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Abstract 
This paper presents a study on the modification of nanofiltration membranes with 

bio-inspired iron (III)-dopamine nanoparticles in a polymer solution. The 

membranes were produced using the immersion precipitation technique with the 

incorporation of dopamine, polyvinyl pyrrolidone, and dimethylacetamide. The 

study evaluated the properties of the nanocomposite membranes, including water 

content, surface morphology, and their performance was characterized through 

SEM, contact angle goniometry, pure water flux, and rejection of NaCl and humic 

acid. The findings revealed that membranes containing 0.1 wt.% bio-inspired iron 

(III)-dopamine nanoparticles exhibited the best overall performance, with 

enhanced hydrophilicity, anti-fouling properties, and salt rejection efficiency. This 

optimal concentration also minimized fouling and improved the flux recovery 

ratio compared to other concentrations, highlighting its potential for water 

treatment applications.   
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1. Introduction 

In modern technologies, industries are increasingly focused on practical and efficient separation processes for 

different substances. Separation and purification are often necessary for lengthy production processes. Industries 

frequently need to separate the components of raw materials to produce products that do not create pollutants that can 

enter water and air. Thus, the importance of separation processes for healthy water shortage is more evident than ever 

before, considering the significance of industries and the environment. For instance, pollution poses a threat to the 

planet, causing major crises and creating a need for methods to provide clean and healthy water. Separation methods 

can be categorized into three groups: separation by mass transfer, separation within one phase, and separation by 

chemical reaction. In the separation by mass transfer, an agent can form a second phase made of energy or mass, or 

both. Due to the issue of increasing energy prices and the development of the energy crisis, researchers are paying 

significant attention to this matter [1]. Separating and purifying materials is an energy-intensive process that requires 

identifying the active groups in a mixture. To reduce energy consumption, researchers are developing alternative 

methods. One such method is the use of nanofiltration membranes or composite membranes with nanoparticles, which 

provide higher selectivity in separation. These membrane processes are relatively new and are evolving rapidly. They 

offer high controllability and flexibility during operations, and their inherent properties, such as yield and process 

simplicity, make them highly suitable for separating constituent parts. They also have high environmental 

compatibility, low energy consumption requirements, and higher stability of separation conditions. As a result, 

membrane processes are increasingly used in various industrial processes, such as wastewater treatment and water 

desalination [1,2]. In modern technologies, industries are increasingly focused on practical and efficient separation 

processes for different substances. Separation and purification are often necessary for lengthy production processes. 

One of the crucial processes is the separation and purification of materials, particularly in industries aiming to mitigate 

environmental pollution and ensure cleaner water and air.  Recent advances in membrane technology have led to the
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 development of nanofiltration membranes, which offer unique advantages such as high selectivity, energy 

efficiency, and environmental compatibility. These membranes have been extensively studied for water and 

wastewater treatment, with particular attention to improving their antifouling properties and separation efficiency. 

Nanotechnology has significantly contributed to this progress by enabling the design of functionalized nanoparticles 

that enhance membrane performance.   

    Bio-inspired nanoparticles, such as iron(III)-dopamine nanoparticles, have garnered considerable interest due to 

their exceptional properties, including high adhesion, biocompatibility, and resistance to fouling. For example, Li et 

al. (2012) [3] utilized iron(III)-dopamine nanoparticles in polymer-inorganic hybrid membranes for gas separation, 

demonstrating their potential to enhance membrane hydrophilicity and selectivity. Similarly, other studies have 

explored the incorporation of bio-inspired nanoparticles into membranes to improve water affinity, flux, and anti-

fouling characteristics. Despite these advancements, the application of bio-inspired iron(III)-dopamine nanoparticles 

in nanofiltration membranes for water treatment remains relatively unexplored. Previous research has primarily 

focused on using these nanoparticles in gas separation or other hybrid systems. This study seeks to fill this gap by 

investigating the impact of bio-inspired iron(III)-dopamine nanoparticles on the performance of polyethersulfone 

(PES) membranes. The aim is to evaluate their influence on hydrophilicity, antifouling properties, and separation 

efficiency, thereby contributing to the development of advanced nanofiltration membranes for water treatment 

applications. 

 Nanotechnology involves making changes to materials at the nanoscale, which has led to the development of new 

materials, structures, and devices. Advances in science and engineering have allowed for the creation of nanosorbents, 

nanocatalysts, biologically active nanoparticles, catalytic membranes with nanostructures, magnetic nanoparticles, 

and other nanomaterials that can address issues such as poor water quality. The concept of nanotechnology was first 

introduced by Richard Feynman in 1959, and since then, many research studies on nanotechnology have been 

conducted. Implementing nanotechnology in industries is becoming increasingly important, as it can lead to water 

treatment technologies that are both cost-effective and durable. Moreover, nanotechnology is a green technology that 

can help control and prevent environmental pollution [4]. Nanotechnology can be used in two areas for water 

purification. Firstly, it can produce electrodes with a large surface area by placing carbon nanotubes together and using 

10 times less energy than reverse osmosis and 100 times less energy than distillation to desalinate seawater. Secondly, 

nano composites can be produced and their structure can be improved to achieve better performance in removing 

water pollutants. One important application of nano technology is nano filtration, which is a relatively new process 

that has been developed since the mid-80s. The first application of it dates back to the second half of the 1980s. The 

first nano filtration membrane was cellulose acetate membranes that were very effective in removing salt. However, 

they needed improvement in terms of water flow rate, chemical and temperature stability. It has applications in various 

sectors including dams, protection of water pipelines, water and wastewater treatment, water softening and more. It is 

predicted that by 2050, nano technology, along with biotechnology and information technology, will create a 

revolution in human life [5,6].  

