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1. Introduction 
 

Dyes play an important role in many aspects of our lives 

today. They are used to add aesthetic colour to a wide range 

of materials in industries as diverse as textiles, cosmetics, 

paper and petrochemicals. However, their production and 

extensive use can have adverse environmental effects, 

particularly in terms of water pollution (Imam et al. 2021). 

The wastewater generated accounts for 17–20 % of global 

water pollution (Routoula et al. 2020, He et al. 2023). These 

dyes are known to be highly stable in sunlight and resistant 

to biodegradation (Vakili et al. 2023), leading to long-term 

water pollution, and pose significant risks to aquatic 

ecosystems and human health due to their potential toxicity 

and carcinogenicity (Abdelhamid et al. 2020).  

One of the dyes commonly used in industrial applications 

is methylene blue (MB), a cationic dye known for its high 

solubility in water and extensive use in the textile and food 

industries. Above a certain level, the consumption of MB 

causes adverse effects on human health such as high blood  
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pressure, abdominal pain, mental disorders and may even be 

carcinogenic (Cheikh S’Id et al. 2021, Rana et al. 2022). 

Several studies have focused on the removal of MB from 

water (Badrinezhad et al. 2018, Cheikh S’Id et al. 2021, 

Vedula and Yadav 2022).  

Another dye of note is Orange G (OG), which is 

characterized as a mono-azo and anionic dye that remains 

water soluble and stable under a range of pH conditions. 

OG dye has been shown to have hazardous and unavoidable 

adverse effects on aquatic species and the aquatic 

environment as a whole. It has been reported as one of the 

most toxic anionic dyes, exhibiting chromosomal damage 

and clastogenic activity. Not only OG, but also the 

intermediates formed during its degradation are also toxic 

(Imam et al. 2021). Much research has focused on the 

elimination of these dyes (Salam et al. 2017, Banerjee et al. 

2019, Laksaci et al. 2019). Therefore, it is of utmost 

importance to develop practical, cost-effective, and 

environmentally friendly technologies to effectively remove 

these pollutants from wastewater (Vakili et al. 2023). In 

recent years, a number of methods have been developed to 

remove dyes from wastewater. The problem of dye 

contamination can be mitigated by a number of biological, 

physical and chemical processes. Membrane rejection and 

batch adsorption are both separation and purification 
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Abstract.  The growing environmental contamination from industrial dyes calls for more efficient and sustainable 

wastewater treatment technologies. This study presents a sustainble approach by developing polysulfone-based hybrid 

membranes, modified with natural zeolite which is a low-cost, eco-friendly material, at varying concentrations (0.5, 1, 2, and 3 

wt%) using the phase inversion process. The use of zeolite as both a porogen and a hydrophilic agent is a key innovation that 

significantly enhances membrane performance. The membranes were characterized using SEM, TGA, and contact angle 

measurements, and their pure water permeability was tested. The membrane with 3 wt% zeolite achieved an outstanding pure 

water flux (PWF) of 151.5 L m-2 h-1 at 4 bar, marking a 30-fold improvement over unmodified polysulfone membranes. 

Performance tests with methylene blue (MB) and orange G dyes revealed that the optimized membrane (PSf/Z 3%) exhibited 

a flux recovery ratio (FRR%) of 86.31% and a 99.6% rejection rate for MB. This study not only demonstrates a substantial 

advancement in filtration performance but also highlights the environmental and cost benefits of using natural zeolite. By 

offering a scalable, efficient, and sustainable solution for dye removal, this research provides a practical approach to 

mitigating industrial pollution and reducing treatment costs. 
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processes, but they differ in their mechanisms and 

applications. Membrane rejection relies on a physical barrier 

(the membrane) to separate components, operating on the 

basis of size, charge or solubility, and can be operated 

continuously. In contrast, batch adsorption depends on the 

affinity of the dissolved species for a solid surface and 

involves specific interactions between the adsorbate and the 

adsorbent, and typically operates in a batch mode where the 

adsorbent is mixed with the liquid phase for a period of 

time prior to separation. In addition, membrane systems are 

relatively easy to clean and regenerate, whereas the 

regeneration of adsorbents in batch adsorption often 

requires additional steps such as desorption. Previous 

research has shown that, in this context, membrane 

separation is an effective and environmentally friendly 

technology for the treatment of wastewater contaminated 

with dyes (Lekena et al. 2023). 
Polymeric membranes are gaining increasing acceptance 

in water treatment due to their porous structure, strong 
mechanical properties, cost effective processes and 
operational requirements. However, these materials often 
have limitations in terms of separation performance that 
need to be improved. Developing membranes with superior 
performance and thermal stability remains a real challenge 
(Badrinezhad et al. 2018). Nanomaterials play an important 
role in solving problems related to water purification 
concerns and quality improvement. Recently, a number of 
porous inorganic fillers, such as zeolites, known for their 
exceptional separation capabilities, have been used to 
modify polymeric membranes.  

