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A B S T R A C T  
 

 

Novel ultrafiltration mixed matrix membranes combined by dual nanofillers Graphene Oxide + 

Functionalized Halloysite Nanotubes (GO/FHNTs) were prepared. In this work, we improved the 
performance and properties of polycarbonate-based membranes for oil/water separation applications. 

The morphology and other properties of the fabricated membranes were characterized by different 

analytical method including Field Emission Scanning Electron Microscope (FESEM), Fourier-transform 
infrared spectroscopy (FTIR), contact angle goniometer, and mechanical strength apparatus. The 

obtained results confirmed that addition of GO/FHNTs had a positive effect on hydrophilicity and tensile 

strength. Also, the water permeation of the optimum GO0.25-FHNT0.75 membrane was about 2.5 times 
more than pure polycarbonate. Overall results showed that all membranes reached 100% oil separation 

efficiency at various ultrafiltration times. Furthermore, the optimum membrane showed a flux recovery 

ratio of more than 90% where the permeate fluxes of feed solutions with 100 ppm and 200 ppm olive oil 

concentrations were reduced to only about 5.5% and 6% after three regeneration cycles, respectively. 

doi: 10.5829/ije.2023.36.07a.01 
 

 
1. INTRODUCTION1 
 

Today, the separation of oil from water has received a lot 

of attention. One of the main reasons in this regard is the 

increasing demand for purified and clean water. Oily 

wastewater is the product of various industries such as 

steel, food industry and pharmacy. These wastewaters 

can also enter to open water during oil exploration and 

transportation [1]. Nowadays, the scarcity of clean water 

has become a serious problem, due to the rapid increase 

in population and industrial activities [2, 3]. The most 

common methods of purifying oily wastewater can be 

named as centrifugal systems, cyclones, electrostatic 

precipitation, and membrane filtration [4-6]. Among the 

various techniques, membrane filtration is a more 

effective and efficient one for separating oil from 

wastewaters, especially oil emulsions. The advantages of 

membrane separation are high selectivity, low 

maintenance cost, low required space, high efficiency, 

and no need for chemical additives [7-9]. Hence, 
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different studies have been done by researchers in which 

membrane separation processes were used for the 

decontamination of oily pollutants [10-13]. Among these 

applied pressure gradient membrane processes, 

ultrafiltration systems are of great importance owing to 

their lower required pressures compared to others [14, 

15]. Nowadays, mixed matrix membranes (MMMs) 

containing organic/inorganic fillers are recommended in 

this regard. MMMs with more efficient separation, high 

mechanical strength, good processing ability and long-

term stability represent the basic standards for the 

commercialization of industrial applications [16]. Ismail 

et al. [17] synthesized polyvinylidene fluoride mixed 

matrix membranes, including HMO nanoparticles in 

order to eliminate oils. The obtained results represented 

that the flux of membranes containing HMO 

nanoparticles was 10 times greater than that of pure 

PVDF with an oil separation efficiency of 93%. In 

another study, Vatanpour et al. [18] synthesized 

polyethersulfone (PES) based mixed matrix membranes 
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using multi-walled carbon nanotubes and titanium oxide 

coating and then compared them with each other. The 

results revealed that the hydrophilicity was increased in 

membranes containing multi-walled carbon nanotubes. 

Water permeation was also increased significantly in 

membranes containing carbon nanotubes with titanium 

oxide coating. Furthermore, Zirepour et al. [19] 

fabricated a mixed matrix of ultrafiltration membrane 

containing multi-walled carbon nanotubes. The results 

showed that these nanotubes had a positive effect on the 

permeate flux and mechanical strength of the membrane 

and improved membrane efficiency for the treatment of 

organic wastewater.  