    Nanofiltration membranes are made up of two layers: a protective layer and an active layer. The protective layer 

acts as a support to protect against system pressure and has pore diameters larger than 50 nanometers, while the active 

layer is responsible for separation and has pore diameters in the nanometer scale. These membranes selectively 

separate homogeneous phases and prevent impurities from passing through. There are two removal mechanisms at 

work in nano filtration membranes: physical removal and electrostatic repulsion. The latter mechanism is due to the 

negative charge on the surface of the membranes, which repels salts through the electrostatic force of anions. 

Nanofiltration membranes can be produced through polymerization in a common phase or phase change [7]. Many 

factors, such as environmental conditions, can affect the performance of nanofiltration membranes. Some important 

changes in this area include: For example, in a system with a decrease in feed pH, amino groups on the membrane 

surface are converted to R3HN, which leads to an increase in water affinity and flux [8]. Sometimes, fluctuations in 

pH in a fluid can have different effects on the removal of contaminants, or no effect at all. Also, as the cross-flow 

velocity increases, the flux rate increases because the layers that cause fouling on the membrane are removed at higher 

speeds. It should be noted that the maximum cross-flow velocity for each membrane is different and depends on the 

mechanical resistance of the desired membrane, element concentration, and system hardware. Working at high speeds 

causes early membrane failure in the modulus of elasticity [9]. In 2012, Yi Fan Li and his colleagues used iron-
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dopamine nanoparticles to make hybrid polymer and inorganic membranes that consist of a continuous polymer phase 

and a dispersed filler phase. Among the various chemical branches derived from bio-hybrids, the chemistry of iron-

rich adhesive shellfish has sparked considerable research interest. Due to oxidation and cross-linking of iron to dopant 

units, protein chains can act as exceptional underwater adhesives. In fact, in the presence of oxidants, small molecules 

with both a catechol group and an amino group, such as dopamine, can accumulate in nanoparticles and almost adhere 

to different surfaces due to multiple reactions [3]. In 2012, Daryaei and his colleagues conducted a study on the 

preparation of a nanocomposite membrane based on polyether sulfone. In this study, the effect of adding different 

concentrations of poly aniline/iron oxide nanoparticles to remove copper ions from water and the performance of 

polyether sulfone membranes were investigated. Finally, the optimal amount of these nanoparticles, which had the 

greatest effect on membrane performance, was obtained. Evaluations showed that the least amount of fouling occurred 

at a weight concentration of 1.0% of nanoparticles. Therefore, a weight concentration of 1.0% of poly aniline/iron 

oxide nanoparticles was selected as the optimal concentration. A membrane containing 1.0% weight of poly 

aniline/iron oxide nanoparticles showed the highest copper ion separation rate of about 65%, and the lowest water flux 

rate was also related to this membrane. The reason for this is the placement of nanoparticles in the surface cavities of 

the membrane during the phase inversion process in membrane production [11]. In 2014, Zeynini and his colleagues 

conducted a study to produce a high-flux nano filtration membrane using iron oxide nanoparticles coated with methyl 

carboxyl chitosan to remove color from water, and then evaluated the performance of this membrane at different 

concentrations of nanoparticles. Compared to membranes made from pure polyether sulfone, these membranes 

showed better water affinity and had a higher flux rate than membranes made from pure polyether sulfone. Finally, as 

the results of this study, adding nanoparticles at lower concentrations can increase water flux, separation percentage, 

and membrane resistance to fouling compared to samples without nanoparticles [12]. In 2016, a study by Jingguk Kim 

and his colleagues used iron-dopamine nanoparticles in a polyethylene glycol matrix with nanometer thickness to 

create a continuous and continuous set of polymer hybrid membranes for gas separation improvement [13]. In a study 

conducted by Bagheripour and his colleagues in 2016, a mixed matrix membrane of polyethersulfone with iron oxide 

and nickel nanoparticles was prepared. The effect of the concentration of iron oxide and nickel nanoparticles in the 

casting solution on the structure and performance of the membrane was investigated. Scanning electron microscopy 

images showed that the size of the empty spaces in the membrane layer increased with the increase of additive 

concentrations. The results showed that increasing the concentration of iron oxide and nickel nanoparticles from 0 to 

0.1% weight in the membrane matrix reduced the contact angle from 63 to 43 degrees, and with an increase in particle 

concentration to 1% weight, it increased again to 56 degrees. Generally, salt permeability improved with increasing 

nanoparticle concentration. Nanocomposite membranes have better anti-fouling capacity compared to virgin 

polyethersulfone membranes [14]. In 2019, Kolyon and his colleagues successfully synthesized magnetic iron oxide 

nanoparticles using 3-aminopropyl triethoxy silane and dendrimer and then added a malamine-based amine to the 

polyethersulfone membrane. The membranes were made by the phase inversion method. The pure water flux of the 

mixed polyethersulfone membranes increased significantly due to their higher water affinity compared to their pure 

state. Results of resistance factors against fouling, including reversible fouling, irreversible fouling, and total fouling, 

showed that the membrane with 0.5% weight of nanoparticles was the best anti-fouling membrane. Additionally, 

compared to all other membranes produced, it showed the highest water affinity, anti-fouling, and permeability 

properties [15]. In 2019, Bagheripour and his colleagues modified the surface of a polyethersulfone nanofiltration 

membrane with polyvinyl alcohol and iron oxide nanoparticles through a crosslinking reaction with glutaraldehyde. 

The results showed that the pure water flux, porosity, and average pore size were reduced. The contact angle of the 

water was slightly lower due to the hydrophilic nature of the nanoparticles. Filtration of milk solution showed the best 

anti-fouling performance for the modified membrane with 2% weight of nanoparticles [16]. In 2020, Moradi and his 

colleagues prepared polyethersulfone-based nanofiltration membranes using the phase inversion method and iron 

oxide nanoparticles. The results showed that the porosity and average pore size of the modified membrane increased 

compared to the pure membrane. The pure water flux was significantly improved at 0.5% weight of iron oxide and 

0.3% weight of sodium citrate. The highest salt rejection was 68%, while for the dense membrane, it was 61%  [17]. 