Zeolites play a crucial role in enhancing membrane 
performance due to their high surface area, tunable pore 
structure, and selective adsorption properties. Environmentally, 
zeolites are beneficial as they are naturally abundant, non- 
toxic, and help in reducing the environmental impact of 
industrial pollutants by effectively removing contaminants 
like heavy metals and dyes from wastewater. Additionally, 
zeolites offer a cost-effective solution compared to other 
advanced materials, making them a sustainable choice for 
large-scale industrial applications (Abd Hamid et al. 2021, 
Ali et al. 2021, Shi et al. 2022). In addition, hybrid 
membrane separation technology offers a promising 
technical route by enabling both the removal and recovery 
of synthetic dyes from wastewater (Moradihamedani 2022). 
Hydrophilic elements have been incorporated to significantly 
improve the dye removal efficiency of the membrane 
(Abdelhamid et al. 2020, Benkhaya, Lgaz et al. 2021, 
Cheikh S’Id et al. 2021). 

Polysulfone (PSf) is a hydrophobic polymer commonly 
used in the manufacture of membranes and is known for its 
excellent film forming properties and high mechanical and 
chemical stability. PSf based membranes have been the 
subject of numerous studies for their application in water 
treatment (Alawady et al. 2020, Asif et al. 2021, Benkhaya 
et al. 2023). Although polysulfone membrane separation 
processes exhibit outstanding advantages, they suffer from 
some limitations. The most important one is membrane 
fouling and consequent blockage of the membrane pores 
because of their hydrophobic nature (Sharma et al. 2017), 
leading to a drop in flux, separation efficiency, and 
consequently increasing costs (Mokhtari et al. 2017). While 
many studies have made significant progress in mitigating 

these limitations, further improvements are still required. 
This study contributes to enhancing these properties and 
extending membrane lifetime, particularly by addressing 
fouling issues. 

In this work, PSf was used as a polymer matrix to 
prepare ultrafiltration membranes by the phase inversion 

process. In order to improve membrane properties, zeolite- 
Y was added to the membrane doping solution at different 
weight ratios (0.5, 1, 2 and 3 wt. %).  The mixed matrix 
PSf/zeolite nanocomposite membranes and the pure PSf 
membrane were characterized by various analytical 
techniques, to obtain an in-depth understanding of their 

chemical composition and structural morphology, and then 
their permeability to pure water was tested to evaluate their 
performance.  

Finally, as part of an application, the MB and OG 
removal performance of the different membranes prepared 
was determined and compared. To the best of our 

knowledge, no study has been carried out on the removal of 
the two dyes MB and OG from water using a PSf/zeolite 
hybrid membrane at different concentrations. 

 

 
2. Materials and experiments 

 
2.1 Materials 

 

Analytical grade chemicals were used as received 

without any further processing. Polysulfone resin pellets 

(PSf, Udel P-3500, Mw: 35000 Da) used as membrane 

material were supplied by Solvay Advanced Polymer 

(Belgium). N-methyl-2-pyrrolidone (NMP, 99%) purchased 

from Fluka was used as the solvent. Zeolite Y powder was 

manufactured by ZEOLIST International, marketed under 

the name (CBV760, with a unit cell size of 24.24 Å ) as 

indicated. The same as that used by (Ghribi et al. 2022). 

This zeolite powder exhibited a particle size distribution 

between 300 and 900 nm and was used both as an additive 

and an adsorbent. Deionized water was used as a 

coagulation bath for membrane solidification. Methylene 

blue and orange G were provided by Sigma Aldrich. 

 

2.2 Membrane preparation 
 
Flat polysulfone-based membranes were prepared by the 

conventional phase inversion method. The membranes were 

prepared according to the amounts of polymer and additives 

listed in Table 1.  

