the PVDF membrane and it reduced the 
contact angle of neat membrane from 75.18 to 64.91 °. The membrane exhibited > 90 % flux recovery 
ratio after 5 cycles of aerobically-treated palm oil mill effluent (AT-POME) filtration. Similar to the work 
done by Ho et al. [11], where oxidized multi-walled carbon nanotubes (OMWCNT) enhanced 
hydrophilicity of neat PVDF membrane from 73.33 to 71.77 °. The surface charge of the membranes was 
reported as −22.2 and −12.8 mV for PVDF/OMWCNT membrane and neat membrane, respectively. This 
surface properties improved the antifouling of the membrane where the normalised flux was 0.26 for 
PVDF/OMWCNT membrane while 0.12 was recorded for the neat membrane.  
 
 
Table 1 The contact angle and fouling data of nano-Fe3O4 impregnated membrane.  

Polymer Method Antifouling performance Application References 

PES 

(NF) 

Nano-Fe3O4/PVP 
was blended into the 

polymer matrix 

Contact angle: 55 ° 

Feed: 200 ppm BSA solution 

FRR: 89.5 % 

Desalination [49] 

PES 

(NF) 

Nano-Fe3O4/O-
carboxymethyl 
chitosan was 

blended into the 
polymer matrix 

Contact angle: 53.2 ° 

Feed: powder milk solution 

FRR: 91.7 % 

Dye removal [16] 

PVDF 
(UF) 

 

Nano-Fe3O4/O-
carboxymethyl 
chitosan was 

blended into the 
polymer matrix 

Contact angle: 53.1 ° 

Feed: Activated sludge suspension 

FRR: 95.7 %; 𝑅𝑡 : ~75 % 

Membrane 
bioreactor use 

[50] 

 

PES 
(UF) 

 

Percarboxylic acid 
functionalised silica 
coated nano-Fe3O4 

was blended into the 
polymer matrix 

Contact angle: 51.2 ° 

Feed: 200 ppm BSA solution 

FRR: 91.7 % 𝑅𝑡 : ~35 % 

Dye removal 
[51] 

 

PVDF 
(UF) 

TiO2 coated nano-
Fe3O4 was blended 
into the polymer 

matrix 

Contact angle: ~55 ° 

Feed: 20 ppm humic acid 

FRR: 91.10 %,𝑅𝑡: 69.59 % 

- 
[52] 

 

𝑅𝑡 : total pollution index 
 
 
Nano-Fe3O4 is hydrophilic, low cost and environmentally safe. Thus, research has been done to 

impregnate nano-Fe3O4 into ultrafiltration (UF) and nanofiltration (NF) membranes to improve the 
hydrophilicity and antifouling properties of the membranes, as shown in Table 1. Generally, nano-Fe3O4 
incorporated membranes have lower contact angle compared to the neat membranes, which is within 75 
to 88 ° for PES and PVDF [12-15]. The nano-Fe3O4 impregnated membranes exhibited good flux 
recovery ratio (FRR), which was approximately 90 % regardless of the composition of the feed. 
Meanwhile, good separation also observed in these membranes, for example the nano-Fe3O4/O-
carboxymethyl chitosan PES membranes showed 99 % direct red 16 dye removal [16] while 
polyaniline/nano-Fe3O4/PES membrane removed 80 % of copper [17].   

Generally, most of the antifouling experiment reported in the literature, such as FRR and Rt shown 
in Table 1 was conducted only once, where the reusability of the membrane for practical application 
remains unknown. Besides, current research mainly focused on the FRR of membrane to deduce the 
reusability [18,19]. The actual separation performance of reusing the membrane is rarely reported. 
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Besides, limited research has been done to find out the performance of nano-Fe3O4 in treating POME. 
This study investigates the reusability of nano-Fe3O4/PVDF membrane for POME application. Five 
cycles of filtration by using POME as feed was conducted to reveal the actual performance of the 
membrane for real life application. The separation performance of every cycle also reported in terms of 
COD and TSS removal. 
 
