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Abstract 
 

   Membrane fouling is a major problem encountered in the use of microfiltration (MF) processes to separate the emulsified oil from 

water. This work involves assessing the efficacy of removing oil-in-water emulsion (O/W emulsion), and evaluating fouling 

resistance by studying the membrane morphology before and after fouling, and after washing with different cleaning solutions via 

field emission scanning electron microscopy (FESEM) analysis. Also, the fundamental mechanism involved in the flux drop during 

crossflow MF has been assessed using models such as the Hermia blocking models and the modified model by Field. The standard 

and intermediate pore blocking models provided the best prediction for experimental behavior when analyzing the decay in the flux 

with time for the bio silicon oxide/polyvinylchloride (B-SiO2/PVC) membrane and the stannic oxide/polyvinylchloride (SnO2/PVC) 

membrane. This research established regression equations of the flux for both membranes in which these equations are highly 

correlated with R2 of 98.33% for B-SiO2/PVC and R2 of 99.52% for SnO2/PVC using the surface response methodology (RSM). The 

high flux recovery ratio (FRR) is indicative of the improved antifouling feature of the manufactured membranes where it was 96.8% 

for B-SiO2/PVC and 94.6% for SnO2/PVC. The results obtained by Hermia and Field were in good agreement with RSM analysis 

supporting the standard pore-blocking mechanism.   
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1- Introduction

 

   The petroleum industry is a major contributor to 

pollution in the aquatic environment, primarily 

through the generation of oily wastewater emulsions 

containing concentrations ranging from 50 to 1000 

mg/L [1]. Membrane separation technology, 

specifically ultrafiltration (UF) and microfiltration 

(MF) has acquired interest as an efficient method for 

eliminating dispersed oil droplets sized smaller than 

approximately 10 µm in emulsions [2, 3]. The 

petroleum industry uses crossflow MF to separate 

O/W emulsion, in which feed flows tangentially to 

the membrane or perpendicular to the permeate, 

unlike dead-end filtration. This configuration 

minimizes the accumulation of non-desirable species 

on the membrane, enabling a more rapid filtration 

process compared to the conventional dead-end 

filtration methods [4]. 

   Membrane fouling is a major problem, particularly 

in the pressure-driven wastewater filtration process 

[5]. Fouling is caused by the feed water constituents 

coming into physical contact with the membrane. 

Membrane separation can be improved, and fouling 

can be reduced by maintaining the membrane clean. 

Therefore, it becomes of utmost necessity to have a 

reliable technique of cleaning for membrane 

separation procedures used in water purification. 

Membranes have been cleaned using either physical, 

chemical, or hybrid methods to remove the buildup 

of fouling and improve membrane performance as a 

whole [6]. 

   Economically and technologically, MF of micro 

molecules imposes accurate modelling of fouling. It 

is widely acknowledged that there are four primary 

fouling mechanisms for MF membrane, as initially 

proposed by Hermia [7] and then updated by Field 

[8- 10]. The four types of blocking mechanisms are 

complete pore blocking, intermediate pore blocking, 

standard pore blocking, and cake layer formation as 

shown in Fig. 1. In both complete pore blocking and 

intermediate pore blocking, the particles possess 

identical dimensions to the membrane pores which 

comprehensively obstruct the entrances and impede 

the flow. However, during intermediate pore 

blocking, there is a buildup of some particles on top 

of previously deposited particles, narrowing the pore 

http://ijcpe.uobaghdad.edu.iq/
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entrances. Standard pore blocking, in the meantime, 

leads to a reduction in membrane porosity and an 

increase in the membrane resistance due to the ability 

of tiny particles to adhere to the inner surface of the 

pores making them narrower and reducing the flow 

rate. Moreover, cake layer formation is the process in 

which larger particles gather on the membrane’s 

surface forming a porous cake that is not completely 

impermeable but grows in thickness occasionally 

increasing the selectivity, and consequently raising 

the resistance of the membrane [11, 12]. 

 

 
Fig. 1. Fouling Mechanisms 

 
   To address the issue of membrane fouling, various 

approaches were implemented to enhance the 

resistance to fouling and the hydrophilic properties of 

the polymeric membranes. These strategies 

encompass chemical and physical alterations of the 

membrane surface, as well as the incorporation of 

hydrophilic additives into the membrane matrix 

during the fabrication process [13- 18]. Synthetic and 

non-synthetic components have been incorporated 

with polymeric materials to form mixed matrix 

membranes (MMMs) to modify their chemical and 

physical properties. MMMs have opened unlimited 

new exploration opportunities due to their ability to 

minify the fouling of membranes during wastewater 

treatment applications and bypass the trade-off 

between permeability and selectivity. Polymer-

inorganic MMMs are an exceptional fusion of the 

inorganic additives’ distinctive characteristics, 

including anti-toxicity, mechanical and thermal 

resistance, and super-hydrophilicity, with the 

desirable features of the polymeric membranes [19- 

22]. Fouling can induce membrane surface 

degradation, resulting in a decrease in flow. Fouling 

can be decreased, and surface connectivity can be 

increased by integrating metal oxides with base 

membranes. SnO2 is a well-known photocatalyst with 

excellent properties, which can be used to reduce 

fouling [14, 23-25]. B-SiO2 has high hydrophilic 

properties so it can reduce fouling [13, 26, 27]. 

