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Abstract 

Hemodialysis is a common treatment method for chronic renal failure, where the dope composition and spinning parameters significantly 

influence the hemodialysis hollow fiber (HDHF) membrane characteristics and separation performance. This study investigates the 

performance and characteristics of HDHF membranes due to planned variations of dope composition and spinning parameters. The 

membranes were prepared on a semi-pilot scale experimental set-up. All fibers were characterized using scanning electron microscopy, 

atomic force microscopy, porosity and pore size assessment, mechanical properties, zeta potential, and performance evaluation. The fibers 

exhibited a double-layer finger-like structure with thickness between 208 and 264 μm and pure water flux ranging from 3 to 22 L/m2.h.bar. 

Membranes prepared from polyethersulfone showed the lowest roughness (16nm) and the highest break stress and exhibited low flux values 

classifying them as low-flux hemodialysis membranes. In contrast, those made from polysulfone demonstrated higher flux values which are 

suitable for high-flux hemodialysis applications. Protein adsorption and platelet adhesion results were similar to those of commercial 

hemodialysis membranes. It is important to note that the thicker walls of the HDHF membranes did not negatively impact their 

characteristics and performance. The study offers insights into optimal conditions for fabricating HDHF membranes across various flux 

classes.  

Keywords: hollow fiber membranes; hemodialysis; Polysulfone; Polyethersulfone; characteristics; performance 

  

1. Introduction 

Hemodialysis is a blood purifying treatment that removes toxins and extra water from the blood, as well as regulates 

blood electrolytes [1,2].  During dialysis, a patient's blood is pumped from an artery to a dialysis machine and then back to a 

vein in a closed continuous circuit. In the machine, the blood enters a hollow fiber dialyzer, provided with fibers of small 

pores. On the other side of these fibers flows counter currently a dialysate formed of acetate- or bicarbonate-based solution 

[3]. In standard dialysis treatment, water and solutes migrate according to concentration and pressure gradients as blood 

passes through the dialyzer [4]. The purified blood is then returned back to the patient. 

Uremic retention compounds are classified into three categories: small solutes with upper molecular weight limit of 500 

Daltons, middle molecules ranging from 500 to 60,000 Daltons, and protein-bound toxins. Compounds comprising the first 

category possess a high degree of water solubility and minor protein binding. The second category is highly synonymous 

with peptides and proteins that accumulate in uremia [5]. Small molecules can be removed by any dialysis membrane 

through diffusion, while middle molecules can be removed by dialyzer membranes by convection [2].  The final category 

has high affinity for binding with other uremic toxics. Protein-bound uremic toxins are associated with increased 

cardiovascular and mortality risks; however, their elimination is difficult during hemodialysis [6]. Dialyzers must therefore 

be able to remove a significant amount of middle-molecule-sized uremic toxins, while loss of vital proteins such as albumin 

must be restricted [7]. 

The hemodialysis hollow fiber (HDHF) membrane should be of high selectivity and hemocompatibility [8]. Essential 

characteristics governing the effectiveness of HDHF membrane include the morphology of the cross section and surface of 

membranes, elemental composition, surface roughness, hydrophilicity and mechanical characteristics. HD membrane should 

be of high hydrophilicity, high porosity, low surface roughness, decreased negative surface charge, high mechanical 

strength, and stability. 

The dry-wet phase inversion process is the most often studied technique for creating HDHF. Crucial spinning parameters 

have been provided in several publications [9–13]. These include the dope composition and its effect on viscosity, spinneret 

 



 S. R. Tewfik et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 68, No. 10 (2025) 

 

 

130 

dimensions, bore flow rate versus dope flow rate, bore fluid composition, drawing speed, air gap distance and temperatures 

of coagulation, block, and washing baths. 

Dope composition and spinning parameters have a strong effect on hemodialysis membrane characteristics, thus 

morphology, mechanical properties and separation performance could be tailored by variation of these parameters during the 

spinning process. To improve performance, several studies have also investigated post-treatments such as heating in hot 

water and air [9], and hypochlorite treatment for the fabricated fibers[14,15]. 

Fabrication of HF membranes for commercial hemodialysis dialyzers and/or for use in research, many polymers with 

different molecular weights are being employed such as polysulfone (PS), polyethersulfone (PES) and sulfonated PES [16]. 