Materials and methods 

PVDF (Mw = ~534,000) and polyvinylpyrrolidone K30 (PVP, K30) were supplied by Sigma-
Aldrich and Vchem Laboratory Chemicals, respectively. N, N-Dimethylformamide (DMF) with the 
purity of > 99.8 %, ethanol with 99 % purity and 0.1M ethylenediaminetetraacetic acid (EDTA) were 
supplied by Fisher Scientific. FeSO4.7H2O and Na2CO3 were obtained from Merck Germany. All the 
chemicals were used without further purification.  

Biological-treated POME was obtained from the extended aerobic pond at a local mill factory, 
Teluk Intan, Perak. The collected POME consisted of 992.00 ± 40.18 mg/L of TSS and 2300.73 ± 136.69 
mg/L of COD at pH 8.53. The solution was stored at 4 °C to avoid microbial decomposition.  

 
Preparation and characterization of nano-Fe3O4 
Nano-Fe3O4 was synthesised by using 0.05M of EDTA as the chelating agent [20] and 0.75 M 

Na2CO3 as the reducing agent. Na2CO3 was added drop-wise to 0.1 M of FeSO4 solution under stirring 
speed of 300 rpm. The black precipitate nano-Fe3O4 was immersed in 1.0 M of sodium carbonate to 
complete the reduction process. The nano-Fe3O4 was rinsed 3 times using ethanol and stored in ethanol 
before use.  

The morphology and the size of iron oxide nanoparticle was observed by using field emission 
scanning electron microscopy (FESEM, ZEISS SUPRA 35VP). The sample was coated with a thin layer 
of gold under vacuum to avoid the charge effect on sample. The magnification of the images was 
captured at 10 and 70 kX to clearly capture the size and shape of nano-Fe3O4.  

X-ray diffraction model PANalytical, EMPYREAN was used to analyze the crystal structure of 
nano-Fe3O4. The sample was exposed to CuKα radiation at the wavelength of 1.54060 Å (0.15406 nm) in 
2θ range of 10 - 70 °. The size of nano-Fe3O4 can be estimated using the Scherrer’s formula Eq. (1) 
[21,22]; 

 
𝐷 = 𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                 (1) 

 
D is crystalline particle size, K is Scherrer constant, which is 0.9 for nano-Fe3O4, λ = X-ray 

wavelength with CuKα (0.15406 nm), β = full width at half maximum (FWHM) in radian and lastly θ is 
Bragg angle in radian.  

 
Fabrication and characterisation of nano-Fe3O4/PVDF membrane 
Nano-Fe3O4/PVDF membranes with varied concentrations of nano-Fe3O4 was prepared as per the 

formulation in Table 2. Appropriate amount of nano-Fe3O4 was firstly dispersed in DMF in an ultrasonic 
vibrator for 60 min. 19 wt% of PVDF and 3 wt% of PVP were then added into the nano-Fe3O4 – DMF 
mixture and stirred at 400 rpm for 4 h at 85 °C [23,24]. The bubble-free solution was cast by using the 
semi-automated casting machine at 7 cm/s [25]. The blade of the semi-automated casting machine was 
adjusted to cast a film with 200 µm thickness. The casted film was immersed into reverse osmosis (RO) 
water bath after the film was exposed to the hot air in oven for 9 min at 60 °C. After the dry-wet phase 
inversion process, the membrane was rinsed and preserved in RO water before use.   

 
 

Table 2 The dope formulation of nano-Fe3O4/PVDF membrane.  

Membrane ID PVDF PVP DMF nano-Fe3O4 
PVDF0 19 3 78 0.0 
PVDF1 19 3 77.9 0.1 
PVDF2 19 3 77.8 0.2 
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The surface and cross-sectional morphologies of the membranes were imaged by using FESEM 
(ZEISS SUPRA 35VP). The sample was freeze-fractured using liquid nitrogen to obtain a perfect clear 
cut for the cross-sectional image. The membrane was coated with gold before imaging.  