In 2020, Ansari and his colleagues used 8-hydroxyquinoline to modify iron oxide nanoparticles and prepare a mixed 

matrix membrane based on polyethersulfone using the phase inversion method. After conducting the necessary tests, 

the results showed that the water contact angle decreased from 68.1 degrees for the pure membrane to 38.3 degrees 
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for membrane number 5 with 5% weight of nanoparticles [18]. In previous studies, a combination of iron oxide with 

another substance has been used to modify polyethersulfone membranes through the phase inversion method. Bio-

inspired iron(III)-dopamine nanoparticles have only been used in gas separation membranes. Therefore, the use of 

biocompatible dopamine iron nanoparticles in the nanofiltration process and modification of polyethersulfone 

membranes has not yet been investigated.  

   In this study, we aim to investigate the effects of using bio-inspired iron(III)-dopamine nanoparticles on the 

performance of polyethersulfone membranes. However, due to the tendency of iron and dopamine to adhere, there 

may be a reduction in flux, but it is expected that we will see improvements in anti-fouling properties. 

 

2. Experimental 

2.1. Materials 

This article aims to investigate the performance of polyethersulfone membranes in nanofiltration by incorporating 

bio-inspired iron(III)-dopamine nanoparticles as an additive to the membrane base. The phase inversion method was 

used to construct the membranes, and the modification process is explained in detail below. The membrane base 

polymer was polyethersulfone with a molecular weight of 58,000 g/mol, while polyvinylpyrrolidone with a molecular 

weight of 25,000 g/mol was used as a pore-forming agent, and dimethylacetamide with a molecular weight of 87.12 

g/mol was used as a solvent. All chemicals composed of Dimethylacetamide (DMAC Mw: 87.12, 0.94 g/cm3)) as a 

solvent, Dopamine (99.95%) and FeCl₃ were purchased from Merck. were prepared from Merck. Deionized water 

was used as a non-solvent in all experiments. Iron salt and dopamine were used to create nanoparticles as additives to 

the membrane base polymer. A sodium sulfate (Na2SO4) solution with a concentration of 1000 mg/L was used as a 

feed solution. All experiments were conducted at room temperature with a constant salt concentration, and the effect 

of different nanoparticle concentrations on membrane performance was examined. The chemical structures of these 

materials are shown in Table 1. 

 

Table 1. Chemical structure of substances 

 

structure Abbreviation Substance 

 

 

PES 

 

Polyether sulfone 

 

 

 

PVP 

 

 

 

Polyvinyl pyrrolidone 

 

 

 

DMAC 

 

 

Dimethylacetamide 

 

 

 

FeCl₃ 

 

 

 

 

Iron(III) chloride 

 

 

 

 

 

DA 

 

 

Dopamine 
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2.2. Synthesis of Nanoparticles 

   Dopamine, with hydroxyl and amino groups on its six-membered ring, is a suitable compound for attaching to the 

surface of nanoparticles. The attachment between nanoparticles and dopamine can be achieved by creating hydrogen 

bonds between hydroxyl groups and the nanoparticle. The functionalization of nanoparticles with dopamine directly 

deactivates the active hydroxyl groups in non-electrochemical methods by creating hydrogen bonds. Another 

attachment can be through the Schiff base reaction between the amino group attached to the dopamine ring and 

aldehyde compounds attached to the nanoparticle. In this work, nanoparticles with a ratio of one-sixth iron to dopamine 

were synthesized, in which 0.2 g of iron salt and 1.0 g of dopamine were separately mixed with 15 mL of distilled 

water in a glass container and stirred for approximately 20 minutes on a stirrer. Then, the materials inside the glass 

containers were mixed together under nitrogen gas to reduce the iron oxidation property, followed by stirring for three 

hours. After this step, the materials were left in an oven for 24 hours at 50°C to dry. The amount of materials used and 

the ratio of iron and dopamine were determined experimentally. 

 

2.3.  Construction of Membranes 

    In this study, membranes were synthesized using the phase inversion method with immersion in a non-solvent bath. 

As shown in Table 1, the polymer, polyether sulfone, does not contain any specific functional groups that can impart 

unique properties such as high-water affinity or other properties in the membranes made from this polymer. However, 

this polymer can be used as an agent for membrane synthesis and through it, different membranes can be made using 

various methods and appropriate modifications can be made to improve membrane performance. Only some polar 

solvents such as dimethylacetamide exist that can dissolve polyether sulfone. On the other hand, this solvent has 

sufficient water miscibility, which is essential in the phase inversion process. Therefore, to prepare a polymer solution, 

polyether sulfone was dissolved in dimethylacetamide solvent and polyvinylpyrrolidone was added as a pore-forming 

agent. In order to modify the membrane, dopamine iron nanoparticles were added to the polymer solution at different 

concentrations. The composition of these solutions is given in Table 2. 