   Response Surface Methodology (RSM) is a 

valuable quantitative technique for assessing the 

mathematical correlation between independent and 

dependent variables using a limited number of tests. 

The advantages of this approach are effective when 

numerous independent variables have an impact on 

multiple replies. Prediction of system behavior by the 

mathematical model that RSM provides, in a way 

enables effective decision-making and resource 

saving (e.g. time, money, and required experimental 

trial). The central composite design (CCD) is 

widely recognized as the most common and efficient 

strategy in RSM for statistically evaluating the 

interaction between independent factors and 

responses within the experimental range [28- 30]. 

   The target of this work is finding a mathematical 

model that represents the fouling mechanism of the 

MMMs-based B-SiO2 nanoparticles (NPs) and SnO2 

NPs prepared from the most hydrophobic polymer 

PVC that born to fouling, as well as studying the 

antifouling performance of these newly fabricated 

membranes. For the first time, the fouling 

performance and fouling mechanism will be 

investigated for the newly fabricated membranes 

using a crossflow pattern with the aid of different 

mathematical models. Furthermore, it aims to find 

empirical equations from the obtained experimental 

data to describe the flux variation with different 

operation variables such as feed concentrations, 

temperature, pressure, and time based on the 

response surface methodology (RSM) and analysis of 

variance (ANOVA). 

 

2- Materials and Methodology   

 

2.1. Martials and Fabrication Method 

 

  An O/W emulsion solution with a concentration of 

100 mg/L was prepared as mentioned in the previous 

work [13, 14]. The size of the oil droplets in the feed 

solution was analyzed and the mean droplet size was 

5.23 µm. Fabrication of the thin film MF membranes 

was conducted using PVC (grade 67 S) as a basic 

polymer provided by SABIC KSA. The solvent was 

DMAc (CH3CON(CH3)2, 99.8 % assay) supplied by 

DASIT GROUP France. The surfactant was sodium 

dodecyl sulfate (SDS) (C12H25NaO4S, 99.0 % assay) 

supplied by THOMAS BAKER Mumbai. The 

cleaning agent was ethylenediaminetetra acetic acid 

(EDTA) (C10H16N2O8 98% assay) supplied by 

HIMEDIA, India.  B-SiO2 NPs were obtained from 

common water reeds (CWR) as mentioned in [13, 31, 

32]. SnO2 NPs with a particle size of 52.44 nm 
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(SnO2, 99.5% assay) were supplied by MACKLIN, 

China. Two types of MMMs’ were fabricated with a 

loading percentage of 0.5 wt.%, of B–SiO2 NPs and 1 

wt.% of SnO2 NPs as shown in Table 1 and as 

explained in [13, 14].  
 

Table 1. Compositions of Casting Solutions 
Membrane 
Symbol 

PVC 
wt.% 

DMAc 
wt.% 

B-SiO2 

NPs 
SnO2 
NPs 

S3 15 84.5 0.5 - 

SN4 15 84 - 1 

 

2.2. Antifouling Performance  
 

   Characterization before and after the fouling 

experiment was conducted using the field emission 

scanning electron microscope (FESEM) images to 

give important information about the morphology of 

the cross-section and top surfaces of the membranes. 

Cross-sectional membrane samples were obtained by 

previous freeze fracturing after immersion in liquid 

nitrogen. This test was conducted using the ZEISS 

model device. The membrane’s roughness and pore 

size were determined using atomic force microscopy 

(AFM), Angstrom Advanced Inc., CSPM device. 

Fouling experiments for the S3 and SN4 membranes 

were conducted at a temperature of 25 °C and 

transmembrane pressure (TMP) of 1.5 bar as follows: 

PWF (Jo) (L/ m2.h) of the S3 and SN4 membranes 

was initially measured for 1 h as previously 

explained in [13, 14]. After that, water was replaced 

by 100 mg/L O/W emulsion and the flux (J1) (L/ 

m2.h) was recorded for 1 h. Then, the fouled 

membrane sample was washed by soaking in 5 mM 

SDS cleaning solution for 45 min followed by 

distilled water (D.I.) for 30 min to rinse the chemical 

detergent (i.e., SDS). Washing procedures were 

repeated using 5 mM EDTA as a cleaning solution. 

Finally, the PWF (J2) was measured again for 1 h. 

The flux recovery ratio (FRR%) was calculated using 

Eq.1, the relative flux reduction (RFR%) was 

calculated using Eq. 2, the reversible fouling ratio 

(Rr%) was calculated using Eq. 3, and the irreversible 

fouling ratio (Rir%) was calculated using Eq. 4 [33, 

34]: 
 

𝐹𝑅𝑅% =  
𝐽2

𝐽𝑂
× 100                                                         (1) 

 

𝑅𝐹𝑅% = (1 − 
𝐽1

𝐽𝑂
) × 100                                               (2) 

 

𝑅𝑟% = ( 
𝐽2−𝐽1

𝐽𝑂
) × 100                                                     (3) 

 

𝑅𝑖𝑟% = ( 
𝐽0−𝐽2

𝐽𝑂
) × 100                                                   (4) 

  

   The membrane rejection percentage (R%) was 

calculated as given in the previous study [13, 14]. 
 