The hydrophilicity of the membrane was determined by the contact angle goniometer (Attention 
ThetaLite101) with RO water as the liquid. The angle between the 3 µL water droplet and the membrane 
surface was captured by the attached high-speed camera in the goniometer. Minimum of 10 different 
spots of the membrane were measured for accuracy and precision purpose.    

The functional groups of the fabricated membrane were identified by using Perkin Elmer Spectrum 
One FT-IR Spectrometer. Minimum of 16 scans were set to every sample within the wavelength from 800 
to 4000 cm-1.  

The density of the membrane was measured by using gravimetric method. Molecular weight cut off 
(MWCO) of the membranes were determined from the solutes rejection of 20,000 g/mol polyethylene 
glycol (PEG), 34,500 g/mol pepsin, 46,000 g/mol egg albumin (EA) and 66,500 g/mol bovine serum 
albumin (BSA). The experiment was conducted in a 50 mL Milipore dead-end stirrer filtration cell with 
an effective membrane area of 13.4 cm2 under the pressurised nitrogen gas of 1 bar. The concentration of 
PEG was measured by using Dragondorff’s Reagent [26] at 510 nm while the concentration of pepsin, EA 
and BSA were determined at wavelength of 280 nm [27]. The solute rejection (R) was calculated by using            
Eq. (2), where Cp is the concentration of permeate and Cf is the concentration of the feed. 

 
𝑅 =  �1 − 𝐶𝑝

𝐶𝑓
� × 100 %                 (2) 

 
The experiment was repeated by using pure water as the feed to determine the pure water flux 

(PWF). PWF in L/m2.h was calculated by Eq. (3) below; 
 

𝑃𝑊𝐹 =  𝑉
𝐴𝑡

                 (3) 
 
where V is volume of the collected permeate (L) over a duration (t) in hour, and A is effective membrane 
area, m2.  

 
Reusability study 
POME was used as the feed in the Milipore dead-end stirrer filtration cell. Appropriate amount of 

permeate was collected and the TSS and COD of permeate were measured by HACH DR-3900 with 
photometric method 8006 and APHA Standard method 8000, respectively. The experiment was repeated 
for 5 cycles, and the membrane was cleaned by simple backwashing process using RO water before use in 
the next cycle.  

The antifouling properties of the membrane was quantified as the total pollution index (Rt).  Jp is the 
flux of the POME while the J is the PWF calculated from Eq. (3). 

 
𝑅𝑡 =  �1 − 𝐽𝑝

𝐽
� × 100                (4) 

 
Results and discussion 

Properties of nano-Fe3O4 
The surface morphology of nano-Fe3O4 is shown in the FESEM images in Figure 1. It is clearly 

show that the nano-Fe3O4 has a spherical shape with the average size ranged from ~24 to ~37 nm, which 
confirms the formation of nano-sized particle. The images are similar to the nano-Fe3O4 produced by 
Rabel et al. [28] and Mahdavi et al. [29] where ammonia solution was used as the reducing agents. 
Comparatively, the use of Na2CO3 to produce nano-Fe3O4 in this study is a better reducing agent 
compared to ammonia solution due to low toxicity. 
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Figure 1 FESEM image of nano-Fe3O4 at 10 kX; (a) Particle size at 5 random points was measured: 
24.97, 31.68, 23.55, 37.24 and 37.20 nm. 
 
 

The composition of nano-Fe3O4 is confirmed by the XRD spectrum shown in Figure 2, where the 
diffraction peaks are observed at 2θ = 18.5, 30.3, 35.7, 44.9, 53.8, 57.3 and 62.8 °. The peaks are in 
consistent with the peaks observed in magnetite Fe3O4 elements [30,31].  According to Scherer’s equation 
(Eq. (1)), the average size of crystalline particle size is approximately 36 nm at diffraction peak of 35.7 °. 
The particle size is similar to the size measured from FESEM image in Figure 1.  