Halloysite nanotubes (HNTs) are more easily 

modified than other nanomaterials and possess a 

relatively low price. A group of researchers synthesized 

a series of novel PES based mixed matrix membranes by 

blending functionalized HNTs to improve the 

hydrophilicity and reusability of membranes [20-23]. A 

utilization of halloysite nanotubes in combination with 

other nanoparticles as new membrane fillers has been 

reported in the literature [24]. As an example, Ikhsan et 

al. [25] investigated the effect of halloysite nanotubes / 

hydrous iron oxide nanocomposites on a polymer-based 

composite matrix membrane at different ratios. Their 

obtained results confirmed that with increasing the 

nanocomposite up to 23.88 wt%, the contact angle of the 

membrane decreased from 81.9° to 50.3°. Mixed matrix 

membranes containing nanoparticles exhibited a water 

permeation of 650 L.m-2.h-1 and oil removal efficiency 

equal to 99.7%. As another candidate to be combined 

with HNTs, graphene oxide (GO) nanomaterials can 

improve membrane performance because of their 

extremely high aspect ratio, excellent hydrophilicity, 

their easy surface functionalization, and excellent 

enhancement of membrane properties [26]. Therefore, 

GO-based membranes incorporated with halloysite 

nanotubes were prepared for the improvement of 

membrane separation processes [27]. The results 

obtained by Zhu et al. [28] demonstrated that by the 

addition of halloysite nanotubes to polyethersulfone 

membrane containing GO nanoparticles, the permeate 

flux was increased from 288.6 L.m-2.h-1 to 716 L.m-2.h-1. 

In addition, some groups of researchers developed a new 

strategy to improve the performance of HNT/GO 

membranes through functionalization of halloysite 

nanotubes via modifiers in order to avoid the 

accumulation of nanotubes in polymeric solutions [29]. 

Poly(4-vinylpyridine) (P4VP) was used as a modifier by 

Zhang et al. [30] to produce a functionalized halloysite 

nanotubes incorporated in polyethersulfone (PES) based 

membranes. Zhan et al. [31] fabricated polyarylene ether 

nitrile (PEN) MMMs for oil removal applications by 

adding different loadings of polydopamine (PDA) 

modified halloysite nanotubes to the membranes 

containing GO nanomaterials. The resulting composite 

membranes showed a separation efficiency of more than 

99%. In similar studies, the authors changed the ratios of 

PDA modified halloysite nanotubes to graphene oxide 

nanoparticles in the cellulose acetate membrane matrix 

being used in oil/water separation [32-34]. Moreover, it 

was described elsewhere that sodium dodecyl sulfate 

(SDS) could be a useful modifier enhancing the 

dispersion of halloysite nanotubes [1, 2]. Based on the 

findings reported in the literature, it is not presented 

anywhere that how the oil/water separation performance 

of the mixed matrix membranes containing both GO- 

HNT nanomaterials changes if SDS is used for the 

functionalization of halloysite nanotubes. Among diverse 

types of polymers being utilized for the preparation of 

polymeric membranes, polycarbonate (PC) is an 

appealing material due to its remarkable features like 

reasonable chemical stability, good physical toughness, 

and relatively low price [1, 2]. Therefore, the aim of this 

study is to prepare polycarbonate based mixed matrix 

membranes comprising both graphene oxide nanosheets 

(GO) and sodium dodecyl sulfate functionalized HNTs 

(FHNT) with three various GO/FHNT ratios. The effects 

of the simultaneous presence of these hydrophilic 

nanomaterials on the membrane properties like porosity, 

mean pore size, and hydrophilicity as well as its 

performance such as permeability, oil rejection and flux 

recovery ratio were investigated.  

 

 

2. MATERIALS AND METHODS 
 

Commercial graphene oxide nanosheets, acetone, 

polyvinyl pyrrolidone (PVP), N-methyl-2-pyrrolidone 

(NMP), halloysite nanotubes (HNTs), polycarbonate 

(grade: 0710), sodium dodecyl sulfate (SDS) and Olive 

oil was used in this study that introduced mentioned 

materials in our previous work [35]. 

 

2. 1. Preparation of Membranes         In this study, 

four membranes including a pure polycarbonate 

membrane and three mixed matrix membranes 

intercalated by both nanomaterials of commercial 

graphene oxide nanosheets and the functionalized 

halloysite nanotubes were synthesized in different weight 

ratios of fillers. The synthesis of functionalized halloysite 

nanotubes is clearly stated in our previous work [35]. 

First of all, the predetermined ratios of graphene oxide 

nanoparticles to functionalized halloysite nanotubes are 

added to the solution containing NMP and PVP and the 

resulting mixture was placed on a stirrer at 65°C for 24 

hours to completely disperse the nanoparticles into the 

solution. Then, predetermined amounts of polycarbonate 

added to the dope solution. The glycerol is then added to 

the solution and placed on the heater. Thus, the dope 

solution is prepared for the preparation of MMMs. After 

spreading the polymeric solution on a flat glass plane, it 
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was sunk in a cubic container full of water to complete 

the phase inversion process leading to the formation of 

the membrane. Later, the synthesis procedure was 

followed by the detaching the synthesized membrane 

from the glass plate, the membrane is placed in distilled 

water. Dope solution ingredients of all fabricated 

membranes is summarized in Table 1.  