Polysulfone pellets were first dissolved in NMP under 

continuous stirring at room temperature. Various amounts 

of zeolite were then added to the polymer solutions while 

stirring at 300 rpm, until a dispersed solution was obtained 

(~24 h). The resulting homogeneous solutions were allowed 

to stand for 1 hour without stirring to eliminate air bubbles, 

then poured and cast uniformly onto a glass plate using a 

casting knife. The casting solution was then immediately 

immersed in a coagulation bath containing distilled water 

maintained at a controlled temperature (25°C). To remove 

residual NMP, the resulting membrane was washed three 

times with deionized water before use. A pure PSf 

membrane was prepared by dissolving 16 wt% PSf pellets 
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in NMP, in order to compare its results with those of mixed 

matrix membranes containing zeolite. 
 

2.3 Membrane characterization 
 
2.3.1 Pure water flux  

The pure water flux (PWF) is a crucial factor for all 

types of membranes, as it is directly related to the number 

and size of the membrane pores. PWF was measured using 

a dead-end filtration cell (model 8050, 50 ml, Amicon, 

effective surface area = 13.4 cm²) connected to a nitrogen 

pressure source. Each membrane was soaked in deionized 

water for 24 hours prior to filtration, then pre-compacted 

with deionized water for 30 minutes at 1 bar. Pure water 

flux and hydraulic permeability were determined over a 

pressure range of 0.6, 1, 2, 3, and 4 bar using the following 

Eqs. (1)-(2) : 

PWF = V (A × Δt)⁄  (1) 

𝐿𝑝 =   𝑃𝑊𝐹 ∆𝑃⁄  (2) 

where PWF: the pure water flux (L m-2 h-1), V: the filtrate 

volume (L), A: the membrane area (m2), Δt: the filtration 

time (h), Lp: the hydraulic permeability (L m-2 h-1 bar-1) and 

∆P: the trans-membrane pressure (TMP) (bar). 

 

2.3.2 Contact angle analysis, porosity and pore size 
To determine the hydrophobic and hydrophilic 

characteristics of the membranes, the contact angle was 

measured using the "GBX DIGIDROP" tensiometer. The 

volume of the drop of deionized water deposited on the 

surface of the membranes was 3μl. An average of five 

measurements was taken on different parts of the surface of 

the dry membrane. The porosity of the membrane was 

determined by the dry-wet weight method. The membrane 

samples were cut into 3×3 cm squares and immersed in 

distilled water for 24 hours. After removing the excess 

water from the surface, the samples were weighed. The 

membrane samples were then dried in an oven at a 

temperature of 50 °C until a constant mass was obtained 

(~24 h). The dry membranes were then reweighed. Porosity 

was calculated from the measurements of both wet and dry 

sample weights. To minimize error, three pieces of each 

membrane were cut and tested. 

The membrane porosity (𝒫 %) was obtained using Eq. 

(3): 

𝒫 % = (𝑊𝑤 − 𝑊𝑑 𝐴 × 𝐿 × 𝜌)⁄ × 100 (3) 

where Ww is the wet sample weight (g), Wd is the dry 

sample weight (g). A, L and ρ are the sample area (cm2), the 

sample thickness when wet (cm) and the pure water density 

(g/cm3), respectively. 

The Guerout-Elford-Ferry (Eq. (4)) was used to 

calculate the mean pore radius (rm): 

𝑟𝑚 =    √(2.9 − 1.75 𝒫) × 8ƞ𝑙𝑄 𝒫 × 𝐴 × 𝛥𝑃⁄  (4) 

where, rm is the mean pore radius, (m), 𝒫 is the porosity 

(%), η is the viscosity of water (8.94 10-4 Pa.s), l is the 

membrane thickness (m), Q is the permeate volume of 

water per unit of time (m3/s), A : membrane area (m2), ΔP is 

the applied transmembrane pressure (105 Pa). 

 

2.3.3 Scanning Electron Microscopy (SEM) analysis 
The morphology of the prepared membranes was 

visualized by scanning electron microscopy (Philips 

XL30ESEM-FEG), both in cross-section and on the surface. 

For cross-sectional images, membrane samples were 

fractured in liquid nitrogen and then coated with a thin layer 

of gold. 

 
2.3.4 Thermogravimetric Analysis (TGA) 
To study the thermal stability, the prepared membranes 

were subjected to a thermal degradation test using a 

"Mettler Toeldo TGA 2 Star" thermogravimeter. Alumina 

crucibles were used for the sample analysis. The analysis 

temperature was programmed between 25 and 700 °C at a 

heating rate of 20 °C/min, under a nitrogen atmosphere. 