 
 

 
Figure 2 XRD pattern of nano-Fe3O4. 
 
 

Properties of nano-Fe3O4/PVDF membranes 
FTIR spectra in Figure 3 show the signature bands of PVDF-PVP membranes, where the bands 

near to 840, 1073 and 1400 cm-1 indicate the vibration of β-PVDF [32]. C=O stretching vibration due to 
the presence of PVP is observed at ~1660 cm-1 [33,34]. The bands at ~1180 and 1277 cm-1 show the –CF2 
stretching vibration and β phase vibration, respectively [35]. It is notable that the presence of nano-Fe3O4 
in PVDF1 and PVDF2 did not cause any formation of new bonding or destruction of existing bonding. 
This finding is in agreement with the works published by Chen et al. [33] where the addition of metallic 
additive to the casting solution did not disrupt the backbone of PVDF-PVP membranes.  
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Nevertheless, Figure 3(a) shows an increment in the intensity of β-PVDF band within the region of 
1400 - 800 cm-1. Harstad et al. [36] reported the similar finding and suggested that the presence of 
magnetic particles in PVDF affected the β-PVDF by inducing nucleation in the β phase. It was due to the 
static electronic interactions between the negatively charged particle and positively charged CH2 groups. 
Thus, an increase in the β phase was observed in the FTIR spectrum of Gd5Si4/PVDF membrane 
compared to the neat membrane. This is further supported by the recent work published by Xiong et al. 
[37] where the increase in the intensity of β-PVDF suggested the role of nano-ZnO in enhancing 
crystallization of β-PVDF. Hence, it is suggested that nano-Fe3O4 induces the nucleation in the β-PVDF 
of PVDF1 membrane and the growth of crystal further enhanced in PVDF2 membrane. 

 
 

Figure 3 FTIR spectra of nano-Fe3O4/PVDF membranes with (a) overlapped image. 
 

 
Figure 4 illustrates the cross-sectional structure and the surface morphology of nano-Fe3O4/PVDF 

membranes. An asymmetric structure with a thin skin layer and finger-like sublayer is observed in 
PVDF0 membrane, Figure 4(a). Spherical nodules are found on the surface due to the crystalline 
structure of PVDF [38] as illustrated in Figure 4(b). The presence of nano-Fe3O4 in PVDF1 elongated the 
finger-like structure in the sublayer due to the enhanced demixing rate during the phase inversion process. 
The increase in the demixing rate was due to the hydrophilic nature of nano-Fe3O4, which caused the 
exchange of DMF (solvent) and RO water (nonsolvent) easier and thus increased the size of voids, as 
seen Figure 4(c). This description is supported by the contact angle of PVDF1 membrane, which is 
approximately ~7 ° lower compared to PVDF0, as shown in Table 3. According to Ba-Abbad et al. [39], 
they explained this observation as role of iron oxide in reducing the interface energy of membrane. 
Hence, the water droplet was easy to spread and attached to the membrane surface. Besides, the 
hydrophilic nature of nano-Fe3O4 also tended to migrate to the water and membrane interface during the 
phase inversion process.  

  
  

PVDF0 

PVDF1 

PVDF2 
(a) 
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Figure 4 FESEM images of the cross sectional and surface structure of (a) - (b) PVDF0, (c) - (d) PVDF1 
and (e) - (f) PVDF2; (i) - (iii) were the magnified (a) - (f) images at 30 kX.  

 

  (a)  (b) 

         

  (c) (d) 

 

  (e) (f) 
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Table 3 Density, contact angle, MWCO and PWF data of nano-Fe3O4/PVDF membranes. 