 

2. 2. Characterization Analyses                 The 

transmission electron microscopy (TEM) is a special 

apparatus for determining the structure and morphology 

of the synthesized materials, which makes it possible to 

study the morphological characteristics of samples with 

high resolution and high magnification. In this study, 

TEM (Philips, Netherlands) analysis was used to identify 

the dispersion level as well as the morphology of the 

functionalized nanotubes. Furthermore, the FESEM 

apparatus (MIRA3TESCAN-XMU, Czech Republic) 

was used in this work for the characterization of the 

commercial HNTs, the modified ones as well as the 

synthesized membranes. The common feature for most 

polymers is that they are non-conductive and therefore 

they definitely need to be coated before implementing 

this test. In this case, FESEM can be used in low voltage 

and current conditions. Fourier transform infrared 

spectroscopy (FTIR) is commonly used to study 

chemical bonds. The FTIR apparatuses, namely 

Shimadzu (Japan) and Bomem MB-100 (Canada) were 

used to determine the presence of the functional groups 

of the prepared halloysite nanotubes and the fabricated 

membranes, respectively. 

 
2. 3. Water Contact Angle             By a contact angle 

measurement system, the hydrophilicity properties of the 

samples can be investigated. The contact angle refers to 

the angle that a water droplet makes with a solid surface. 

With an increase in the wettability feature, the water 

contact angle decreases. In this study, in order to assess 

the synthesized membranes' hydrophilicity, the contact 

angles between water and the membranes' surfaces were 

obtained using the contact angle measuring instrument 

(Data physics OCA 15 Plus, Germany). It should be 

noted that the volume of one drop of water on the 

membrane surface is equal to 4 microliters. For each 
 
 

TABLE 1. Dope solution ingredients of prepared membranes 

Membrane 

code 

PC 

(wt%) 

NMP 

(wt%) 

PVP 

(wt%) 

Glycerol 

(wt%) 

GO 

(wt%) 

FHNT 

(wt%) 

Pristine PC 12 82.13 5 0.87 0 0 

GO0.25-

FHNT0.75 
12 81.13 5 0.87 0.25 0.75 

GO0.5-

FHNT0.5 
12 81.13 5 0.87 0.5 0.5 

GO0.75-

FHNT0.25 
12 81.13 5 0.87 0.75 0.25 

sample, photography was done three times and their 

average contact angle value was reported. 
 

2. 4. Mechanical Strength               In this study, the 

mechanical strength tests were done by a universal 

machine (H10KS, England). Three samples were tested 

for each membrane and the average tensile strength was 

reported. 
 

2. 5. Porosity and Mean Pore Size            Porosity is 

considered as another remarkable index for the 

evaluation of membrane characteristics. To calculate this 

parameter, at first, the dry weights of 5 pieces of each 

membrane (3 cm2) were measured. Then, these pieces of 

the dry membrane were soaked in distilled water for 48 

h. After that, for the removal of extra water from the 

membrane surface, a filter paper was applied and 

subsequently weighing the wet membranes was repeated. 

Finally, the membrane porosity was calculated by 

Equation (1) and average of them was reported [36]: 

𝜺 =

𝒎𝒘𝒆𝒕−𝒎𝒅𝒓𝒚

𝝆𝒘𝒂𝒕𝒆𝒓
𝒎𝒘𝒆𝒕−𝒎𝒅𝒓𝒚

  𝝆𝒘𝒂𝒕𝒆𝒓
+

𝒎𝒅𝒓𝒚

𝝆𝑷𝑪

   (1) 

where mdry is the weight of dry membrane and mwet is the 

wet one (g). 𝜌𝑃𝐶  and 𝜌𝑤𝑎𝑡𝑒𝑟  represent the density of 

polycarbonate (1.22 g/cm3) and that of water (0.998 

g/cm3), respectively. 