Solvents such as dimethyl acetamide (DMAc) and N-Methyl-2-pyrrolidone (NMP) are most commonly used for HDHF. 

Several additives are added to the dope to provide specific characteristics. Some researchers have employed polyvinyl 

pyrrolidone (PVP) and/or polyethylene glycol (PEG) to increase hydrophilicity and act as a pore former [8–11,16–21]. 

The effect of PVP as dope additive was previously studied by Yang et al.[13]  The surface roughness of both the inner 

and outer surfaces is influenced by the PVP content in PES/PVP membranes. The molecular weight cut-offs MWCOs of 

PES/PVP HF membranes appear to be most suitable for use in hemodialysis when heat-treated at 150℃ in air. Using PVP 

90K has reduced the contact angle (CA) and improved the hydrophilicity of PES membranes. Additionally, the HF 

membranes' smooth, hydrophilic, and negatively charged inner surface, spun with PVP-360K as the additive, produces the 

highest hemofiltration performance with the least amount of protein adsorption and the greatest amount of Bovine serum 

albumin (BSA) retention. The majority of unblended PVP may be effectively removed from the membrane matrix using the 

NaOCl bleaching procedure, thus reducing the risk of PVP entering the body and preventing its buildup in internal organs. 

The main objective of this work is to investigate the performance and characteristics of HDHF due to planned variations 

of dope composition and spinning parameters. Emphasis has also been placed on the dependence of related transport 

properties on wall thickness and surface roughness as compared to commercial HDHF membranes. Fibers morphology, 

composition, surface roughness and other variables have been evaluated and compared. Performance represented by pure 

water permeability, urea and creatinine rejection and protein adsorption have been measured and analyzed. 

 

2. Experimental  

2.1. Materials  

Polyethersulfone (PES) flakes (Ultrason E6020 D; MW 50,000 g/L) and polysulfone (PS) pellets also supplied from 

(BASF, Germany) were used as the base polymers. Nmethyl-2-pyrrolidone (NMP) and dimethylacetamide (DMAc) 

supplied from Carl-Roth and Merck, respectively were used as solvents. Poly(vinyl pyrrolidone) (PVP) from Sigma-Aldrich 

and polyethylene glycol (PEG) from Merck were used as additives. Reverse osmosis (RO) water was used in the bore fluid, 

coagulation and washing bath media. Glycerol 99% and formaldehyde solution have been purchased from Fisher Scientific 

and Biochem, respectively. Urea and creatinine were purchased from El-Nasr Pharmaceutical Chemicals Co. and Alpha 

Chemicals Co. respectively. Bovine serum albumin (BSA) for protein adsorption experiments was purchased from Sigma 

Aldrich. Glutaraldehyde solution 50% was purchased from Alpha Chemica and phosphate buffered saline (PBS) was 

purchased from Biowest. These were used for the platelet adhesion test, where platelet-rich plasma (PRP) was prepared in 

the Clinical Pathology Laboratory at the National Research Centre from freshly withdrawn human blood from volunteers, as 

mentioned in details in section 2.3.4. 

 

2.2. Fabrication and characterization of HDHF membranes  

2.2.1. HDHF Membranes Fabrication 

 

Experiments for HDHF membranes fabrication have been conducted by dry-wet phase inversion method to form 

integrally skinned asymmetric membranes. These experiments enable the identification of optimum conditions for various 

parameters including dope and bore composition and spinning parameters. Experiments were undertaken on the semi-pilot 

spinning line. Detailed experimental set-up and procedure are described elsewhere. [22] The solvent is fed into the agitated 

jacketed reactor heated to 60-80oC. The polymers adopted were PS or PES which have been vacuum-dried for 8-10 hours 

and were gradually added to the solvent until complete dissolution. Since these polymers are hydrophobic, additives such as 

PVP or PEG, were added to improve hydrophilicity in addition to being pore formers. After complete homogenization of the 

dope by thorough mixing for 48 hours at least, the dope is pumped to pass through the block containing spinnerets with 

inner and outer diameters of 110 µm and 1000 µm, respectively. 