Table 2. The proportion of polymer solution components (weight percent) 

Membrane NO. 
Base polymer 

(polyethersulfone) 

Cavity forming 

polymer (polyvinyl 

pyrrolidone) 

Nanoparticles 

(iron dopamine) 

Solvent 

(dimethylacetamide) 

1 18 1 0 81 

2 18 1 0.05 80.95 

3 18 1 0.1 80.90 

4 18 1 0.5 80.50 

5 18 1 1 80 

 

   Glassware containing a polymer solution was placed on a magnetic stirrer at a speed of 700 rpm for 6 hours. This 

resulted in a uniform polymer solution. To ensure even distribution of nanoparticles in the polymer solution and 

prevent their aggregation in the membrane structure, as well as to remove dissolved bubbles in the solutions, the 

glassware containing the polymer solution was placed in an ultrasonic device at 20°C for 45 minutes. It is expected 

that, following the aforementioned steps, the obtained polymer solution is free of air bubbles and the nanoparticles are 

uniformly dispersed in it. In this stage of the experiment, five membrane samples were prepared, all of which used 

polyvinylpyrrolidone as a constant additive in membrane preparation. To modify the initial membrane, dopamine iron 

nanoparticles were used in four different combinations at varying percentages. Subsequently, the polymer solutions 

were spread on clean and smooth glass slides using a stainless-steel applicator with a thickness of 300 micrometers, 

creating a thin layer that was immediately immersed in a non-ionic water bath. At this stage, the exchange between 

solvent and non-solvent resulted in membrane formation. After phase separation and complete membrane formation, 

the membranes were placed in non-ionic water for 24 hours to extract any remaining solvent and dissolved materials 

and complete the phase separation process. Afterwards, the membranes were placed between two smooth papers for 
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24 hours to fully dry. Following these steps, the prepared membranes were ready for testing. Fig. 1 illustrates the 

membrane casting process. 

 

 

 

 
 

 

Fig. 1. Membrane casting process 

 

 

 

2.4. Characterization 

The Fourier transform infrared spectroscopy (FTIR) with a Bruker spectrometer (TENSOR 27), Field emission 

scanning electron microscopy (FESEM) (MAIA3 model with accelerating voltage of 50 eV), X-ray diffraction (XRD) 

was applied to characterization membrane. Moreover, 3D surface image provided using optical microscopy along with 

SPIP software (version 6.4) in the area of 7.5 μm × 10 μm to study the surface roughness of prepared membranes. 

 

2.5. Test Set-Up 

    Laboratory synthesized membranes, whose fabrication process has been described, were tested in room temperature 

using a 5/4 cm diameter nanofiltration cell with an effective membrane area of 94/11 cm². Nitrogen gas with a purity 

higher than 99% was used to create pressure driving force on both sides of the membrane. All experiments were 

conducted at an operational pressure of 5/4 bar. It is worth mentioning that an electric mixer with variable speed of 

150-450 rpm was employed in order to minimize the effect of concentration polarization on the membrane surface. 

The schematic of the closed-end nanofiltration system is illustrated in Fig. 2. 
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Fig. 2. Closed-end nanofiltration membrane 

system. (1) Nitrogen gas cylinder  

(2) Pressure gauge  

(3) Nitrogen inlet to nanofiltration cell  

(4) Nitrogen discharge outlet  

(5) Nanofiltration cell  

(6) Electric stirrer  

(7) Membrane filter support  

(8) Nanofiltration. 

 

 

 

3. Results & Discussion 

3.1. Results of Infrared spectrometry 

    Various tests were conducted to investigate the properties of the membrane after the addition of iron-dopamine 

nanoparticles. To confirm the presence of these nanoparticles in the membrane structure, an FTIR test was conducted 

prior to the tests. The results of the FTIR test, as shown in Fig. 3-a, indicated a peak in the range of 18,592 cm-1 which 

corresponds to the Fe-O bond stretching vibrations. A broad absorption in the region of 04,3151 cm-1 to 48,3345 cm-

1 corresponds to the OH group stretching vibrations and the N-H group stretching vibrations. The peak at 1500 cm-1 

corresponds to the N-H bond bending vibration. Peaks at 36,1285cm-1 and 59,1080 cm-1 also indicate the presence 

of the C-N bond vibrations in dopamine. The appearance of a peak at 78,1600 cm-1 in the IR spectrum, which is 

attributed to the double bond C=C in dopamine, can be the reason for the connection of dopamine to iron nanoparticles. 

In Fig. (3b, 3c), a comparison was made between the infrared spectra of the modified membrane and the pure 

polyethersulfone (PES) membrane. The structure of dopamine, as evidenced by the N-H and C=C bonds, affected the 

absorption peaks in the region of 1500-1600 cm-1. These peaks were shorter in the modified membrane compared to 

the pure PES membrane. Furthermore, the peak associated with the C-H bond vibration was observed at 3096 and 

3069 cm-1. The bands at 3628 and 3553 cm-1 were attributed to the stretching vibration of the OH bond. The peaks 

related to the aromatic rings of PES were observed at 835 and 1010 cm-1. The peak at 1293 cm-1 was characteristic of 

the stretching vibration of the sulfone group (O=S=O), while the peak at 1253 cm-1 represented the C-O-C stretching 

vibration in PES. Finally, the peak at 1147 cm-1 corresponded to the stretching vibration of the N-C bond in the 

structure of iron-dopamine nanoparticles, providing evidence for their presence in the membrane structure [20-22]. 
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Fig. 3. The results of FTIR test (a) iron dopamine nanoparticles (b) pure membrane, (c) modified membrane with 

one weight percent of iron dopamine nanoparticles.  

 

 

3.2.  Results of X-ray Diffraction for Nanoparticles 

    Based on Fig. 4, the structure of dopamine coated iron nanoparticles was studied using X-ray diffraction (XRD), a 

common method for characterizing crystalline materials. In this graph, the position of the peak is defined as a function 

of the angle θ2. The sharp and intense peaks indicate the crystallinity of the nanoparticles and were in accordance with 

the peaks of dopamine and iron samples obtained from literature sources. The average size of the crystals can be 

calculated from the Scherrer equation (1) based on the XRD data of the sample [23]. 