Also, the following equation was used for the 

calculation of membrane mean pore size [37]: 

𝐫𝐚𝐯𝐞𝐫𝐚𝐠𝐞 = √
𝟖𝛍𝐥𝐪(𝟐.𝟗−𝟏.𝟕𝟓𝛆)

𝛆 𝐀 ∆𝐏
       (2) 

where μ refers to the viscosity of water at 25 ̊ C in Pascal-

seconds, l represents thickness of fabricated membranes 

in meter, q refers to water flow in cubic meters per 

seconds, ΔP represents the atmospheric operation 

pressure in Pascal, and A refers to surface area of 

membrane in square meters. 

 

2. 6. Water Permeation            Water permeation (J in 

L.m-2.h-1) was calculated by Equation (3) [38]: 

𝑱 =
𝑸

𝑨∆𝒕
     (3) 

where Q shows the volume of collected permeate in liter, 

Δt refers to the duration of permeate collection in hour. 

Meanwhile, the pressures used to achieve the membrane 

water permeation were 1, 1.5, and 2 bar. It is notable that 

to measure the permeate flux and oil removal efficiency 

of synthesized membranes an ultrafiltration setup was 

applied. The process diagram of this setup is shown in 

previous work schematically [35]. 

 

2. 7. Oil Removal Efficiency               To measure the 

efficiency of membranes in olive oil/aqueous solution 

separation, at first, the membrane was used for thirty 
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minutes where the tank in the ultrafiltration set-up was 

filled with deionized water to minimize the effects of 

membrane compactness. Then, the tests continued in 

which an emulsion of olive oil in water flowed through 

the UF setup instead of water. In this test, although the 

concentration of feed solution varied, the other feed 

parameters were remained unchanged like the pressure of 

1 bar and the flow rate of 1 L/min. Using Equation (4), 

the efficiency of membranes in the removal of olive oil 

(R in percent form) was estimated [39]: 

𝑹 =
𝑪𝑭 − 𝑪𝑷

𝑪𝑭
   (4) 

where CP and CF represent the olive oil concentration in 

the collected permeate and feed tank, respectively.  

 

2. 8. Antifouling Tests           The optimum was reused 

to antifouling test. For this purpose, the pure water flux 

of membrane was measured again (J2). After that, the flux 

recovery ratio (FRR) of the optimal membrane was 

calculated by Equation (5) [40]: 

𝑭𝑹𝑹 =
𝑱𝟐

𝑱𝟏
× 𝟏𝟎𝟎       (5) 

where J2 and J1 (L.m−2.h-1) refer to the water permeation 

of the membrane after and before the oil removal test, 

respectively.  

 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Characterization of Graphene Oxide 
Nanomaterials and Functionalized Halloysite 
Nanotubes 
 
3. 1. 1. FESEM              The FESEM images of HNTs 

and functionalized ones are displayed in Figures 1A and 

1B, respectively. It can be confirmed that the HNTs are 

aggregated, while the FHNTs are in a uniform 

distribution of nanotubes as well as a decrease in their 

particle size. 

 

3. 1. 2. TEM Analysis           Results of TEM analysis for 

FHNTs and GO are shown in Figures 2A, and 2B, 

respectively. Figure 2A  represents the tubular structure 

of functionalized halloysite nanotubes at different 

magnifications. Similar findings were reported by Lun et 

al. [2]. In a study conducted by Cheng et al. [41] the 

functionalized halloysite nanotubes with sodium dodecyl 

sulfate showed much lower agglomeration and more 

uniform distribution. Moreover, based on Figure 2B, the 

surface roughness and amorphous structure of the 

graphene oxide nanomaterials can be observed [42]. 
 
3. 1. 3. FTIR Analysis of FHNTs            The FTIR spectra 

of functionalized halloysite nanotubes are discussed in 
 

  

  

  
A B 

Figure 1. FESEM images of A) Commericial HNTs, B) 

Functionalized HNTs 

 

 

 
Figure 2. TEM analysis of A) Functionalized halloysite 

nanotubes and B) GO nanomaterials  

 

 

our previous study [35]. Briefly, the five peaks 

confirming the presence of sodium dodecyl sulfate 

appeared in the FTIR image of sodium dodecyl sulfate 

functionalized halloysite nanotubes. 
 

3. 2. Characterization of Synthesized Pristine PC 
and MMMs 
3. 2. 1. Morphology of Membranes         The upside 

surface and cross-sectional FESEM results of the blank 

PC and GO0.25-FHNT0.75 mixed matrix membranes are 

shown in Figures 3a and 3b, respectively. 