The block temperature is controlled by a heat exchanger. Simultaneously the bore fluid which is RO or a mixture of 

water and solvent (NMP) is pressurized through the spinneret’s needles at a specified flow ratio to the dope. The semi-

formed fibers from the spinnerets fall through an adjusted air gap distance into the coagulation bath (RO water). The fibers 

from the coagulation bath pass through adjustable tension units to two consecutive RO water baths (average temperatures 

18-25 oC) and are then directed to a reel winder. 

Spun fibers were washed for two days in RO water followed by post treatment by immersion in aqueous glycerol for 1 

hour then stored in formalin. Table 1 depicts the dope compositions, corresponding viscosities, and the main operating 

conditions of selected samples from several experiments conducted within the scope of this work. Every sample was 

prepared repeatedly for 2-5 times for reproducibility. 
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Table 1: Selected dope composition and main spinning conditions* 

Sample code A B C D 

Polymer PS PS PS PES 

Additives PVP PEG PVP PVP 

Solvent NMP NMP DMAc NMP 

Viscosity (cP) 4,250 3,500 3,075 20,600 

Bore fluid RO:NMP RO:NMP RO:NMP RO 

Air gap (cm) 10 25 25 15 

*PS: polysulfone, PES: polyethersulfone, PVP: polyvinylpyrrolidone, PEG: polyethylene glycol, NMP: N-Methyl-2-

pyrrolidone, DMAc: Dimethylacetamide, RO reverse osmosis purified water 

2.2.2. HDHF Membranes Characterization  

Membrane characteristics, such as morphology, roughness, mechanical properties and porosity and parameters defining 

the interaction of membranes with species in feed solutions, such as hydrophilicity, surface charge and zeta potential may be 

used to categorize factors affecting the membrane's performance [23–25] The following characteristics have been 

determined for fabricated HDHF samples. For all characterization techniques, a minimum of 5 fibers were studied with 

several measurements for each sample and their average values were calculated. 

 

Morphology 

The morphology of the HDHF membranes was studied through Scanning electron microscope (SEM) images were 

obtained using JEOL SEM 6000 Neoscope desktop. HDHF samples were cut using a sharp razor, gold-sputtered, and then 

fixed on the sample stage using carbon double-faced tape [26–29] Morphological structures of HFDF, inside and outside 

diameter, as well as, wall thickness were determined.  

 

Surface roughness 

HDHF membranes surface roughness was analyzed using 1.5 micron resolution TT-atomic force microscope (AFM), 

equipped with a video optical microscope with up to 400X zoom. A one-cm-long fiber sample was fixed using a double-

faced tape on the magnetic plate of the AFM apparatus. Vibrating scan mode was used for testing a scan area of 5µm×5µm. 

Roughness parameters were calculated using “Gwyddion” software [26–29].  

 

Mechanical properties 

Mechanical properties of HDHF samples were studied using a benchtop tensile testing machine, Tinius Olsen H5kS, 

equipped with a 5N load cell. Testing was undertaken at 50 mm/min speed and a gauge length of 100 mm [26–29]. Tensile 

strength, elongation at break and fibers’ Young’s modulus were measured.  

 

Porosity 

The porosity of the fibers was measured using the gravimetric method according to the procedure described previously 

[12] by measuring the weight of the liquid entrapped within the membrane pores. The overall porosity of the fiber 

membrane (ε) was calculated using the following formula [22,26,30] : 

 

𝜀(%) =
(𝑊2−𝑊1)

𝐷𝑘
(𝑤2−𝑤1)

𝐷𝑘
+

𝑤2

𝐷𝑝𝑜𝑙

 𝑋 100                                                                                                                                               (1) 

where w1 is the weight of the dry membrane, w2 the weight of the wet membrane, Dk is the density of kerosene oil (0.82 

g/cm3), Dpol is the density of polymer composite (PES and PS) (1.336 g/cm3).  

Water contact angle (CA) 

The hydrophilicity of the fibers was evaluated by measuring their contact angles. The water contact angle (CA) of the HF 

membrane was measured on an Attention Theta optical contact angle instrument (KSV Instruments Ltd) through a digital 

video image of the water drop of 5 μL volume on the dried surface of the hollow fiber at 25°C. [26–29]. All the samples 

were tested at five different positions and the final results presented are an average of the measured values. 