 
2.3.5 Dyes removal efficiency 
The dye rejection efficiency of the membranes was 

evaluated for the pollutants MB and OG, using a filtration 

cell (Amicon 8050) placed under a magnetic stirrer. 

Aqueous solutions of MB and OG were prepared at a 

concentration of 10 ppm in freshly distilled water (pH 

between 6 and 7) and filtered separately through the 

membranes at a TMP of 2 bar and at room temperature. For 

each of membrane type and dye, three experiments were 

performed and the average was taken. 

The concentrations of MB and OG in the feed and 

filtrate solutions were then measured using a "LAMBDA 

20, Perkin Elmer" UV spectrophotometer. The maximum 

wavelengths were 665 and 448 nm for MB and OG, 

respectively. The dye rejection (R%) was determined using 

Eq. (5): 

𝑅% =  (1 − 𝐶𝑝 𝐶𝑓)⁄ 𝑥 100 (5) 

where Cf and Cp are the concentrations of the dyes 

substances in the feed and permeate streams, respectively. 

In addition, the methylene blue permeate flux (MBF) of the 

optimized PSf/Z 3% membrane was also evaluated over 

different pressures (0.6, 1, 2, 3, and 4 bar) to assess the 

stability the membrane during the ultrafiltration process. 
 
2.3.6 Antifouloing study 
One of the main drawbacks of PSf membranes is the 

accumulation of deposits on their surface, some of which 

are irreversible and lead to pore blockage. The fouling 

Table 1 Composition of the casting solutions 

Membrane PSf (wt%) Zeolite (wt%) NMP 

PSf/Z 0% 

16 

0 84 

PSf/Z 0.5% 0,5 83.5 

PSf/Z 1% 1 83 

PSf/Z 2% 2 82 

PSf/Z 3% 3 81 
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behavior of the membranes was investigated using the 

existing literature (Ibrahim et al. 2016). To evaluate the 

antifouling performance of the synthesized membranes, the 

pure water flux (PWF 1) was tested at a transmembrane 

pressure (TMP) of 4 bar. An aqueous solution of 10 ppm 

MB was then introduced into the ultrafiltration system, and 

the MB dye was filtered for 1 hour. The flux for the MB 

solution, based on the amount of water permeating the 

membranes, was measured as (MBF). The membranes were 

then washed thoroughly with distilled water overnight. The 

pure water flux was measured again to obtain PWF 2, 

which was used to calculate the flux recovery ratio 

percentage (FRR%) as follows using Eq. (6): 

FRR % =   PWF 2  PWF 1 ⁄  (6) 

 

2.3.7 The reusability of the membrane 
The PSf/Z 3% composite membrane was selected for a 

regeneration study. The membrane was exposed to a 10 

mg/L methylene blue (MB) solution for 1 hour at a constant 

transmembrane pressure (TMP) of 2 bar at room 

temperature. The used membrane was then reused to filter 

the same MB solution, and the resulting permeate was 

collected to measure the rejection rate. This experiment was 

repeated for up to 8 cycles (8 hours), maintaining the same 

initial concentration throughout the study, and the 

percentage rejection of MB dye was calculated for each 

cycle.  
 
 

3. Results and discussion  
 
3.1 SEM analysis 
 

In order to observe the effect of the zeolite addition on 

 

 

the morphology of the prepared membranes, the front view 

and cross-sectional SEM micrographs of pure PSf and 

PSf/zeolite hybrid membranes (0.5 to 3 wt%) are shown in 

Fig. 1. The presence of zeolite particles had a significant 

effect on the surface structure of the modified membranes. 

SEM images of the membrane surfaces (Fig. 1 (b1)-(c1)) 

show a uniform distribution of zeolite particles in the 

polymer matrix, resulting in a progressive increase in 

porosity over the entire surface of the different hybrid 

membranes compared to the smooth, non-porous surface of 

the pure PSf membrane (Fig. 1(a1)). However, when the 

zeolite loading in the membrane exceeds 1 wt%, the 

uniform distribution ceases, and the zeolite nanoparticles 

become highly agglomerated (Fig. 1 (d1)-(e1)). 