3- Membrane Fouling Models 

 

   Both types of fabricated membranes (S3 and SN4) 

were tested by the MF technique and their time-

permeate flux (J) relationships were modeled. Across 

the MF time, the permeate volume declined as time 

progressed. The fouling mechanism during MF has 

been studied using the empirical models established 

by Hermia [7] and recently adapted for crossflow 

filtration by Field et al., [8] to characterize the 

decline of permeate flux. 

 

3.1. Hermia Models 

 

   Hermia models were used for constant pressure 

dead-end filtration and the initial stage of crossflow 

operation [34]. The form of fouling depends on the 

value of n appearing in Eq. 5 [35-  38].  

 
𝑑2𝑡

𝑑𝑣2
= 𝑘 (

𝑑𝑡

𝑑𝑣
)𝑛                                                                (5) 

 

   For complete pore blocking, n is typically 2. For 

standard pore blocking, n is typically 3/2. For 

intermediate pore blocking, n is typically 1. For cake 

layer formation, n is typically 0. The factors 

examined by these models possess physical 

significance and aid in understanding the processes 

involved in membrane fouling [39]. The integrated 

form of Eq. 5 can be written in terms of permeate 

flux [40] as follows: 

 

a) Complete pore blocking 

 

ln 𝐽 = ln 𝐽𝑂 − 𝐾𝐵 𝑡                                                          (6) 

 

b) Standard pore blocking 

 

𝐽−0.5 =  𝐽0
−0.5 + 𝐾𝑆 𝑡                                                     (7) 

 

c) Intermediate pore blocking 

 

𝐽−1 =  𝐽0
−1 + 𝐾𝐼 𝑡                                                         (8) 

 

d) Cake layer formation 

 

𝐽−2 =  𝐽0
−2 + 𝐾𝐶  𝑡                                                         (9) 

 

   The relationship between ln(J) and t, J-0.5 and t, J-1 

and t, and J-2 and t must exhibit a linear pattern. The 

slope of these lines corresponds to the values of KB, 

KS, KI, and KC, while the y-intercepts represent ln 

(Jo), Jo
-0.5, Jo

-1, and Jo
-2 values, respectively. The 

model that accurately represents the experimental 

data, with a high correlation coefficient (R2) value, 

i.e. close to 1, indicates the relevant fouling 

mechanism during crossflow MF [1, 41 -43]. 

 

3.2. Field Models 

 

   These models were modified depending on the 

above-mentioned Hermia models to analyze the 

fouling mechanisms of the membrane surface, 

resulting in a general differential given by Eq. 10. 
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−
𝑑𝐽

𝑑𝑡
= 𝐾 (𝐽 − 𝐽𝑆𝑆)𝐽2−𝑛                                                  (10) 

 

   The integrated form of Eq.10 can be written in the 

form of permeate flux, as shown in Eq. 11 to Eq. 13 

[39, 9, 44]. 

 

a) Complete pore blocking  

 

𝐽 =  𝐽𝑆𝑆 + (𝐽0 − 𝐽𝑆𝑆)𝑒−𝐾𝐵𝐽0𝑡                                            (11) 

 

b) Standard pore blocking 

 

𝐽−0.5 =  𝐽0
−0.5 + 𝐾𝑆 𝑡                                                     (7) 

 

c) Intermediate pore blocking 

 

𝐽 =
𝐽0𝐽𝑆𝑆𝑒𝐾𝐼𝐽𝑆𝑆𝑡

𝐽𝑆𝑆+ 𝐽0(𝑒𝐾𝐼𝐽𝑆𝑆𝑡−1)
                                                      (12) 

 

d) Cake layer formation 

 

𝑡 =
1

 𝐾𝐶  𝐽𝑆𝑆
2  ln [(

𝐽(𝐽0−𝐽𝑆𝑆)

𝐽0(𝐽−𝐽𝑆𝑆)
) − 𝐽𝑆𝑆 (

1

𝐽
−

1

𝐽0
)]                                  (13) 

 

   The linear relationships between time and the 

parameters of the complete pore-blocking model (Ln 

[(J-JSS)/(J0-JSS)]), the standard pore-blocking model 

(1/J0.5), the intermediated pore-blocking model (Ln 

[J(J0-JSS)/J0(J-JSS)]), and the cake layer formation 

model (ln [[(
𝐽(𝐽0−𝐽𝑆𝑆)

𝐽0(𝐽−𝐽𝑆𝑆)
) − 𝐽𝑆𝑆 (

1

𝐽
−

1

𝐽0
)]]) symbolled by 

(H), were established to calculate the constants (KB, 

KS, KI, and KC)  in each relevant model. The model 

that accurately represents the experimental data, with 

a high R2 value, i.e. close to 1, indicates the relevant 

fouling mechanism during crossflow MF.  