 

BET analysis 

Mean pore size and Brunauer-Emmett-Teller (BET) surface area for the prepared HDHF membrane samples were 

determined using the pore size distribution analyzer Belsorp Max apparatus (MicrotracBel. Corp.). Adsorptive nitrogen was 

used at 77 K. The Vacuum degree before the measurement was 6.95E-4 Pa and the standard vapor pressure was 108 kPa 

[26,28,29]. 

 

Zeta potential 

The surface charges of the HDHF membranes were measured on SurPASS electrokinetic analyzer (Anton-Paar GmbH, 

Austria) [26,31]. Samples were cut by a razor, and then fixed to the sample holder using double-sided glue to be completely 

covered with flattened fibers. The channel height was 110 ± 5 μm. Liquid KCl (10 mM) was used as an electrolyte solution. 

The pH value of the solution was adjusted between 3-and 8.5 using an automatic titrator. The zeta potential was then 

calculated from the obtained streaming potential using the Helmholtz-Smoluchowski equation [32]:  

𝜁 =
𝜂𝐾𝐵

𝜀0𝜀𝑟
(

𝑑𝐸𝑧

∆𝑝
)                                                                                                                                                                          (1) 
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Where ζ is the zeta potentia (V), η is the viscosity (Pa·s), KB is the conductivity of electrolyte solution (S/m), ∆p is the trans-

membrane pressure (bar), εo is the permittivity (C/(V·m)), εr is the permittivity (C/(V·m)), and dEz is the electrical potential 

drop (V). 

2.3. Performance Evaluation 

2.3.1. Pure Water Permeability (PWP) 

Performance tests were conducted using an apparatus for permeability testing: Hyflux Evaluation System. The schematic 

flow sheet is represented in Fig. 1. utilizing in/out mode. 

 
Fig. 1. Schematic flow sheet of Hyflux system, where: 1. Feed/retentate reservoir, 2. Feed pump, 3. Pressure gauge, 4. 

Membrane glass module, 5. Valve, 6. Permeate collector 

 

 

𝑃𝑊𝑃 =  
𝑉

𝐴.𝑡.Δp  
                                                                                                                                                      (3) 

Where: PWP is the pure water permeability rate (Lm-2h-1), V is the permeation volume of water (L), A is the effective 

membrane area (m2) and t is the sampling time (h), and Δp is the trans-membrane pressure (bar). 

2.3.2. Sieving Coefficient 

Urea and creatinine were used to represent small toxins in the blood. All separation experiments were performed using 

the apparatus illustrated in Fig. 1. under constant transmembrane pressure (TMP) at room temperature. Solutions containing 

urea (300-1000 ppm) and creatinine (60-150 ppm) were prepared. All solutions were prepared in 0.9% sodium chloride 

saline solution. Permeate samples were collected after 30 minutes from the beginning of the operation, to ensure stability, 

then hourly up to 3 hours [26]. The concentrations of urea and creatinine were analyzed using ultraviolet–visible (UV-Vis) 

spectrophotometry. The sieving coefficient is calculated from equation (4).  

𝑆𝐶 =
𝐶𝑝

𝐶𝑓
                                                                                                                                                                                (4) 

Where SC is the sieving coefficient Cf and Cp are the feed and permeate concentrations respectively                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

2.3.3. Protein Adsorption 

Albumin adsorption experiments were performed in static mode according to Santos et al. 2019 [33]. Fibers of each 

sample (100 mg) were cut into a length of approximately 1 cm. The fibers were rinsed in 0.9% NaCl solution for 1 day. The 

fibers were then filtered and immersed in 200 mL of BSA solution (4 g/L). Adsorption experiments were conducted at 37 °C 

under shaking for 2 h.  

The amount of albumin adsorbed, in mg of albumin per mg of HF membrane, was determined according to equation (5) 

  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
(𝑚𝑖−𝑚𝑓)

𝑚𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
                                                                                                                                        (5) 

 where mi is the initial quantity of albumin in solution, mf is the quantity of albumin in solution after the time of contact with 

the membrane and mmembrane is the quantity of membrane packed in glass tubes. 