By comparing Figures 3a and 3b, it can be seen that 

the membrane containing nanoparticles has a more 

spongy structure than the pure polycarbonate membrane. 

This result can be attributed to the bonds between 

nanoparticles and the membrane matrix. Various studies 

have shown that created bonds can affect the mixing 

process [43]. The reduction in the rate of replacement 

between coagulant and solvent in the synthesis process of 

mixed matrix membranes, created membranes with a 
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Figure 3. Cross section and top surface of a) blank PC b) 

GO-FHNT0.75 mixed matrix membrane 
 
 

more spongy structure than blank membrane [44]. Also, 

by addition of functionalized HNTs and GO 

nanomaterials results in the formation of the larger 

macro-pores in the sub-layer of the membrane, which can 

be due to the fact that the functionalized HNTs and GO 

nanomaterials are naturally hydrophilic [45-47]. 

Furthermore, the top layer of the blank PC has a uniform 

and smooth surface. But, referring to the upside surface 

image of GO0.25-FHNT0.75 mixed matrix membrane, 

GO nanosheets in the center of the picture as well as 

uniformly distributed nanotubes (FHNTs) can be seen, 

which verifies the presence of both nanomaterials. 

 

3. 2. 2. Functional Groups            The results of FTIR 

analysis is presented in Figure 4. The functional groups 

of blank PC and mixed matrix membranes containing GO 

and FHNTs were in detail discussed in our previous work 

[35, 47]. In brief, the peaks at 1081 cm-1, 1260 cm-1, 1365 

cm-1, 1466 cm-1, 1505 cm-1, 1772 cm-1, and 2854 cm-1 

correspond to the vibrations of chemical bonds in the 

blank polycarbonate membrane. The peak appeared at 

3465 cm−1 is related to adsorbed water. Furthermore, the 

peaks at 1241 cm−1, 1466 cm-1, and 2922 cm−1 are 

attributed to the presence of functionalized HNTs in the 

membrane matrix. The bond between SDS-HNTs and PC 

polymeric material can be assigned to the hydrogen bond 

between the surface hydroxyl group of the HNTs and the 

carbonyl group of polycarbonate as well as the 

hydrophobic-hydrophobic interaction between the alkyl 

chain of SDS molecules and the benzene ring present in 

the polycarbonate matrix. The peaks appeared at 1037 

cm-1, 1056 cm-1, 1380 cm-1, 1631 cm-1, and 1729 cm-1, 

and 3433 cm-1 are assigned to different functional groups 

of GO nanosheets.  
 

3. 2. 3. Mechanical Strength             The results of 

mechanical strength of prepared membranes are shown  
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Figure 4. FTIR spectra of blank PC and mixed matrix 

membranes 

 

 

in Figure 5. It can be confirmed that addition of 

nanomaterials, increased the tensile strength and Young's 

modulus and elongation increased. It can be related to the 

presence of epoxide functional groups in GO 

nanomaterials [48]. On the other hand, when the GO 

loading increased to 0.75 wt%, these mechanical 

parameters exhibited a decreasing trend. It can be related 

to the agglomeration of nanosheets in the polymeric 

solution. In similar studies, the same results were 

reported [49-50]. Moreover, although GO0.75-

FHNT0.25 possessed a GO loading of more than 0.5 wt% 

after which the mechanical parameters decreased, it still 

exhibited tensile strength and elongation values greater 

than those of GO0.25-FHNT0.75 MMM. It can be 

attributed to the better dispersion of functionalized 

halloysite nanotubes and a stronger bond between 

functionalized halloysite nanotubes and polymeric 

matrix [51]. 
 

3. 2. 4. Hydrophilicity            Figure 6 shows the contact 

angle of synthesized membranes. The obtained results 

confirm that adding GO nanomaterials and FHNTs 
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Figure 5. Mechanical strength of mixed matrix membranes 
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Figure 6. Water contact angle of synthesized membrane 

 
 

enhanced the hydrophilicity of mixed matrix membranes 

in comparison with that of blank PC membrane. It can be 

attributed to the hydrophilic groups attached on GO and 

FHNTs. Also, SDS as amphiphilic material, could 

produce a large amount of hydrophilic cavity and 

functional groups of functionalized halloysite nanotubes 

[52]. 