 

𝐷 =
𝑘𝜆

 𝛽 𝑐𝑜𝑠𝜃
                                                    (1) 

In this regard, D is the dimensions of the crystal (in nanometers), K is a constant value (approximately 9/0), λ is the 

wavelength of the incident radiation (whose value is 154/0 nanometers, given that the radiation is from the Ka line of 

copper), β is the bandwidth at half maximum peak (which should be converted to unit of length in degrees), and the 

scattering angle (θ) are considered to determine the size of the nano iron-dopamine particles. 
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D= 
0.94×0.154

3.1415×0.1476

180
×𝑐𝑜𝑠 (16.77)

= 60.31 𝑛𝑚              (2)  

  

As can be seen from the above calculations, the size of the crystals was found to be 31.60 nanometers. 

 

 
 

Fig. 4. XRD diagram of iron dopamine nanoparticles 

 

 

3.3. FESEM/EDS and mapping study 

   The most appropriate method for investigating the structure and morphology of membranes is through the use of a 

scanning electron microscope, or FESEM. Fig. 5 shows electron microscope images taken from cross-sections of 

membranes made using different concentrations of dopamine-coated iron nanoparticles in a polymeric solution 

prepared by the phase change method. All images are provided on a 10-micron scale. As shown in Figure 4, all of the 

membranes have an irregular structure with a dense separating layer and tubular cavities in the support layer. The 

dopamine-coated iron nanoparticles contain oxygen in their structure. This causes a decrease in the phase separation 

time during membrane formation in the water bath. Therefore, adding them to the membrane structure increases the 

phase separation rate, which leads to the formation of porous and thin layer at the top of the membrane. As can be 

seen in the images, adding dopamine-coated iron nanoparticles to the polymeric solution results in a denser separating 

layer, increased porosity in the support layer, and the formation of large and finger-like cavities in the membrane 

structure [24-26]. In Fig. 5, it can be observed that as the percentage of nanoparticles in the membrane increases, the 

structure within the membrane becomes more disordered and asymmetric, resulting in an easily observable increase 

in its porosity. At a weight percentage of 1.0%, the introduction of dopamine-coated iron nanoparticles in membrane 

3 results in a higher porosity that readily facilitates permeation between the solvent (DMAc) and nonsolvent (water) 

during phase inversion. However, with the addition of more nanoparticles in membranes 4 and 5, the average pore 

size and porosity decrease, which may be attributed to the clogging of pore openings by nanoparticles that have 

become adhesive. In the modified membrane with 5.0% weight nanoparticles, depicted in Fig. 5, it is evident how the 

nanoparticles themselves can cause pore clogging and a reduction in flow. Nonetheless, it should be noted that the 

primary function of separation by the membrane lies with its top, dense separation layer, and an increase in pore size 

and porosity in the lower layer does not influence membrane separation, but only serves to decrease the mechanical 

strength of the membrane [27]. 
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Fig. 5. SEM images of the cross section of the fabricated membranes. (a) Membrane without nanoparticles, (b) 

Membrane containing 0.05% by weight of iron dopamine nanoparticles, (c) Membrane containing 0.1% by weight of 

iron dopamine nanoparticles, (d) Membrane containing 0.5% by weight of iron dopamine nanoparticles, (e) Membrane 

containing 1 Dopamine iron nanoparticle weight percentage.  

 

From membrane sample number 3 with 0.1% by weight of iron dopamine nanoparticles, IDEX analysis was taken to 

determine the components inside the membrane, the results of which are given in Table 3. 

 

Table 3. The weight percentage of the components in the membrane with 0.1 weight percent of iron dopamine 

nanoparticles, the result of EDS analysis 

 

   In Fig. 6, an energy spectrum graph is shown showing the main peaks for a membrane with 1.0 wt% of iron-

dopamine nanoparticles. Peaks corresponding to oxygen and iron are indicated, confirming the presence of these 

elements in the membrane. The number of X-rays in each peak is proportional to the number of atoms, and the intensity 

of each peak can be used to determine the concentration of each element in the sample. Each element emits a unique 

X-ray spectrum that is characteristic to that element. 

Element  Carbon (C) Oxygen (O) Ferrum (Fe) Total 

Weight Percent 46.71 46.19 7.10 100.00 

10 μm 
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Fig. 6. The diagram of the measured energy spectrum and the main peaks for the membrane with 0.1% by weight of 

iron dopamine nanoparticles. 

 

 

Fig. 7. EDX point analysis: (a) distribution of iron element dispersion in the cross-sectional photo of the scanning 

electron microscope of the membrane with 0.1% by weight of iron dopamine nanoparticles, (b) point mapping of the 

iron element in the membrane structure with 0.1% by weight of iron dopamine nanoparticles (c) point mapping of the 

oxygen element in the membrane structure with 0.1% by weight of iron dopamine nanoparticles, d) point mapping of 

the carbon element in the membrane structure with 0.1% by weight of iron dopamine nanoparticles. 
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   To investigate the formation and dispersion of nanoparticles on the membrane surface, field-emission scanning 

electron microscopy images have also been used. In Fig. 8, we see that nanoparticles with a spherical structure and 

diameters ranging from 25 to 45 nm have been formed. The reason for the mismatch with the crystal sizes calculated 

from the Scherrer equation is the aggregation and adhesion of the particles. Figure 7a shows iron-dopamine 

nanoparticles at a scale of 200 nm, and Fig. 8b shows the surface of the membrane with 1 wt% of iron-dopamine 

nanoparticles, where the density of the nanoparticles is visible due to the high concentration used in the sample. 

 

 
(a) (b) 

 

Fig. 8. SEM images of (a) image of iron dopamine nanoparticles on a scale of 200 nm, (b) image of the surface of the 

membrane with 1% by weight of iron dopamine nanoparticles on a scale of 200 nm. 

 

   Fig. 9 illustrates the changes in membrane porosity caused by the addition of nanoparticles to a polymer solution. 