2.3.4. Platelet Adhesion 

Platelet adhesion studies were performed using platelet-rich plasma (PRP) according to published work [34–36]. 

Platelet-rich plasma was prepared in the Clinical Pathology Laboratory in the Medical Research Institute at the National 

Research Centre from freshly withdrawn blood samples (10 ml) from two volunteers. Informed consent was obtained from 

all volunteers. 

All experiments have been performed in accordance with relevant guidelines and regulations prevailing ethical and 

medicolegal framework governing the use of human blood from volunteers. The Medical Research Ethics Committee in the 

National Research Centre has approved this work (Approval no. 13410224) where the relevant Egyptian laws and the 

Egyptian Drug Authority (EDA), Ministry of Health and Population (MOHP) and Institutional Animal Care and Use 

Committee (IACUC) decrees, guidelines and recommendations were adopted and followed during the conduction of this 

research.  
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Eight fibers (1.5 cm) were opened longitudinally and immersed in a phosphate buffer saline (PBS) solution for 1 hour 

at 37°C. After that, the solution was removed and 1 ml of fresh PRP was introduced to the membrane. The membrane was 

then incubated with PRP at 37°C for 2 hours. This was then followed by PRP decantation, and the membrane was rinsed 

with PBS and treated with 2.5 wt. % glutaraldehyde in saline for 2 days at 4°C. It was then washed with PBS solution and 

subjected to a drying process through a series of graded alcohol-saline solutions. The dried membrane was examined using 

SEM to compare the number of adhering platelets. 

3. Results and Discussion 

 

3.1. HDHF Membranes Morphology 

3.1.1. SEM 

The SEM images of the prepared HDHF samples (A, B, C, and D) have been obtained and presented in Fig. 2. 

illustrating i) cross-section of the fibers and      ii) wall thickness of the fibers. As shown in Fig. 2, the fiber cross section is a 

well-formed circular/slightly oval lumen that exhibits an asymmetric structure. Cross-sectional images as illustrated reveal 

that HDHF samples are composed of a thin and dense skin layer and two finger-like porous structures with a spongy layer in 

between. The skin layer is responsible for permeating and retaining solutes, whereas the porous bulk acts as a mechanical 

support.  

It was demonstrated that the assessed dope compositions and spinning parameters affected both pore structure and fiber 

diameters. Sample C showed the most regular porous structure with an inner spongy skin layer which was prepared using 

DMAc as solvent. A higher thickness intermediate layer appeared for sample B with lower inner and outer skin layer 

thickness. Both finger-like layers appeared longer in case of sample D prepared using PES as the main polymer.  

Table 2 depicts the change in fiber dimensions obtained from SEM images. Sample B showed the lowest wall thickness 

among the studied membranes, while sample D showed the highest thickness. Also, a lower air gap resulted in increased 

membrane thickness for PS samples as appeared in sample A compared to samples B and C. 

 

Table 2: Dimensions of the prepared HDHF samples 

Property A B C D 

ID (µm) 342 284 252 477 

OD (µm) 800 701 679 972 

Thickness (µm) 248 208 213 264 

 
Fig. 2. SEM images of HDHF samples 

 

 
i) 

 
ii) 

A 

 
i) 

 
ii) 

B 

 
i) 

 
ii) 

C 

 
i) 

 
ii) 

D 
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3.1.2. AFM 

 The AFM images of the prepared HDHF samples are presented in Fig. 3. The average surface roughness values (Ra) for 

samples A, B, C and D are 47, 31, 24 and 16 nm, respectively. It was observed that membrane prepared using PES as base 

polymer (sample D) provides the lowest surface roughness when compared to membranes prepared from PS polymer. On 

the other hand, results showed that using PVP instead of PEG as dope additive at higher air gap resulted in reduced 

roughness. 

It was reported that higher surface roughness results in increased protein adsorption and platelet adhesion which 

decreases membrane hemocompatibility [37,38]. Moreover, Increased surface roughness resulted in an increase in the shear 

stress experienced by red blood cells close to the membrane surface, which can lead to hemolysis [38]. 