Membrane ID Density (kg/m3) Contact angle (°) MWCO (Da) PWF (L/(m2.h)) 

PVDF0 0.6414 77.126 ± 1.580 44,000 342.43 ± 14.63 

PVDF1 0.7930 70.988 ± 2.719 40,000 278.97 ± 25.52 

PVDF2 0.8474 74.606 ± 2.042 35,000 97.73 ± 12.04 

 
 
When the concentration of nano-Fe3O4 further increased in PVDF2, it behaved as the heterogeneous 

nucleating agent, provided interconnections between the crystalline structures and thus produced a 
smooth surface, as shown in Figure 4(f). This is in agreement with the finding reported by Mago et al. 
[40], where the multiwall carbon nanotubes improved the surface of PVDF membrane by increasing the 
nucleation process and enabled the crystallization process to proceed to a greater extent. Mago et al. [40] 
emphasized that this process happened at slow demixing rate. In this current study, the demixing rate was 
slightly delayed in PVDF2 membrane as the viscosity of the casting solution increased due to higher 
concentration of nano-Fe3O4 compared to PVDF1 [41]. This also explains the suppressed figure-like 
structure and the dense sublayer as shown in Figure 4(e). The density of PVDF2 membrane tabulated in 
Table 3 further support this statement where the dense structure contributed to the high density value of 
PVDF2 membranes.    

Notably, the contact angle of PVDF2 is 74.6 °, which is slightly higher compared to PVDF1 even 
though PVDF2 contains higher amount of nano-Fe3O4 than PVDF1, as tabulated in Table 3. This may 
due to the combinatorial effects of porosity, pore size as well as the pure water flux of the membranes 
[42].    

Data in Table 3 showed that the presence of nano-Fe3O4 reduced the pore size and the PWF of the 
membranes. The MWCO of the membrane was reduced from 44 kDa for PVDF0 to 40 kDa for PVDF1. 
At the same time, the PWF was reduced from 342.43 to 278.97 L/(m2.h). PVDF2 exhibited the lowest 
MWCO at 35 kDa and 97.73 L/(m2.h). This may due to the presence of nano-Fe3O4 in reducing the pore 
size of the membrane. When the concentration of nano-Fe3O4 further increased to 0.2 wt% in PVDF2, the 
agglomeration of nanoparticles occurred and hence further reduce the MWCO of membrane and reduced 
the PWF. Similar finding was reported by Tan et al. [43] where the reduction in water flux was observed 
when the ZIO concentration exceeded 1wt% as it caused agglomeration in the membrane matrix. Among 
the nano-Fe3O4/PVDF membranes, PVDF1 exhibited the lowest contact angle with good PWF. Thus, 
PVDF 1 was selected for the antifouling studies and PVDF0 served as the control.  

 
Reusability study 
The data in Figure 5 shows that the Rt for both PVDF0 and PVDF 1 membranes are similar, which 

is approximately 95 %. Although the presence of nano-Fe3O4 does not contribute significantly to the 
impact on Rt, but it affects the COD removal. COD reading of the permeate collected from PVDF 1 
membrane was lower compared to PVDF0 in the first 3 cycles. It is because of the smaller MWCO of the 
PVDF1 compared to PVDF2, as shown in Table 3. In the 4th and 5th cycle, COD reading for both PVDF0 
and PVDF1 is similar. This may be due to the formation of filter cake on the surface of PVDF0 during the 
filtration process. This developed the resistance to the organic compounds and made it difficult to pass 
through the membrane. Notably, PVDF1 shows consistent performance in COD removal from all 5 
cycles, which is desired for long terms usage.  

The bars in Figure 6 shows that both PVDF0 and PVDF1 membranes exhibited the lowest POME 
flux in the first cycle. According to Table 3, the flux of PVDF1 was ~278 L/(m2h) and it reduced to 14.4 
L/(m2h) when POME was used as the feed. This was due to the presence of varied pollutants which were 
blocked by the membrane, increased the resistance to water flow. Comparatively, PVDF0 experienced a 
more severe flux reduction from ~342 to ~15.8L/(m2h) when treating POME.  