As the number of nanoparticles increases in the polymer solution, the water affinity also increases. With the increase 

in nanoparticles in the polymer solution, the viscosity of the solution also increases, resulting in a decreased exchange 

rate and therefore a reduction in porosity. One can justify the increase in porosity by the low viscosity of the initial 

polymer solution, where water affinity dominates over viscosity, resulting in increased porosity [28]. 
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3.4. Results of Contact Angle 

    Measuring the contact angle of water is a tool used to evaluate the wettability of a membrane surface. Generally 

speaking, a lower contact angle indicates a higher degree of wettability, which can improve the membrane's anti-

fouling properties. Surface roughness, particle heterogeneity, and particle shape are among the factors that can 

influence the contact angle measurement. Fig. 10 demonstrates the results of contact angle measurements where 

adding nanoparticles reduced the contact angle. Moreover, polyethersulfone, which is hydrophobic in nature, had its 

hydrophobicity reduced upon nanoparticle addition. The lowest contact angle was observed on membrane number 5 

with the highest percentage of nanoparticles by weight (1%), indicating a greater degree of wettability. However, this 

increased wettability did not lead to improved membrane flux, possibly due to nanoparticle agglomeration at higher 

concentrations. 

 

 
Fig. 10. The effect of iron dopamine nanoparticle concentration on water contact angle of fabricated membranes 

 

3.5. Investigating pure water flux and average surface pore size 

    The results of pure water flux across the membrane are shown in Figure 10. There are many factors that affect the 

flux of water through the membrane, including water affinity, porosity, morphology, and pore size. As observed, with 

an increase in the concentration of nanoparticles, the changes in the flux of pure water passing through the membrane 

are almost downward. The pure water flux passing through all samples is less than that of the sample without 

nanoparticles. This phenomenon can be explained by the filling of the surface cavities of the membrane by 

nanoparticles, which in turn reduces the size and capacity of membrane cavities for water molecules to pass through. 

The decrease in pure water flux in membrane number 2 can also be explained by a decrease in the size of surface 

cavities, as the small number of nanoparticles did not cause any change in membrane affinity and only filled the 

surface cavities.  

In membrane number 3, an increase in porosity is expected to result in an increase in pure water flux. However, as 

shown in the field-emission scanning electron microscopy Fig. 5, the membrane has become more porous, but the 

channels created are blocked due to particle agglomeration.  
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Fig. 11. Effect of iron dopamine nanoparticles on pure water flux and pore size of fabricated membranes 

 

 

3.6.  Membrane separation performance 

    Permeability and selectivity are two important factors in determining the performance of a membrane. The presence 

of nanoparticles in a polymer solution results in changes in the permeation flux and membrane reversibility, leading 

to performance enhancement at suitable concentrations. The permeation flux of the membranes was measured at a 

pressure of 4.5 psi, and the results of salt permeation and rejection fluxes are presented in Fig. 11. Initially, a decrease 

in flux is observed for membrane 2 due to a noticeable reduction in particle size from 13.9 nm to 9.2 nm, as observed 

in Fig. 12. Subsequently, the permeation flux increases from 28.03 to 33.71 and then begins to decrease again. In fact, 

water compatibility and membrane structure are two important factors that affect flux and separation from the 

membrane, and the separation mechanism in filtration is based on the size exclusion of pores. In this regard, membrane 

3 with a weight percentage of 1.0% of nanoparticles, which has the highest porosity, had a slight increase in flux, 

which then decreased with an increase in nanoparticles. 

Over time during a separation process, a reduction in the permeate flux of a membrane is anticipated. The main reason 

for this reduction is the occupation of surface voids and membrane structure by accumulated and unpassed particles, 

leading to the formation of a resistance layer against mass transfer and occurrence of concentration polarization near 

the membrane surface. This leads to a decrease in water uptake on the membrane surface, resulting in reduced flux. 

The selectivity of solutes in water by a nanofiltration membrane varies depending on particle size, electrostatic 

repulsion force, and adsorption levels of different particles onto the membrane surface, which rely upon the membrane 

surface properties, particles in the solution, and operating conditions. It is observed that an increase in nanoparticle 

concentration leads to an increase in salt rejection. For example, in Sample 5, a decrease in rejection is expected 

because of the existing fouling, but the tests performed have shown an increase in rejection. This increase in rejection 

can be explained by the dominance of the hydrophilicity property of the particles. The contact angle of water droplets 

with the membrane surface also supports this claim. 
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Fig. 12. The effect of adding iron dopamine nanoparticles on the amount of rejection and flux of prepared membrane 

3.7.  Water Content 

   The content of the membrane is an indicator of its water affinity, moisture absorption, swelling, and degree of 

porosity [29]. The effect of iron-dopamine nanoparticles concentrations on the prepared membranes water content is 

shown in Fig. 13. As shown in the figure, initially, by increasing the concentration of iron-dopamine nanoparticles in 

the polymer solution, the content of the membrane's water increases. Generally, it is accepted that increasing the 

exchange rate between water and the solvent can create a membrane with higher porosity and vice versa [28]. In 

membrane 2 with a 0.5% weight fraction of nanoparticles, we observe an increase in water content due to increased 

porosity. However, after that, by adding more nanoparticles, the water content decreases, which could be attributed to 

the reduction in pore size, decrease in porosity, increased viscosity of the solution, and accumulation of nanoparticles 

in the empty spaces, resulting in the inability to store water. Clogging of the pores during phase separation could also 

be another reason for the decrease in water content due to the movement of nanoparticles towards the membrane 

surface. 