 
Fig. 3. AFM images of HDHF samples 

 

 Previously published work revealed that Lee and Hong reported surface roughness similar to our findings for PES/PVP 

flat sheet membranes. They also reported Ra varying between 29 and 45 nm depending upon the composition [39]. Also, 

Mansur et el., (2016) [19] reported mean surface roughness varying between 7.5 and 36 nm with increasing air gap distance 

from 3 to 100 cm. Also, for PES/PVP HF. Barzin et el. (2004) [9] reported outer surface roughness of 12.6 nm which 

decreased to 6 nm upon heat treatment for PES/PVP HF Membrane. Values as low as 3.55 for the inner surface have been 

reported by Verma et el.2018 [40]. 

Surface roughness of HF membranes is a critical factor in their performance for hemodialysis. It primarily affects the 

interaction of the membrane with blood and dialysate. Smoother surfaces reduce clotting and hence thrombosis [41]. Also, 

fouling sites increase with increased roughness leading to blood cells damage (biofouling) [42]. In addition, less turbulence 

is induced on smoother surfaces. Generally, in hemodialysis, the ideal membrane surface should be smooth enough to ensure 

biocompatibility and prevent fouling but tailored for optimal filtration and mechanical properties [43]. Accordingly, it can 

be deduced from our work that sample D, with the smoothest surface, is the most suitable for hemodialysis from roughness 

point of view. 

It is worth mentioning that using PES increased the dope viscosity dramatically as compared to PS, which resulted in 

much lower surface roughness as shown in Sample D in Fig. 4. 

 
Fig. 4. Surface roughness of the prepared HDHF samples 

3.1.3. Membranes Hydrophilicity 

The surface contact angle of the prepared HDHF samples ranged from 68.3-75.6°, indicating hydrophilic surfaces, which 

is very similar to that reported by Mansur et al. [19]. It is worth mentioning that hydrophilicity is one of the most important 

parameters for HD membranes. It improves the permeability and biocompatibility of the membrane by inhibiting the 

adhesion of proteins or platelets[39]. As depicted in Fig. 5., DMAc gave the lowest porosity for the same sample C as 

compared to samples with NMP as solvent. 

  
A B 

  
C D 
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Fig. 5. Average porosities of the prepared HDHF samples 

3.2. HDHF Membranes Porosities 

The porosities of the prepared HDHF samples determined by the gravimetric method are in the range of 66-80% which is 

close to the range of 60-70% reported by Mansur et al. [19]. Said et al. (2017) [20] reported porosities for PS/PVP HF of 

17.6 to 46% for air gap 3 to 50 cm which are much lower than our results. However, An et al. [44] prepared PVDF/PVDF-g- 

PACMO HF for hemodialysis. Their investigations deduced porosities similar to our results in the range of 67-89% 

depending on the PVDF to PVDF-g-PACMO ratio. This porosity range is preferred for hemodialysis membrane for 

enhanced toxins removal [45]. 

 

3.3. HDHF Membranes Mechanical Properties 

 Dialysis membranes should have good mechanical properties [2]. The mechanical properties were evaluated to indicate 

mechanical stability during processing and use [46] and they are presented in Table 3. High thickness finger- like supporting 

layer resulted in improved mechanical stability for prepared membranes. It is noticed that the lowest mechanical properties 

were obtained for sample C in which the solvent was DMAc. While sample A showed the highest tensile modulus at 188 

MPa and sample B showed the highest break strain at 47.5%.  Also, using PES (sample D) resulted in good mechanical 

properties as compared to samples A and B prepared from PS showing the most favourable mechanical properties in our 

work due to its high tensile stress, acceptable modulus and strain which will provide a mechanically stable membrane. 

Increasing air gap from 10 to 25 resulted in decreased break stress and break strain which may be attributed to decreased 

membrane thickness. It is clear that PEG as an additive (Sample B) increased the break strain, as shown in Table 3 when 

compared to other samples where the additive was PVP. DMAc as solvent gave the lowest mechanical properties in Sample 

C as compared to NMP in the three other samples. 

 

HFHD mechanical properties are an indication of the membranes’ reliability and durability during their lifetime [47,48]. 