 

4- Results and Discussion 

 

4.1. Antifouling Measurements and Performance 

 

   Fig. 2 shows the flux obtained from S3 and SN4 

membranes where they were cleaned using different 

washing solutions of 5 mM SDS and 5 mM EDTA at 

a feed sequence of D.I. followed by 100 mg/L O/W 

emulsion. The water flux of the membranes reduced 

to a significantly low level throughout the filtration 

process when the feed was changed from pure water 

to an O/W emulsion. This could be ascribed to the 

presence of oil in the emulsion. The values of FRR% 

for the S3 and SN4 membranes cleaned by SDS were 

96.838% and 94.663%. However, these values were 

92.885% and 90.730% when cleaned by EDTA. The 

high FRR% denotes the improved antifouling 

property of the fabricated membrane. 

   The improved antifouling performance was 

because of the smooth top surface as shown by the 

AFM results presented in [13, 14], which prevented 

the oil droplets from being captured by the surface 

features. SDS proved to be a superior cleanser in 

comparison to EDTA. SDS has a powerful cleaning 

effect due to its ability to change the interfacial 

tension of water. SDS achieves efficient cleaning 

because it combines hydrophobic and hydrophilic 

groups. Surfactants possess the power to form 

micelles around macromolecules to enhance their 

solubility and facilitate the elimination of the 

precipitated compounds from the surface of the 

membrane. Generally, SDS has superior solvency for 

oil and grease, but EDTA is particularly efficient in 

removing deposited minerals from membranes. 

Furthermore, studies have demonstrated that EDTA 

enhanced the effectiveness of cleaning fouled 

membranes by eliminating divalent cations from 

intricate organic compounds [6, 45, 46]. EDTA 

structure has six bonding points. EDTA strongly 

combines with calcium and dispersal minerals and 

can interact with these foulants and remove them 

from the membrane surface [47]. 
 

 
Fig. 2. Flux Variation of (a) S3 Membrane (b) SN4 

Membrane at 25 °C and 1.5 bar 
 

   Table 2 shows the antifouling performance of S3 

and SN4 membranes. The RFR% of the SN4 

membrane was higher than that of the S3 membrane 

because the mean pore size (da) of the SN4 

membrane was smaller than that of S3 due to the 

high casting solution viscosity as previously reported 

in [13, 14]. Where the membrane with small pore 

size showed difficulty in cleaning by chemicals only. 

The FRR% was high using both cleaning solutions.  

The adhesion affinity of oil increased inside the 

internal membrane pores resulting in obstructing the 

permeated passage. Because SN4’s average surface 

roughness (Ra) was higher than that of S3, so 

smoother surfaces showed the best antifouling 

performance [27, 48].  
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Table 2. Fouling Performance of S3 and SN4 Membranes at 25 °C and 1.5 bar 
Membrane Cleaning solution  R% FRR % RFR% Rr% Rir% 

S3 
SDS 98.15 96.838 8.300 5.138 3.162 

EDTA 98.3 92.885 8.300 1.186 7.115 

SN4 
SDS 99.3 94.663 52.528 47.191 5.337 

EDTA 99.5 90.730 52.528 43.258 9.270 

 

   AFM results of both membranes are shown in Fig. 

3 represented by the Ra and da. Incorporating nano 

additives resulted in an improvement in the 

antifouling properties. The low value of RFR% and 

the high value of FRR% indicate enhanced 

membrane antifouling for both membranes. These 

results agreed with other studies conducted by 

Kazemi et al., [49]. The PWF declined after washing; 

since removing all oil drops from the membrane 

texture was impossible and some pollutants were 

retained in the membrane structure. The R% of the 

S3 was 98.15% and 99.3% for SN4. This can be 

explained as the oil drops accumulated on the S3 and 

SN4 membrane surfaces during filtration causing 

pore filling with oil as time proceeded which formed 

an oil layer on the membrane surface acting as an 

additional resistance for oil passage through the 

membrane and thereby gave high R%. 

   Membrane fouling can be either reversible or 

irreversible. In reversible fouling, oil can be 

physically washed away because the bonds are 

weaker. But in irreversible fouling, chemical washing 

is needed to remove the oil which may damage the 

membranes and make them last less. The Rir% for S3 

was 3.15% and 7.11%, while it was 5.33% and 

9.27% for SN4 using SDS and EDTA cleaning 

solutions, respectively. Obtaining Rir% values less 

than 10% indicates conducting an effective cleaning 

using the mentioned solutions which allowed easy 

removal of oil drops present on the membrane 

surface. Also, the results indicate promising 

enhancement in the antifouling performance. These 

results agree with those obtained by Geleta et al. 

[50]. 

 

6.877 8.016

292.3
268

S3 SN4

 da (nm)

 Ra (nm)

Fig. 3. AFM Results 

 

   In this study, only chemical cleaning was 

performed without using any physical or 

hydrodynamic action. Using chemical cleansing 

agents can degrade the structural stability of the 

fouling layers by reacting with the foulants. The 

absence of the action of physical cleaning was clear 

and approved through obtaining Rr% larger than Rir% 

in both fabricated membranes which is the main 

cause of the flux decline. The Rr% of SN4 was 

47.19% and it was higher than that of S3 which was 

5.13% because SN4 has a rougher surface with more 

bends which increases the number of potential places 

to break oil droplets during the filtration process. The 

partial obstruction occurred because the broken tiny 

oil drops can easily penetrate the membrane pore. 