 

3. 2. 5. Porosity and Mean Pore Size              The 

porosity and mean pore size of synthesized membranes 

are presented in Figure 7. As shown in Figure 7, the 

porosity quantities of mixed matrix membranes were 

bigger than that value achieved for the pure 

polycarbonate membrane. Also, by increasing the 

loadings of GO nanomaterials, porosity values reduced. 

In can be due to a rise in the viscosity of the polymeric 

solution, as a result of a reduction in the substitution rate 

of coagulant and solvent in the phase inversion procedure 

[53, 54].   In addition, because of the tubular structure of 

halloysite nanotubes, they make the membranes porous 

after being dispersed in the dope solution [35, 55]. 
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Figure 7. Porosity and mean pore size of membranes 

 

The overall results of membranes mean pore size 

confirmed that mean pore sizes of mixed matrix 

membranes were more than that of the pure membrane. 

But, an enhancement in the loading of GO nanomaterials 

shows a negative effect on the mean pore size because of 

strong hydrogen bonds between GO nanosheets and the 

polymeric solution [42]. 

 

3. 2. 6. Ultrafiltration Experiments            For the 

investigation of the performance of synthesized 

membranes, some tests were carried out using the 

ultrafiltration setup such as water permeation, oil 

separation, and membrane regeneration that will be 

described in the following sections. 

 
3. 2. 6. 1. Water Permeation          Regarding the 

obtained results of water permeation displayed in Figure 

8, the water permeation of mixed matrix membranes 

improved around 3 times in comparison to blank PC. It 

can be due to the hydrophilic nature of these added 

nanomaterials. In addition, the enhancement in the water 

permeation of GO0.25-FHNT0.75 compared with 

GO0.75-FHNT0.25 from 1237.5 L.m-2.h-1 to 1025 L.m-

2.h-1 can be attributed to the greater hydrophilicity of 

halloysite nanotubes and its hollow tubular structure that 

offers a wide range of channels for water permeation [55-

57] as well as the agglomeration of GO nanomaterials 

[58-60]. Based on these obtained data of water 

permeation as well as porosity and water contact angle 

values, GO0.25-FHNT0.75 mixed matrix membrane 

selected as the optimal membrane. 

 

3. 2. 6. 2. Oil Separation of Selected Membranes       
The effect of feed concentration on the separation 

efficiency of olive oil by the optimal membrane in 

ultrafiltration tests at 1 bar and ambient temperature was 

investigated and the results are shown in Figures 9. For 

this purpose, the feed solution was prepared in 100-200 

 

 

 
Figure 8. Water permeation of blank PC and mixed matrix 

membranes 
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ppm oil concentrations, and subsequently the selected 

membrane was examined for the efficiency of olive oil 

separation using the as-prepared feed solution. 
To interpret the results displayed in Figure 9, this 

point is noteworthy that as the UF process begins, the 

presence of quite open membrane pores allows some oil 

particles to come out from the other side of the 

membrane. Over time, some pores become blocked with 

oil  particles,  and  as  a  result,  oil  separation  efficiency 
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Figure 9. Permeate flux and separation efficiency of blank 

PC and the optimal mixed matrix membrane at A) 100 ppm, 

B) 150 ppm, C) 200 ppm, 1 bar and 25°C 

increases up to 100%. But, the times to reach this 

separation efficiency decreased from 225 min for the 

blank PC to 165 minutes for the GO0.25-FHNT0.75 

membrane at 100 ppm feed concentration. Also, with 

increasing the concentration of the feed solution, the time 

to achieve 100% separation increased. In addition, for the 

investigation of membrane fouling, the curves of 

permeate flux versus time are plotted in Figures 9A, 9B 

and 9C for each feed concentration. In detail, the blank 

PC membrane possessed the lower permeate flux 

compared with the optimal GO0.25-FHNT0.75 MMM. 

 

3. 2. 6. 3. Reusability of Optimal Membrane         
After ultrafiltration experiments, the optimal membrane 

was used in reusability test and the results were plotted in 

Figure 10. In other words, GO0.25-FHNT0.75 mixed 

matrix membrane was evaluated in terms of regeneration. 