SEM micrographs of the cross-section of all the 

membranes show a typical asymmetric structure, with a 

dense upper layer (the side in contact with the coagulation 

bath) and a porous lower layer with finger-like pores and 

larger macrovoids at the bottom of the structure (the side in 

contact with the glass plate). This configuration causes 

instantaneous phase separation between the surface of the 

polymer solution and the water of the coagulation bath, 

resulting in the formation of a polymer-rich phase and a 

polymer-poor phase within the membrane structure (Hung 

et al. 2016, Nadour et al. 2017, Ouradi et al. 2020). The 

zeolite particle size distribution (300–900 nm) plays a 

crucial role in shaping the porous structure and overall 

performance. The tendency of larger particles to 

agglomerate due to van der Waals forces can lead to the 

formation of macrovoids and an increase in pore size, 

enhancing membrane permeability. Conversely, smaller 

particles can occupy the spaces between larger ones, 

promoting a more interconnected pore network (Adam et al. 

2020, Zhu et al. 2024). 

In particular, increasing the zeolite content (0 to 3 wt %)  

  

(1) Surface images (2) Cross sectional images 

Fig. 1 SEM micrographs of the: a: 0 wt%, b: 0,5 wt%, c: 1 wt%, d: 2 wt% and e: 3 wt% PSf/Z membranes 
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Fig. 2 TGA curves of pure Zeolite, neat PSf and PSf/Z 

membranes 
 

 

in the casting solution, results in the formation of larger 

macrovoids and an increase in pore size (Liu et al. 2014) 

speculated that the higher zeolite content easily penetrated 

the coagulation bath due to its high affinity for water as a 

pore forming agent, resulting in the formation of additional 

surface pores and finger-like pores in the cross-section.  

The interfacial incompatibility between the zeolite 

nanoparticles and the polymer, was verified by infrared 

analysis, as well as the brittleness and the aggregation of the 

particles. According to (Dorosti et al. 2011) the main factor 

contributing to this structural phenomenon can be attributed 

to the limited interactions between the polymers and the 

zeolite, coupled with the incongruence between the organic 

and inorganic properties of the polymer and the zeolite. 

 
3.2 TGA analysis 
 
The thermal stability of pure PSf, PSf/Z membranes and 

zeolite powder was investigated by TGA analysis between 

25 °C and 700 °C, and the results are shown in Fig. 2. 

The TGA curve of the pure PSf membrane (PSf/Z 0%) 

shows that polysulfone is a thermally stable polymer, that 

degrades at elevated temperatures with a single degradation 

step starting at 445.72°C, and continuing up to a 

temperature of 519.66°C, which means that the polymer 

decomposes with a weight loss of 65%. This resistance is 

attributed to the aromatic rings in the PSf chain, which 

together with the sulfone group incorporated in a conjugated 

system, provide a significant degree of stabilization. 

The thermogram of pure zeolite shows that there is no 

degradation, which is likely to occur above 500°C. The 

mass loss observed around 100°C corresponds to the 

evaporation of residual water in the zeolite. The strong 

indication of water loss occurring between 40°C and 100°C 

during the heating processes is related to the desorption of 

water from the surface of the grains of the powder sample. 

However, TGA data of hybrid PSf/Z membranes show that 

zeolite has an effect on membrane degradation, with the 

incorporation of zeolite at different compositions inducing a 

three-stage degradation of the membrane, compared to the 

one-stage degradation observed in pure PSf.  

The initial weight loss around 100 and 200°C was 

attributed to the desorption of water or solvent molecules 

previously adsorbed by the zeolite nanoparticles, which 

accounted for less than 5%. Stage 2, observed in the range 

of about 200°C to 270°C, mainly in PSf/Z 2% and 3% 

membranes, was attributed to the thermal rearrangement of 

the synthesized membrane as reported in (Samanta et al. 

2023). The third phase, a rapid loss of material, was 

attributed to the decomposition of the PSf. The results 

showed that the (PSf/Z 0.5%) membrane started to lose 

weight at around 500°C slightly more than the pure PSf 

membrane.  

On the other hand, (PSf/Z 1%, 2% and 3%) showed a 

decrease in the thermal stability of the membranes, as 

evidenced by the lower polymer decomposition temperatures 

compared to the (PSf/Z 0%) sample. The PSf/Z 3% 

membrane showed the lowest thermal stability, corresponding 

to the lowest decomposition temperature. 