Ultimately, the RFR% was low for both membranes 

because adding B-SiO2 NPs and SnO2 NPs highly 

improved the properties of these membranes, 

especially the hydrophilicity as reported in the 

previous work [13, 14]. These studies pointed out 

that adding hydrophilic functional groups to the 

composite membrane can improve the hydrogen 

bonding with the molecules of water, reduce the 

hydrophobic interactions, and increase the resistance 

to fouling. 

   Fig. 4 and Fig. 5 show FESEM images of the top 

surface and the cross-section of S3 and SN4 

membranes before and after foulant washing. The S3 

and SN4 treated with SDS showed small amounts of 

adsorbed impurities on the top surface and no visible 

signs referring to degradation of the top surface as 

shown in Fig. 4 b and Fig. 5 b.  The membranes 

treated with EDTA showed the presence of creases 

on the skin surface which likely formed during the 

drying of the sample as shown in Fig. 4 c and Fig. 5 

c. More contamination appeared when using EDTA 

than when using SDS as a cleaning solution. The 

cross-section of the S3 and SN4 membranes cleaned 

by SDS and EDTA showed a slight increase in the 

size of cavities while the micropores remained at the 

same density. Also, some dark spots appeared in the 

membrane cavities which revealed the deposition of 

the oil droplets in these pores that cannot be easily 

removed by simple chemical washing, and they may 

need physical action. Since the hydrodynamic 

conditions are required to promote contact between 

the SDS and EDTA with the oil droplets, for these 

reasons, restoring the first permeability of 100% is 

not possible.     

   Following the removal of the predominantly 

negatively charged oil fouling using the SDS 

washing solution, a residual presence of anionic 

surfactant molecules (i.e., SDS) may persist on the 

membrane surface, hence enhancing the repulsive 

forces against the O/W emulsion. SDS has 

hydrophobic groups that adsorb oil and hydrophilic 

groups that adsorb water; subsequently, the presence 

of SDS will improve the hydrophilic property of the 
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fabricated membranes and the cleaned membrane 

with superior antifouling will result. For these 

reasons, SDS gives favorable washing performance 

[51].

 
Fig. 4. FESEM Images of the Surface and Cross-Section of the S3 Membrane (from the Right to the Left). 

Where (a) Membranes Before Fouling (b) Membranes After Washing with SDS (c) Membranes After Washing 

with EDTA 

 

 
Fig. 5. FESEM Images of the Surface and Cross-Section of the SN4 Membrane (from the Right to the Left). 

Where (a) Membranes Before Fouling (b) Membranes After Washing with SDS (c) Membranes After Washing 

with EDTA 
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4.2. Applying the Fouling Models  

 

   The Hermia’s and Field fouling models were 

applied to the data obtained from studying the O/W 

emulsion filtration to find out the fouling mechanism 

of S3 and SN4 membranes. Fig. 6 to Fig. 9 show the 

plots of Hermia’s and Field models. Table 3 displays 

the values of the fitting parameters and equations for 

S3 and SN4 membranes obtained using the Hermia 

and Field models. Fig. 6 shows that the standard 

pore-blocking model was the best mechanism for 

describing S3 membrane fouling with a high R2 value 

of 0.9686. The complete pore-blocking model also 

showed acceptable agreement with the experimental 

permeation flux data with an R2 value of 0.968. The 

S3 membrane suffered from the deposition of oil 

droplets on the membrane pores due to the adsorption 

mechanism. To obtain the desirable antifouling 

performance of membranes, it is recommended to use 

physical methods like back washing, water flushing, 

and ultrasonication instead of using chemical agents 

only.   

 

 
Fig. 6. The Plots of the Hermia Model for the S3 Membrane (a) Complet Pore Blocking Model, (b) Standard 

Pore Blocking Model, (c) Intermediate Pore Blocking Model, and (d) Cake Layer Formation Model 

 

   Fig. 8 shows the modified Field model applied on 

S3 revealing that the standard pore-blocking model 

was the controlling fouling mechanism with a high 

R2 value of 0.9686 followed by complete pore 

blocking with an R2 value of 0.7359. Eq. 7 represents 

the standard pore blocking model for both Hermia 

and Field. This model was the controlling fouling 

mechanism for the S3 membrane during filtration of 

O/W emulsion. If the membrane pores are assumed 

to have a fixed length and radius, the accumulation of 

oil on the pore inside walls would reduce the pore 

volume. As fouling is caused by the internal pore 

blocking, there is no backward transfer of oil 

molecules from the internal pores of the S3 

membrane to the bulk feed solution and the 

hydrodynamic action of the crossflow is diminished 

[47, 39, 9]. 