High tensile stress is essential for preventing the fibers from breakage during dialysis process due to pressures and blood 

flow as well as ensuring ease of handling during assembly of dialysis modules [2,49] . Also, elongation at break permits the 

fibers to elongate without failure or breakage. At the end, good mechanical properties are crucial for patients’ safety to 

evade membrane failure during operation [46,50].  

 

Table 3: Mechanical properties of the prepared HDHF samples 

 A B C D 

Break stress (MPa) 6.7 5.47 3.1 7 

Break strain (%) 31.4 47.5 19.7 38 

Young’s modulus (MPa) 188 150 78.2 170 

 

3.4. BET results 

 

The measured mean pore diameter, BET surface area and total pore volume for selected samples (B and C) are listed in 

Table 4. It is apparent that there is a minor increase in the pore size from 5.03 to 6.87 nm between B and C membranes, 

corresponding to the change of solvent. These results are confirmed by the porosity range (65-78%). In addition, the 

presence of finger-like pores and the formation of sponge-like structure in SEM images of samples B and C confirm the 

minor change in pore size. These results are in agreement with reported dialysis hollow fiber membrane pore radii ranging 

between 2 and 10 nm according to Vienken J [51]. Typically, a high flux dialysis membrane mean pore size is in the range 

of 5–10 nm [52]. 

 

Table 4: Mean pore diameter, BET surface area and total pore volume of HDHF samples 

Sample Mean pore diameter (nm) BET surface area (m2/g) Total pore volume (cm3/g) 

B 5.03 41.9 5.27E-2 

C 6.87 86.5 0.1476 
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3.5. Zeta Potential 

 

Zeta potential charts for selected samples (B and C) are presented in Fig. 6. It is clear that sample B (prepared using 

PEG) reveals higher negativity than sample C. The latter showed a stable charge over the pH range studied. Low surface 

charge results in decreased protein adsorption and thus higher hemocompatibility [53] . 

Thus, sample B is considered more suitable for hemodialysis application. However, tested membranes showed 

acceptable surface charge based on commercial membranes characteristics [54].  

 

 
Fig. 6. Zeta potential for HDHF samples 

 

Hemodialysis membranes have to be negatively charged to prevent adhesion of negatively charged protein blood and 

blood coagulation. The current trend in HD membrane development is to create near-zero charged surfaces to minimize any 

possible electrostatic interaction with human serum proteins or other molecules whose adsorption can provoke further 

cascade reactions and related undesired consequences [55]. 

 

3.6. Performance Analysis 

 

3.6.1. Pure Water Permeability 

The pure water flux experiments were conducted using Hyflux apparatus utilizing in/out mode. Results are presented in 

Fig. 7. It is clear that sample (B) reveals the highest L/m2.h.bar among the PS membranes which is in agreement with the 

range obtained from ASAHI PSF commercial membranes (27-31 L/m2.h.bar) (see Supplementary Table S1) in which typical 

characteristics of some commercial membranes are compiled and presented for completion. The results are also supported 

by the zeta potential results, where sample B processes the highest negativity. The water flux of the PES-prepared HDHF 

sample (sample D) is much lower than those reported by commercial companies such as Fresenius, Toray and Nipro which 

range between 8-59 L/m2.h.bar. 

The two main categories of dialysis membranes available today are low and high flux. High-flux membranes can be 

classified into three main categories: (i) standard high-flux membranes that are currently in widespread use; (ii) expanded 

range membranes, which can remove middle molecules with a higher molecular weight than standard high-flux membranes 

with negligible albumin loss; and (iii) protein-leaking membranes, which can also remove an expanded range of middle 

molecules with a higher molecular weight without the need for an external substitution fluid infusion, but with a 

considerable loss of albumin.[56]. Moreover, it is clear that for the PS samples, the PWP increases with increasing the air 

gap. This is in agreement with the work of Said et al. [20] who demonstrated that for an increase in air gap from 3 to 50 cm, 

there was a corresponding increase of PWP from about 8 to 28 l/m2h. Sample D where the base polymer is PES performed 

differently. 