In this case, the used membrane was washed after oil 

separation ultrafiltration tests by acetone solution (20% 

v/v). After that, the water permeation of washed 

membrane was measured again. This method was 

repeated for three times. Finally, the flux recovery ratio 

was calculated by Equation (5). The obtained results 

showed that with increasing feed concentration, the FRR 

decreased [35, 47]. It can be due to the blockage of some 

pores and not complete cleaning of membrane pores by 

acetone solution. Furthermore, the permeate fluxes of 

feed solutions with 100 ppm and 200 ppm olive oil 

concentrations were reduced only about 5.5% and 6% 

after three cycles, respectively [61]. 
 

 

 
Figure 10. FRR results of GO0.25-FHNT0.75 mixed matrix 

membrane 
 

 

4. CONCLUSION 
 

In this work, polycarbonate membranes were synthesized 

in which the functionalized HNTs and GO nanomaterials 

were added in the dope solution of the membrane 

simultaneously. According to the FESEM images, the 

mixed matrix membrane showed a more spongy structure 
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compared to the blank PC membrane. In addition, the 

water permeation results showed that the best wettability 

was related to GO0.25-FHNT0.75 mixed matrix 

membrane. 

Also, water contact angle of FHNT/GO membrane 

compared to blank PC membrane decreased from 70.56° 

to 33.69°. As a result, water permeation of FHNT/GO 

mixed matrix membrane increased by 2.9 times 

compared to blank PC membrane. 

The overall results of mean pore size of membranes 

confirmed that the mean pore size of FHNT/GO mixed 

matrix membranes increased about 1.5 times compared 

to blank PC membrane.  
The pure polycarbonate membrane and the optimum 

GO0.25-FHNT0.75 mixed matrix membrane were used 

for ultrafiltration experiments of olive oil removal from 

water. The UF results confirmed that synthesized 

membranes had a desirable ability for olive oil removal 

up to 100% separation efficiency. Finally, the reusability 

of GO0.25-FHNT0.75 membrane was checked and the 

obtained data confirmed that the mentioned membrane 

was well regenerated with a flux recovery ratio of more 

than 93% after three cycles. 
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Persian Abstract 

 چکیده 
گرافن و   دیتوسط نانوپرکننده اکس دیجد ونیلتراس یمخلوط اولتراف س یماتر یغشاهاهای روغنی، ر بهبود عملکرد غشاهای پل یکربناتی برای تصفیه پساب ودر این مطالعه، به منظ

، FTIR  سنجف یط  ،یدانیانتشار م   یروبش  ی الکترون  کروسکوپ ی متوسط  ساخته شده    یخواص غشاها  ریاو س  یمورفولوژشده، سنتز شدند.  عامل دار    سیتهالو  ینانولوله ها

دارد.    یکشش  مو استحکا  یدوستبر آب   ی مثبت  ر یتأث  GO/FHNTsکه افزودن    ه استکرد  دییآمده تأدستبه  جی. نتامشخصه یابی شدند  ی کیتماس و دستگاه مقاومت مکان  هیزاو

مختلف    یهاکه همه غشاها در زمان   ه استنشان داد  یکل  جیکربنات خالص بود. نتا  یاز پل  شتریبرابر ب  2.5حدود    GO0.25-FHNT0.75  نهیبه  یغشا  فلاکس اب خالص  نیهمچن

در عملیات    است.  درصد را نشان داد  90ش از  یشار ب  ی ابیازنسبت ب  نهیبه  یغشا  ن،ی . علاوه بر ادندیرس  از آب   روغن  یدرصد جداساز  100  بازدهبه    ،ونیلتراسیاولتراففرآیند  

کاهش  یدرصد پس از سه چرخه بازساز 6درصد و   5/5تنها حدود  بیبه ترت  تونیروغن ز ppm 200و ppm  100 یهاخوراک با غلظت  یهامحلول یشار نفوذبازیابی غشا، 

 .ه استافتی
 

https://doi.org/10.1080/19443994.2014.910837
https://doi.org/10.1016/j.desal.2012.05.015
https://doi.org/10.1016/j.jece.2021.105237
https://doi.org/10.1016/j.compscitech.2012.06.021
https://doi.org/10.1016/j.jddst.2019.05.001
https://doi.org/10.1016/S0376-7388(01)00718-9
https://doi.org/10.3390/polym10111254
https://doi.org/10.1016/j.apcata.2012.09.055
https://doi.org/10.22037/afb.v4i1.13686
https://doi.org/10.1016/j.bej.2018.01.020