   Fig. 7 shows the fouling mechanism of the SN4 

membrane studied using the Hermia model. The 

intermediate pore blocking mechanism with R2 of 

0.9898 was the best fouling model elucidating the 

fouling mechanism followed by standard pore 

blocking with R2 of 0.988. When the Filed model 

was applied (see Fig. 9), the standard pore blocking 

gave the highest R2 of 0.988. Where Field developed 

the Hermia fouling model based on the assumption 

that the hydrodynamic action during crossflow MF 

leads to preventing the oil drops from accumulating 

on the membrane surface and returning oil to the feed 

stream. Therefore, after a long time of filtration 

operation, the flux arrives at a steady state value 

symbolled by Jss which appears in its modified model 

(i.e., Eq. 11 to Eq. 13) [10, 8]. The standard pore-

blocking model is mostly irreversible and can be 

cleaned using a suitable surfactant or chemical agent. 

Therefore, this model was the best model describing 

the results of the fouling performance experiment 

which showed a low value of Rir% for both 

membranes after performing excellent chemical 

washing procedures. 

   A comparison of filtration models predicted by 

Hermia and Field with experimental data of S3 and 

SN4 membranes is displayed in Fig. 10 and Fig. 11, 

respectively. The S3 membrane showed excellent 

fitted data with the standard blocking model when 

applying the Hermia and Field models. While the 

SN4 membrane fitted with the intermediate pore 

blocking when applying the Hermia model and the 
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standard pore blocking when applying the Field 

model. Fig. 10 and       Fig. 11 b do not show the 

curves representing the fitting with the cake layer 

formation model because this model represented by 

Eq. 13 which was developed by Field cannot be 

applicable to predicate the theoretical approach with 

these experimental data for both S3 and SN4 

membranes. This is because the fouling mechanism 

was studied at 25 °C, constant TMP of 1.5 bar, and 

100 mg/L of feed concentration which represents the 

initial stage of flux decline using crossflow 

configuration, and these conditions do not allow the 

formation of a cake layer. The hydrodynamic action 

of crossflow filtration affects the fouling mechanism 

and prevents cake layer formation. As a result, the 

Hermia model was the best to describe the fouling 

mechanism in these initial stages [44, 52, 53]. So far, 

there is a limited understanding of the impacts of the 

fundamental factors that contribute to membrane 

fouling. Additionally, there is no comprehensive 

theoretical framework for membrane fouling that can 

effectively explain the process of membrane fouling 

[51]. 

 

 
Fig. 7. The Plots of the Hermia Model for the SN4 Membrane (a) Complet Pore Blocking Model, (b) Standard 

Pore Blocking Model, (c) Intermediate Pore Blocking Model, and (d) Cake Layer Formation Model 

 

 
Fig. 8. The Plots of the Modified Field Model for the S3 Membrane (a) Complet Pore Blocking Model, (b) 

Standard Pore Blocking Model, (c) Intermediate Pore Blocking Model, and (d) Cake Layer Formation Model 
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Fig. 9. The Plots of the Modified Field Model for the SN4 Membrane (a) Complet Pore Blocking Model, (b) 

Standard Pore Blocking Model, (c) Intermediate Pore Blocking Model, and (d) Cake Layer Formation Model

Table 3. The Determined Parameters of the Fouling Models 

Models 
Fitting 

parameters 

Hermia Field 

Membrane Membrane 

S3 SN4 S3 SN4 

Complete pore-

blocking 

KB (m2/L) 0.0077 0.0204 0.0305 0.0191 

R2 0.968 0.9813 0.7359 0.8008 

Fitting Equations y = -0.0077x + 1.3211 y = -0.0204x + 1.6929 y = -0.1162x + 2.2113 y = -0.1192x + 1.8973 

Standard pore-

blocking 

KS (m/ L0.5. min0.5) 0.0023 0.0063 0.0023 0.0063 

R2 0.9686 0.988 0.9686 0.988 

Fitting Equations y = 0.0023x + 0.5119 y = 0.0063x + 0.3998 y = 0.0023x + 0.5119 y = 0.0063x + 0.3998 

Intermediate 

pore-blocking 

KI (m
2/L) 0.0027 0.0079 0.0449 0.0572 

R2 0.9673 0.9898 0.7042 0.7166 

Fitting Equations y = 0.0027x + 0.2562 y = 0.0079x + 0.118 y = 0.1084x - 2.2275 y = 0.0989x - 2.0379 

Cake layer 

formation 

KC (m4.min/L2) 0.0019 0.0064 0.0189 0.0338 

R2 0.9633 0.979 0.7044 0.7104 

Fitting Equations y = 0.0019x + 0.0572 y = 0.0064x + 0.0545 y = 0.11x - 2.3509 y = 0.1014x - 2.258 

 

 

 
Fig. 10. Comparison of Experimental Data with (a) the Hermia Model and (b) the Filed Model for S3 Membrane 
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Fig. 11. Comparison of Experimental Data with (a) the Hermia Model and (b) the Filed Model for SN4 Membrane 

 

4.3. Analysis of Variance (ANOVA) 

 