Furthermore, the residual masses remain consistently 

high for all membranes, depending on the zeolite content in 

each of the composite membranes ranging from 44% to 

64%, higher than PSf/Z 0% (35.03%). 

This indicates that the mass loss in these membranes is 

not complete, which is attributed to the presence of stable 

benzene rings. The decrease in thermal stability observed in 

the membranes produced in this study highlights the weak 

interfacial interaction between the PSf polymer and the 

zeolite particles. 

 
3.3 Hydrophilicity, porosity and pore Size 
 
To investigate the effect of the incorporation of zeolite 

nanoparticles on the hydrophilicity of PSf, the contact angle 

with water was measured for the (PSf/Z 0%) and (PSf/Z 

3%) membranes, as shown in Fig. 3(a). The results indicate 

an outstanding improvement in hydrophilicity when zeolite 

nanoparticles are incorporated, as evidenced by the 15° 

decrease in contact angle from 69.6° for pure PSf to 53.3° 

for (PSf/Z 3%).  

This increase in membrane hydrophilicity is related to 

the inherent hydrophilic nature of zeolite, as reported in 

several studies. The effect of the zeolite inclusion on the 

membrane porosity was investigated using the gravimetric 

method, and the corresponding values are shown in Fig. 

3(b). The results show a significant increase in porosity 

with increasing zeolite content in the polymer solutions. At 

lower zeolite concentrations (0.5% and 1%), the membrane 

porosity increases to 41% and 46%, respectively, compared 

to the pure PSf membrane (30%). At higher zeolite 

concentrations (2% and 3%), the membrane porosity 

reaches 70% and 85% respectively, more than doubling the 

porosity of the pure PSf membrane. 

The mean pore radius, which indicates the pore size of 

the different developed membranes, was also determined 

and shown in Fig. 3(c). The pore radius of the pure PSf 

membrane was around 5 nm and increased with the 

incorporation of the nanoparticles.  The results show an 

increase in the pore size of the PSf/Z membranes, ranging 

from 5 to 22 nm, corresponding to an increase in zeolite  
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concentration from 0.5% to 3%. The increase in porosity 
and pore size could be attributed to the hydrophilic 

properties of the zeolite embedded in the membrane, which 
facilitates solvent-nonsolvent exchange during phase 
inversion. This process results in a more porous structure 
compared to the pure PSf membrane, as shown in the SEM 
images (Fig. 1). 

 

3.4 Water flux and permeability 
 
Fig. 4 shows the water flux performance of the pure PSf 

membrane and hybrid nanocomposite membranes with 

different zeolite concentrations, as a function of trans- 

membrane pressure in the range of 0.6 - 4 bar. The process 

has the advantage of operating at low pressures, resulting in 

reduced energy consumption. 

It can be seen that the pure PSf membrane (PSf/Z 0%) 

has a low Pure water flux of (0.89 L m-2 h-1 at 0.6 bar). 

However, all the hybrid membranes showed an improved 

PWF compared to the pure PSf membrane, with the flux 

increasing with the zeolite content. The 0.5% and 1% PSf/Z 

 

 

 

membrane samples showed a slightly higher water flux than 

the (PSf/Z 0%) membrane.  

On the other hand, the water flux shows a significant 

increase with the addition of 2% and 3% of zeolite 

nanoparticles in the membrane matrix. At 0.6 bar, the PWF 

increased from 7.5 to 100.9 L m-2 h-1, when the zeolite 

concentration was increased from 0.5 to 3 wt%. Based on 

the contact angle and SEM results, the observed increase in 

water flux was attributed to the increase in zeolite content 

up to a concentration of 3% zeolite in the membranes. This 

membrane permeation improvement can be attributed to the 

hydrophilic nature of zeolite, as its negatively charged 

aluminosilicate framework attracts water molecules through 

exchangeable cations and surface hydroxyl groups (Ng et 

al. 2008). Its porous structure also provides a large surface 

area, which further enhances its interaction with water.  