 
Fig.7. Effect of air gap on PWP for PS/PES HDHF samples 



ASSESSMENT OF CHARACTERISTICS AND PERFORMANCE OF FABRICATED POLYSULFONE AND …… 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 68, No. 10 (2025) 

 

 

137 

3.6.2. Sieving Coefficient 

As shown in Table 5, sample A showed the highest sieving coefficient values for both urea (MW 62 Da) and creatinine 

at TMP 0.5 bar.  Sample D also had acceptable values of urea and creatinine sieving coefficients under the same TMP. In 

other words, both samples can eliminate low molecular weight toxins and achieve the desired sieving coefficient, as the 

small toxins sieving coefficients for commercial hemodialysis membranes approach unity.  On the other hand, sample B had 

the lowest value of the urea sieving coefficient at TMP 3 bar. Also, this sample could operate on ultrafiltration mode only at 

the aforementioned high working TMP.   These results agree with previously published results reported by Lee et al. and 

Said et al. [39,57]. Thus, samples A and D are considered the best samples for urea and creatinine separation. 

Table 5: Urea and creatinine sieving coefficients 

Sample Code 
Urea Creatinine  

1st hr 2nd hr 1st hr 2nd hr 

A 0.924 0.995 0.94 1 

B 0.73 0.9 Not Tested 

D 0.91 0.97 0.88 0.93 

  

3.6.3. Protein Adsorption 

Protein adsorption results, presented in Table 6, showed that sample D exhibited the highest value of 1.2 mg BSA/mg. 

Meanwhile, sample B showed the lowest protein adsorption value of 0.2 mg BSA/mg of the membrane. Thus, sample B is 

considered more suitable regarding protein adsorption. These results illustrated comparable protein adsorption to 

commercially available HD membranes PES (Baxter) and PS (Fresenius) having protein adsorption of 0.41 mg/mg and 0.20 

mg/mg, respectively [33].  

Table 6: Protein adsorption on HF membrane surface 

Sample Code Protein adsorption mg BSA/mg  

A 0.8 

B 0.2 

D 1.2 

 

3.6.4. Platelet adhesion 

 

Static platelet adhesion experiments were performed for samples A and D based on promising separation performance 

results. SEM images of adhered platelets are shown in Fig. 8. It was observed that the number of platelets adhered to the 

inner membrane surface was clearly lower for sample D. The results indicate that sample D is less susceptible to thrombus 

formation, as platelet adhesion is an important factor for thrombus formation and coagulation, indicating higher 

biocompatibility. 

 
Fig. 8. SEM images for platelet adhesion for samples A and D 

Performance results indicate comparable performance of the prepared HDHF membranes to commercial HDHF 

membranes having smaller wall thickness. 

4. Conclusions    

Adjustment of hemodialysis membrane characteristics is crucial for hemodialysis patients. In this work, planned 

variations in both dope composition and spinning parameters were studied to investigate their effect on membrane 

characteristics and separation performance.   The results indicated that using polyethersulfone (PES) significantly increased 

dope viscosity compared to polysulfone (PS), leading to much lower surface roughness and decreased platelet adhesion. The 

addition of polyethylene glycol (PEG) improved the break strain compared to other additives. Additionally, when dimethyl 

  
Sample A Sample D 
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acetamide (DMAc) was used as a solvent, the membranes exhibited the lowest porosity and mechanical properties compared 

to membranes made with N-methyl-2-pyrrolidone (NMP). An increased air gap resulted in higher pure water permeability 

(PWP) for PS samples. The average surface roughness values (Ra) for the fabricated membranes ranged from 16 to 47 nm, 

where the lowest roughness was attributed to using the PES. The water contact angle varied between 68° and 76° and the 

porosity varied between 60% and 80%. The tested membranes displayed a low negatively charged surface, which is 

favorable for hemodialysis application. Pure water permeability was in the range of 3 to 22 L/m²·h·bar, aligning with 

different flux classes. Moreover, the protein adsorption and platelet adhesion to the membrane surface conformed to the 

typical characteristics of commercially standard types. It was concluded that thicker walls of the hemodialysis (HDHF) 

membranes did not adversely affect their characteristics and performance. This study provides insights into the optimal 

conditions for fabricating HDHF membranes across various flux classes. To further enhance the understanding and 

development of HDHF membranes, a comprehensive investigation of spinning conditions and dope compositions under a 

wider range of conditions should be systematically conducted. 
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