   MINITAB-20 software was used to find the response 

represented by the flux which varied with factors namely 

time (t), O/W emulsion concentrations (C), temperature 

(T), and pressure (TMP). The effect of these factors on 

the flux and oil rejection was studied in previous work 

[13, 14]. In these studies, the permeate volume was 

collected during 15 to 60 min and the oil rejection was 

determined at O/W emulsion concentrations from 100 to 

1000 mg/L. The selected best-performed S3 and SN4 

membranes which gave the highest flux and oil rejection 

were tested with a temperature range of 25-45 oC and 

TMP of 1.5-3.5 bar. Fig. 12 and Fig. 13 illustrate the 3D 

response plots for the studied parameters and their effects 

on the flux decline for S3 and SN4 membranes, 

respectively. The collected data were statistically 

analyzed using the surface response methodology (RSM) 

and central composite design (CCD). It was possible to 

find the regression equations that explain how the flux 

changes. It was found that these equations had a high R2 

value of 98.33% for the S3 membrane and 99.52% for the 

SN4 membrane. The equations correlating the flux with 

the studied factors are shown in Eq. 14 and Eq. 15: 

 
Flux = 116.9 − 1.349t + 3.56T + 44.4 TMP − 0.3307C +
0.01173 t × t − 0.0186 T × T − 2.08 TMP × TMP + 0.000127C × C −

0.0218 t × T − 0.260 t × TMP + 0.001100 t × C                            (14)       
                                                                                                                                                 

Flux = 304.8 − 7.607t + 1.35T + 17.0 TMP − 0.0610C +
0.05346 t × t − 0.0141 T × T − 1.44 TMP × TMP − 0.000131C × C +

0.00274 t × T − 0.0231 t × TMP + 0.002461t × C                        (15) 

 

   The regression coefficients of Eq. 14 and Eq. 15 are 

shown in Table 4 and Table 5 where the P-values were < 

0.05 which means that the models are statistically 

significant. 

 

 

Table 4. Analysis of Variance for S3 Membrane 
Source DF Adj SS Adj MS F-Value P-Value 

Model 11 226788 20617.1 235.47 0.000 

Linear 4 148765 37191.2 424.77 0.000 

t (min.) 1 2794 2793.7 31.91 0.000 

T (oC) 1 3173 3172.6 36.24 0.000 

TMP (bar) 1 9023 9022.7 103.05 0.000 

C. (mg/L) 1 72320 72320.2 825.99 0.000 

Square 4 3946 986.6 11.27 0.000 

t (min.) *t (min.) 1 297 296.6 3.39 0.007 

T (oC)*T (oC) 1 17 16.6 19 0.006 

TMP (bar)*TMP (bar) 1 21 20.9 24 0.008 

C. (mg/L) *C. (mg/L) 1 3099 3099.3 35.40 0.000 

2-Way Interaction 3 2822 940.7 10.74 0.000 

t (min.) *T (oC) 1 212 211.6 24.2 0.012 

t (min.) *TMP (bar) 1 300 300.0 3.43 0.041 

Time (min.) *C. (mg/L) 1 991 991.5 11.32 0.002 

Error 44 3852 87.6   

Total 55 230640    

 

 

   Fig. 14 shows the Perto chart of the standardized 

effects. Fig. 12 to Fig. 14 show the most affecting factors 

on the flux, the interaction between these factors, and 

their effect on the flux. For the S3 membrane, O/W 

emulsion feed concentration is considered the most 

important variable that affects the flux value followed by 

the TMP, temperature, and time. As O/W emulsion 

concentrations increased the flux declined to about 

87.18% due to the deposition of oil drops inside the pores 

which obstructed the water from passing through the 
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membrane. Increasing pressure and temperature led to an 

increase the flux to about 17.25% and 9.62% at the 

expense of decreasing R% as reported in the previous 

work [13, 14]. While for SN4, the O/W emulsion feed 

concentration is considered the most important variable 

that caused the flux reduction followed by time, TMP, 

and temperature. Increasing the concentration decreased 

the flux percent to 60.23%. Increasing temperature and 

pressure led to an increase in the flux to about 3.43% and 

7.65% [13, 14]. The flux reduction with increasing O/W 

emulsion concentrations and time was due to a large 

proportion of oil depositing inside the membrane pores 

and on the surface, causing blockages and reducing the 

membrane available area for water passage. Therefore, 

the accumulation of droplets increased as filtration time 

passed. On the contrary, the flux of S3 and SN4 

membranes increased as pressure and temperature 

increased due to the increase in the force applied on the 

O/W emulsion by the action of rising pressure so the oil 

droplets deformed and easily penetrated the membrane 

pores. Rising O/W emulsion temperature reduced its 

viscosity which decreased the oil droplet surface tension 

and facilitated the flow through the membranes.   

   For both membranes, the interaction between the 

experiment time and the O/W emulsion concentrations 

revealed the highest interaction among other variables 

affecting the flux value. These results support the 

standard pore-blocking model by Hermia and Field in 

which the membrane pores are filled with oil droplets 

during the filtration time causing a flux reduction. 