The results showed that the PWF of all the hybrid 

membranes increased linearly with increasing transmembrane 

pressure. This linear correlation between the flux and 

transmembrane pressure strongly suggests the applicability 

of Darcy’s law in this case (Benkhaya et al. 2023). The  

   
(a) Contact angle (b) porosity (c) pore size 

Fig. 3 Contact angle, porosity and pore size of the prepared membranes 

 
 

(a) Pure water flux (b) Membrane permeability 

Fig. 4 Pure water flux and permeability of the prepared membranes 
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water permeability of the prepared membranes as a function 

of the amount of zeolite, is also shown in Fig. 4. The results 

show that the inherent permeability of the pure PSf 

membrane is relatively low, but improves with the inclusion 

of zeolite at different percentages. The permeability of the 

membrane improves from 2.2 to 22.7 L m-² h-¹ bar-¹, as the 

zeolite nanoparticle content increases from 0 to 3 wt%.  

Apparently, the introduction of zeolite into the membrane 

matrix improves the hydraulic permeability by increasing 

the porosity and improving the surface hydrophilicity. In 

addition, the inclusion of a hydrophilic component in the 

membrane casting solution accelerates the exchange 

between solvent and non-solvent, which leads to an increase 

in pore size and subsequently improves the permeability of 

hybrid membranes (Liou et al. 2011). 

 
3.5 Dyes removal 
 
The efficiency of the composite membranes in removing 

methylene blue and orange G dyes is shown in Fig. 5. These 

selected dyes are used as templates for cationic and anionic 

dyes, respectively.  

The removal of these dyes consisted of passing them 

through the different prepared membranes, and their removal 

 

 

 

was quantified by measuring the rejection rates. To 

determine the concentration of the solutions before and after 

filtration, the absorbances of the colored solutions were 

measured under identical conditions. These values were 

then plotted on the calibration curve to determine 

graphically the concentration of the solution before and 

after filtration. The pure polysulfone membrane showed 

effective filtration of methylene blue dye due to its porous 

structure, which allows it to efficiently trap and remove the 

dye molecules from the solution. In addtion, the adsorption 

rate of methylene blue by the membranes increases with the 

percentage of zeolite. The Methylene Blue rejection rate is 

particularly high, ranging from 86% to 99.6% for all the 

solutions used, with the PSf/Z 3% membrane showing 

exceptional performance in terms of Methylene Blue 

rejection.  

This efficiency can be attributed to an electrostatic 

effect facilitated by the presence of zeolite. The negatively 

charged groups of zeolite, Si-O- and Al-O-, on its surface 

play an important role in adsorption by attracting the 

positive charge of methylene blue (Hamid and Ismail 2020).  

This results in ion exchange between the support (PSf/Z) 

and the solute (MB). As a result, a significant amount of 

well-dispersed zeolite in the PSf membrane matrix contributes  

 

Fig. 5 MB and OG dyes removal pourcentage by the prepared membranes 

 

Fig. 6 Pure water and MB solution fluxes of the PSf/ Z 3% membrane 
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Fig. 7 Flux recovery ratio of the prepared membranes for 

MB solution filtration 

 

 

Fig. 8 Reusability test for MB filtration by PSf/Z 3% 

membrane 
 

 

to the efficient removal of Methylene Blue from the filtered 

water.  

As confirmed by (Brar et al. 2001), there is a direct 

correlation between the SiO₂/Al₂O₃ ratio and particle size 

distribution, where higher ratios typically produce smaller 

zeolite particles with increased surface areas, thereby 

enhancing adsorption capacity. While smaller particles 

optimize surface area for adsorption, larger ones, despite 

their lower surface area, still contribute by offering 

additional adsorption sites, collectively influencing the 

overall adsorption performance. 

For Orange G rejection, the rejection rate decreases with 

increasing zeolite loading in the membrane matrix. The 

rejection rate for Orange G is relatively low, fluctuating 

between 46% and 14%. This divergence can be attributed to 

OG’s smaller molecular size and planar structure, which 

may facilitate its passage through the membrane pores, as 

well as its hydrophilic nature, which limits interaction with 

the hydrophobic polysulfone matrix. 

To evaluate the separation performance of the hybrid 

membrane (PSf/Z 3%), MB solution fluxes (MBF) were 

determined at pressures ranging from 0.6 to 4 bar, as shown 

in Fig. 6. The MBF values across the membrane 

corresponded closely to the respective PWF values. This 

alignment suggests that the membrane’s performance in 

filtering methylene blue is highly efficient and consistent 

with its pure water permeability. The close agreement 

between PWF and MBF indicates that the addition of 3% 

zeolite to the polysulfone matrix not only improves water 

flux but also maintains effective pore structure and surface 

properties for MB removal. This consistency demonstrates 

that the hydrophilicity and the porosity of the membrane, 

enhanced by the incorporation of zeolite, are effectively 

facilitate the transport of both water and methylene blue 

molecules across the membrane. It also suggests that the 

membrane’s fouling resistance and adsorption capabilities 

are well balanced, allowing for high flux rates without 

significant performance degradation due to dye adsorption. 