 

 
Fig. 13. The effect of the concentration of iron dopamine nanoparticles on the water content of the constructed 

membranes 

 

The water content of the membrane indicates its water affinity, moisture absorption, swelling capacity, and degree of 

porosity. Fig. 13 illustrates the effect of varying concentrations of iron-dopamine nanoparticles on the water content 

0

10

20

30

40

50

60

0

10

20

30

40

50

60

70

80

M1 M2 M3 M4 M5

F
lu

x
 (

L
/m

2
.h

)

R
ej

ec
ti

o
n

 (
%

)

Membranes

Rejection (%) Flux

88.541

89.537

89.012

87.931 87.938

87

87.5

88

88.5

89

89.5

90

M1 M2 M3 M4 M5

w
a
te

r 
co

n
te

n
t 

(%
)

Membranes



Colloid & Nanoscience Journal  Original Article 

 

   Colloid Nanosci. J. 2(3) (2024) 336-356. 

 

of the fabricated membranes. Initially, with an increase in nanoparticle concentration, the water content rises. This 

can be attributed to the hydrophilic nature of the nanoparticles, which promotes water retention within the membrane 

structure. Moreover, the nanoparticles facilitate an increased exchange rate between water and the solvent during 

phase separation, leading to the formation of membranes with higher porosity and water uptake.  However, at higher 

nanoparticle concentrations, the water content begins to decline. This decrease is likely due to the aggregation of 

nanoparticles, which reduces the effective pore size and porosity of the membrane. Additionally, the increased 

viscosity of the polymer solution at higher nanoparticle concentrations can hinder the solvent-nonsolvent exchange 

during phase inversion, further reducing porosity and water retention. The movement of nanoparticles toward the 

membrane surface during phase separation may also contribute to pore clogging, preventing the membrane from 

storing water effectively.  These findings underscore the dual role of nanoparticles: while they initially enhance 

hydrophilicity and porosity, excessive concentrations lead to aggregation and reduced performance. This balance is 

crucial in optimizing the membrane properties for desired applications.   

 

3..8. Membrane surface Morphology  

In order to examine the surface roughness of the membrane, three-dimensional images were used as shown in Fig. 

14. Consistent with the figure, sharp irregularities are observed on the surface of the membrane without nanoparticles, 

indicating the inherent hydrophobicity of the polyethersulfone. According to Table 4, which displays roughness 

parameters, after the addition of iron dopamine nanoparticles to the membrane structure, the level of roughness or 

hardness of the membrane surface slightly increased which may be attributed to the presence of nanoparticles on the 

surface and the creation of more pores during the phase change process. A rough surface membrane has a greater 

ability to trap and absorb ions on its surface, and increasing the concentration of ions on the surface creates a driving 

force of concentration difference that increases ion transfer from inside the membrane and decreases membrane flux. 

Surface roughness is a critical factor in determining membrane performance, as it directly influences properties such 

as ion adsorption, fouling resistance, and permeability. The three key roughness parameters—average roughness (Ra), 

average height of the highest roughness peaks (Rz), and root mean square of roughness (Rq)—were analyzed and are 

summarized in Table 4.  As shown, the incorporation of iron-dopamine nanoparticles significantly alters the 

membrane's surface roughness. The Ra, Rz, and Rq values increased with the addition of nanoparticles up to a 

concentration of 1.0 wt%, indicating the formation of a more irregular and textured surface. This increased roughness 

can enhance ion adsorption due to the larger surface area available for interaction. For example, a rougher surface 

promotes greater trapping of ions and particles, creating a concentration gradient that facilitates ion transfer across the 

membrane.  However, excessive roughness, as observed in membrane M5, can also lead to undesirable effects such 

as increased fouling. A highly textured surface may provide more sites for protein or particle adhesion, which can 

block the pores and reduce water flux. This is evident from the flux reduction observed in membrane M5 (Fig. 12), 

where nanoparticle aggregation contributed to pore clogging and surface irregularities.  The optimal membrane, M3, 

exhibits a balance between roughness and performance. Its moderate roughness (Ra = 334.3 nm) provides sufficient 

surface area for ion adsorption without significantly increasing fouling risks. This balance highlights the importance 

of optimizing roughness parameters to achieve high separation efficiency and anti-fouling properties in nanofiltration 

membranes. This flux reduction for membrane number 5 with 1% weight of iron dopamine nanoparticles in Fig. 12 is 

visible. 

 

Table 4. Surface roughness parameter values 

Membrane 

NO. 

Average surface roughness 

(Ra, nm) 

The average of the highest 

roughness heights (Rz, nm) 

root mean square  

(Rq, nm) 

M1 504.1 217.3 88.1 

M2 863.2 96.3 621.3 

M3 334.3 342.4 419.4 

M4 124.4 78.6 236.5 

M5 783.4 722.9 7.6 

 



Colloid & Nanoscience Journal  Original Article 

 

   Colloid Nanosci. J. 2(3) (2024) 336-356. 

 

 

 
Figure 1. 3D surface images: a) pure polyether sulfone membrane, b) membrane containing 0.05% by weight of iron 

dopamine nanoparticles, c) membrane containing 0.1% by weight of iron dopamine nanoparticles, d) membrane 

containing 0.5% by weight of iron dopamine nanoparticles, e) membrane Contains 1% by weight of iron dopamine 

nanoparticles.  

 

 

3.8. Examination of agglomeration parameters 

    The amount of permeate flow through the membrane for pure water before and after the separation of the milk 

solution was calculated, as well as the permeate flow of the milk and water solution. These values are shown in Fig.14. 