Both PVDF0 and PVDF1 membranes exhibited higher POME flux after the first cycle. This may be 
due to the backwashing process which had slightly increased the pore size and lead to higher POME flux. 
This deduction is supported by Akhondi et al. [44] where backwashing enlarged the pore size of PVDF 
membrane. Although the membrane pore size was increased, but the performance of PVDF 1 remain 
constant in all the 5 cycles of filtration process for both TSS and COD removal as shown in Figures 5 
and 6. Meanwhile, PVDF0 membrane exhibited similar COD and TSS removal as PVDF 1 after the 4th 
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cycle of POME treatment. It is assumed that the accumulated foulants on the membrane surface created 
the resistance to the pollutants. Similar findings were reported by Zheng et al. [45] where membrane 
fouling increased the sulfamethoxalo rejection for forward osmosis membrane.  

 
 

 
Figure 5 Performance of PVDF0 and PVDF1 membranes in terms of total pollution index and COD. 

 
 

 
Figure 6 Performance of PVDF0 and PVDF1 membranes in terms of POME flux and TSS. 
 
 

The performance of PVDF1 is compared with the other UF membranes, which were used for POME 
treatment, as shown in Table 4. The findings showed that most of the UF membranes including PVDF1 
were able to remove more than 90 % of TSS. This is because the suspended solids in POME were within 
the range of 100 - 700 micron [46,47] and UF membranes with the pore size between 0.01 to 0.1 µm are 
able to block the particles from penetrating through the membrane. Besides, it is notable that the feed 
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properties governs the performance of the UF membrane. When the feed consisted of high concentration 
of TSS and COD, for instance in the study done by Anwar et al. [48], the nano-silver coated 
hydroxyapatite/ polyphenylsulfone membranes removed 91 % of TSS and 97.67 % of COD, but the 
permeate still did not meet the discharge limit. Thus, pre-treatment process before the membrane 
separation is crucial in determining the membrane performance. The performance of PVDF1 membrane 
produced in this study is comparable with the UF membranes reported in the literature. The data also 
depicts that PVDF1 could be reused at least for 5 cycles with simple backwashing technique using RO 
water. Additional treatment such as grafting on PVDF1 shall be conducted in the near future to improve 
the COD removal. 

 
 

Table 4 Performance of ultrafiltration membranes in treating POME. 

Membrane Properties of Feed Performance References 

Nano-silver coated 
hydroxyapatite/ 
polyphenylsulfone membrane 

TSS: 5000 mg/L 
COD: 4300 mg/L 

Concentration of permeate: 
TSS: 450 mg/L 
(91.00 % removal) 
COD: 100 mg/L 
(97.67 % removal) 

[48] 

Nano-TiO2/PES-PVP 
membrane Not available 

TSS removal: 85 % 
 

[53] 
 

PES membrane supplied by 
Sterlitech 

TSS: 3103 mg/L 
COD: 12,040 mg/L 

Concentration of permeate:- 
TSS: 177 mg/L 
(94.30 % removal) 
COD: 619 mg/L 
(94.86 % removal) 

[54] 

Graphene oxide/oxidized multi-
walled carbon nanotubes –
PVDF membrane 

TSS: 141.67 mg/L 
COD: 151 mg/L 

TSS removal: 100 % 
COD removal: 75.5 % [11] 

Nano-Fe3O4/PVDF membranes TSS: 992 mg/L 
COD: 2300 mg/L 

Concentration of permeate:- 
TSS: 12 mg/L (98.79 % removal) 
COD: 975 mg/L (57.61 % removal) 

This study 

 
 

Conclusions 

The good separation performance of PVDF1 was due to the presence of nano-Fe3O4, which 
improved the membrane hydrophilicity and tailored the membrane pore size for POME treatment. 
Consistent permeate flux of ~16 L/(m2.h), 58 % COD and 98 % TSS removal rate showed that PVDF1 
can be reused for 5 cycles filtration process with simple RO backwashing technique.  
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