 

3.6 Antifouling study 
 

After washing the membrane and re-filtering with pure 

water, the results (Fig. 7) show that the pure PSf membrane, 

had a flux recovery ratio (FRR) of 67.05%, due to its 

hydrophobic nature. In contrast, the incorporation of zeolite 

into the PSf membrane significantly increased its 

hydrophilicity, resulting in an improved FRR of 86.81%. 

The increased hydrophilicity facilitates easier removal of 

foulants through simple hydraulic cleaning, highlighting the 

membrane’s excellent reversibility. Consequently, MB 

molecules were effectively washed off the membrane 

surface, resulting in good flux recovery.  

This occurs because hydrophilic surfaces attract water 

molecules, forming a hydration layer that acts as a barrier 

between the membrane surface and potential foulants, 

thereby reducing the tendency of foulants to adhere strongly 

of the membrane surface (Zhang et al. 2016, Yang et al. 

2019). 

 
3.7 Reusability of the membrane 

 

A study was carried out to evaluate the reusability of the 

PSf/ Z 3% composite membrane used, and the findings are 

illustrated in Fig. 8. The membrane provided a relatively 

stable removal pourcentage of MB solution. The rejection 

pourcentage, with small decreases mainly in the first 2 

hours of filtration, showed that the MB removal rate 

remained consistently above 98% even after undergoing 

eight filtration cycles.  

These results confirm the efficient reusability of the 

PSf/Zeolite composite membranes and demonstrate their 

ability to maintain a high rejection rate over multiple cycles 

of use. The rejection rate of methylene blue (MB) using the 

(PSf/Z 3%) membrane increases with increasing filtration 

cycles, probably due to the concentration polarization layer 

observed had a flux recovery ratio (FRR) of 67.05%, due to 

its hydrophobic nature.  

In contrast, the incorporation of zeolite into the PSf 

membrane significantly increased its hydrophilicity, resulting 

in an improved FRR of 86.81%. The increased hydro- 

philicity facilitates easier removal of foulants through 

simple hydraulic cleaning, highlighting the membrane’s 

excellent reversibility.  
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Consequently, MB molecules were effectively washed 

off the membrane surface, resultiong in good flux recovery.  

This occurs because hydrophilic surfaces attract water 

molecules, forming a hydration layer that acts as a barrier    

between the membrane surface and potential foulants, 

thereby reducing the tendency of foulants to adhere strongly 

of the membrane surface (Zhang et al. 2016). 

 

 
4. Conclusions 
 

In this study, polysulfone/zeolite-Y membranes with 

different loading (0.5, 1, 2 and 3%) were efficiently 

developed using a simple phase inversion method to 

evaluate their efficiency in removing dyes from aqueous 

solution. The incorporation of hydrophilic nanofillers led to 

significant changes in the morphology and chemical 

properties of the membranes.  

In addition, the presence of zeolite strongly affects the 

pore size, porosity, and hydrophilicity of the composite 

membrane. The pore size of PSf/Z gradually increased from 

3 to 22 nm. The hydrophilicity of the membrane was 

improved by the addition of nano-Y, with a loading of 3 

wt% nano-Y giving a contact angle of 54.3°. MB was 

successfully rejected by PSf/Z 3% ultrafiltration membranes 

with higher flux and rejection of about 149 L m-2 h-1 and 

99.6% respectively. In contrast, the rejection rate of Orange 

G decreased with increasing zeolite content, can be 

attributed to the anionic nature and weaker binding affinty 

to the zeolite due to limited ion-exchange interactions. 

Furthermore, OG’s hydrophilic properties and smaller 

molecular size likely reduce its intercation with the 

hydrophobic polysulfone matrix, resulting in lower overall 

removal effenciency. 

Alternatively, by incorporating an optimal amount of 

zeolite, 3 wt%, the membrane’s hydrophilicity is enhanced, 

thereby improving both permeate water flux (PWF) and dye 

rejection efficiency and resistance to fouling (FRR%) 

compared to neat PSf membranes. These results are 

promising and the approach used can be extended to other 

additives. 
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