  

 

Table 5. Analysis of Variance for SN4 Membrane 
Source DF Adj SS Adj MS F-Value P-Value 

Model 11 198914 18083.1 832.87 0.000 

Linear 4 74371 18592.7 856.34 0.000 

t (min.) 1 8350 8349.7 384.57 0.000 

T (oC) 1 334 333.9 15.38 0.000 

TMP (bar) 1 1222 1221.5 56.26 0.000 

C. (mg/L) 1 40441 40441.2 1862.63 0.000 

Square 4 9649 2412.3 111.11 0.000 

t (min.) *t (min.) 1 6156 6156.5 283.56 0.000 

T (oC)*T (oC) 1 10 9.5 4.4 0.005 

TMP (bar)*TMP (bar) 1 10 9.9 4.6 0.002 

C.(mg/L) *C. (mg/L) 1 3305 3304.7 152.21 0.000 

2-Way Interaction 3 7033 2344.4 107.98 0.000 

t (min.) *T (oC) 1 3 3.4 15 0.018 

t (min.) *TMP (bar) 1 2 2.4 11 0.014 

t (min.) *C.(mg/L) 1 4966 4966.3 228.74 0.000 

Error 44 955 21.7   

Total 55 199870    

  

 
Fig. 12. 3D Response Surface Plots for S3 Membrane 
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Fig. 13. 3D Response Surface Plots for SN4 Membrane 

 
Fig. 14. Perto Chart for (a) S3 Membrane (b) SN4 Membrane 

 

5- Conclusion  

 

   The excellent removal efficiency and appropriate flux 

obtained by the S3 and SN4 MF membranes made them 

preferable to be used for O/W emulsion separation. The 

synthesized membranes exhibited high FRR% and low 

RFR% confirming their promising antifouling during oil 

separation. The SDS solution showed better performance 

than the EDTA solution when used as a washing solution 

to remove oil droplets from both membranes. The Rir% of 

S3 and SN4 were less than 10% which indicates the 

effective cleaning procedure that was used in the fouling 

experiments. The standard pore blocking model 

successfully explained the fouling occurred in the S3 

membrane while the standard pore blocking and 

intermediate pore blocking using the Hermia model and 

the modified equations by Field successfully explained 

the fouling occurred in the SN4 membrane. ANOVA 

statistics succeeded in obtaining the regression equations 

which represent the flux of S3 and SN4 membranes with 

high R2 of 98.33% and 99.52%, respectively and the flux 

was highly affected by O/W emulsion feed 

concentrations. The results of ANOVA support the 

standard pore-blocking model by Hermia and Field. 
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صفوفة التلوث لجسيمات الأكسيد النانوية القائمة على أغشية الم موديلاتلتحقيق في ا

 الماء مستحلب الزيت في المختلطة للترشيح الدقيق والمطبقة لفصل
 

 * ،2 ، سرحان البطي1، سما محمد عبد الله 1 سارة علي صادق
 

 ، كلية الهندسة، جامعة بغداد، بغداد، العراققسم الهندسة الكيمياوية 1
 السعوديةقسم تكنولوجيا الهندسة الكيميائية والعمليات، كلية الجبيل الصناعية، مدينة جبيل الصناعية، المملكة العربية  2

 
  الخلاصة

 
. ءيعد تلوث الاغشية مشكلة كبيرة عند استخدام عمليات الترشيح الدقيق لفصل الزيت المستحلب عن الما   

ء الغشا يتضمن هذا العمل تقييم فعالية ازالة مستحلب الزيت في الماء، وتقييم مقاومة القاذورات، ودراسة شكل
 نبعاثتنظيف مختلفة بواسطة تحليل المجهر الالكتروني الماسح للا قبل وبعد التلوث والغسيل باستخدام محاليل

جريان ثناء الايضاً، تم تقييم الالية الاساسية المساهمة في انخفاض التدفق في اغشية الترشيح الدقيق ا. الميداني
ب ت حجقدمت موديلا. المتقاطع باستخدام موديلات التلوث مثل موديل هيرميا والموديل المطور بواسطة فيلد

اء قت لغشالمسام القياسية والمتوسطة افضل تنبوء للسلوك التجريبي عند تحليل الانحدار في التدفق مع مرور الو 
بحث أ هذا الانش. البولي فينييل كلورايد /البولي فينييل كلورايد و غشاء اكسيد الستانيك /اكسيد السيلكون الحيوي 

اري تبط هذه المعادلات بشكل كبير و بنسبة معامل انحراف معيمعادلات انحدار للتدفق لكلا الاغشية حيث تر 
باستخدام منهجية  PVC/2SnOل  %99.52و بنسبة معامل انحراف معياري  PVC/2SiO-Bل  98.33%

نعة ة المصالاستجابة السطحية. تشير نسبة استرداد التدفق العالية الى تحسن ميزة مقاومة القاذورات على الاغشي
ئج تتوافق النتا. PVC/2SnOبالنسبة ل  %94.6و  PVC/2SiO-Bبالنسبة ل  %96.8 حيث كانت النسبة

سام التي حصل عليها هيرميا وفيلد بشكل جيد مع تحليل منهجية الاستجابة السطحية الذي يدعم الية غلق الم
 القياسية.
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 .الدقيق، مستحلب الزيت في الماء

 

 

 

 