As the figure indicates, the overall fouling rate decreased irreversibly after adding a small amount of nanoscale 

particles. However, after adding 1.0 weight percent of dopamine-coated iron nanoparticles, these parameters 

increased. The higher reversible fouling rate implies better detachment of the captured particles from the membrane 

surface during the cleaning process. The fouling behavior of the membranes, characterized by reversible and 

irreversible fouling rates, provides critical insights into their performance. The observed trends can be attributed to 

the role of nanoparticle dispersion and agglomeration within the membrane structure. At lower nanoparticle 
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concentrations, such as 0.5 wt%, the particles are more uniformly dispersed, resulting in smoother surfaces with fewer 

irregularities. This uniformity enhances the detachment of fouling particles during cleaning, leading to a higher 

reversible fouling rate and improved anti-fouling behavior.  However, at higher nanoparticle concentrations (e.g., 1.0 

wt%), agglomeration occurs due to the strong interactions among nanoparticles. This aggregation creates surface 

irregularities and clogs the membrane pores, leading to increased total fouling and a lower reversible fouling rate. The 

agglomerates trap fouling particles more effectively, making their removal during cleaning more challenging and 

resulting in a higher irreversible fouling rate. These findings highlight the delicate balance between nanoparticle 

concentration and membrane performance. Proper dispersion of nanoparticles is crucial for maintaining the anti-

fouling properties of the membrane while minimizing irreversible fouling. This underscores the importance of 

optimizing nanoparticle loading to achieve the desired balance between fouling resistance and membrane efficiency.  

The lower overall fouling rate, and the greater reversible fouling rate lead to enhance membrane performance. All the 

nanomodified membranes showed higher reversible fouling rates and lower irreversible fouling rates compared to the 

neat polyethersulfone membrane. The overall fouling rate increased from 4.87% for neat polyethersulfone to 5.60% 

for membrane number 3 with 1.0 weight percent nanoparticles, and the irreversible fouling rate decreased from 61.82% 

in neat polyethersulfone to 3.41% in membrane number 3 with 0.5 weight percent nanoparticles. The most significant 

difference in the antifouling capability of these membranes is attributed to the irreversible fouling rate. Among the 

constructed membranes, the highest reversibility adherence belongs to the membrane with 0.5% dopamine-iron 

weight, which may be due to its smoother surface. As stated, a high surface roughness results in greater protein 

adhesion to the membrane surface. Addition of 1% weight of nanomaterials in membrane number 5 reduces the 

reversibility adherence and increases irreversible adherence and total adherence, which is caused by the agglomeration 

of nanomaterials. A membrane containing 1.0% weight of dopamine-iron exhibits the lowest total adherence and a 

relatively lower irreversibility adherence, therefore showing better performance in terms of adherence compared to 

other constructed membranes. It is observed that the surface properties and the structure of nanomaterials play a key 

role in improving the anti-adhesion properties and performance of the membrane 

 

. 

 
 

Fig. 15. The effect of total fouling, reversible clogging and irreversible clogging on membranes 
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3.9. Checking the flow recovery percentage 

    The most appropriate parameter for comparing and investigating the anti-fouling properties of fabricated 

membranes is the percentage of flux recovery. As shown in Fig. 16, all modified membranes exhibit higher flux 

recovery percentages compared to the pure polyethersulfone membrane. However, this trend is not consistent with 

increasing nanoparticle concentrations. The decrease in flux recovery at higher nanoparticle concentrations may be 

attributed to the accumulation and agglomeration of nanoparticles, which can reduce their effective surface area and 

hinder their interaction with the membrane surface. Although increasing nanoparticle concentrations improve the 

hydrophilicity of the membrane surface, this does not always correlate with improved fouling resistance. The 

membrane containing 0.1 wt% iron dopamine nanoparticles showed the lowest overall fouling and the highest flux 

recovery percentage, indicating better performance. However, membranes containing 0.5 and 1 wt% nanoparticles 

exhibited lower flux recovery percentages, suggesting that higher nanoparticle concentrations do not necessarily result 

in better anti-fouling behavior. This could be due to the non-uniform dispersion of nanoparticles at higher 

concentrations, leading to nanoparticle aggregation. The active groups on the nanoparticle surfaces tend to promote 

aggregation, creating gaps in the membrane's top layer. These gaps can trap proteins, which become difficult to remove 

during cleaning, thereby reducing the membrane's flux recovery. Consequently, while hydrophilicity increases with 

higher nanoparticle content, this effect is counteracted by the negative consequences of aggregation and poor 

dispersion, which lead to reduced membrane performance [30]. 

 

 
Fig. 16. Flow recovery percentage chart 

 

4. Conclusion 

    In this study, the modification of polyethersulfone nanofiltration membranes with varying concentrations of iron 

dopamine nanoparticles was investigated. The membranes were prepared using the phase inversion method and 

immersion precipitation in a non-solvent bath. Electron microscopy images of cross-sections were obtained to examine 

the effect of nanoparticle addition on the morphology and structure of the membranes. According to these images, the 

pore size of the cavities decreased with the addition of iron dopamine nanoparticles to the polymer solution. 

Additionally, by examining the 3D surface images, it was observed that membrane number 5 was the roughest among 

all membranes. The porosity of the membranes also increased and then decreased with the addition of nanoparticles 

until membrane number 3, which was considered as the optimal membrane. This higher density was mostly observed 

in membrane number 3. The contact angle results of the studied membranes showed that the hydrophilicity of the 

membrane increased with increasing nanoparticle concentration in the polymer solution. The water content percentage 

also increased in membrane number 2 with increasing nanoparticle concentration, but then decreased. Water flux also 

decreased with increasing nanoparticle concentration in the polymer solution, and only slightly increased in membrane 
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number 3, but overall decreased compared to pure polyethersulfone. Although it was expected that water flux would 

increase in the optimal membrane due to increased porosity and hydrophilicity, as seen in the field-emission scanning 

electron microscopy images, most of the channels created in the membrane structure were blocked due to nanoparticle 

agglomeration, leading to a decrease in porosity and water content for membranes with higher nanoparticle 

concentrations. Membrane number 3 had the lowest overall fouling rate and a higher percentage of flux recovery 

compared to other membranes, making it the optimal membrane with a nanoparticle concentration of 1.0 wt%. This 

study demonstrated that iron dopamine nanoparticles are a suitable option for improving the hydrophilicity, salt 

rejection, and anti-fouling properties of nanofiltration membranes. 
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