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•	 PSf/Fe2O3 mixed matrix HFMs are prepared via the dry-wet 
spinning technique

•	 DER and air gap influence the HFMs’ morphology and liquid 
separation performance

•	 Ideal morphology for hemodialysis is obtained at the optimum 
DER and air gap

•	 Desired permeability and selectivity are achieved at the 
optimum DER and air gap
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1. Introduction

End-stage renal patients depend on hemodialysis treatment for their day-
to-day well-being [1–3]. The treatment ensures intoxicated blood is purified 

before returning to the human blood circulatory system. The method of blood 
purification utilizes semi-permeable membranes in order to mimic the function 
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Membrane fabrication aspects include the membrane formulation and composition, the operating parameter, and the proper condition during membrane spinning which affect the 
membrane morphology. In this study, mixed matrix hollow fiber membranes (HFMs) which are composed of polysulfone (PSf) and iron oxide nanoparticles, Fe2O3, were developed 
with the focus on investigating the effects of dope extrusion rate (DER) and air gap on the morphological properties and the liquid separation performance of the mixed matrix HFMs 
for hemodialysis application. The mixed matrix HFMs were fabricated via dry-wet spinning technique at various DER (1.0, 1.5, 2.0, and 2.5 mL/min) and air gaps (10, 30, 40, 50, and 
60 cm), followed by the morphological characterization and the permeation study of the mixed matrix HFMs. At the DER of 1.0 mL/min and the air gap of 50 cm, the mixed matrix 
HFMs displayed the most ideal morphology. Furthermore, the mixed matrix HFMs attained the pure water permeability of 70.84 Lm-2h-1bar1, the bovine serum albumin rejection of 
98.2%, and the optimum molecular sieving profile. The effects of DER and air gap heightened the morphological properties and the liquid separation performance of PSf/Fe2O3 mixed 
matrix HFMs for hemodialysis application

http://www.msrjournal.com/article_699978.html
http://www.msrjournal.com/article_43282.html
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of the kidney for the removal of uremic toxin molecules. This principle includes 

simple diffusion, dialysis, convection, and ultrafiltration [4,5]. Blood passes 

through a module filled with the hollow fiber membrane (HFM) in one 

direction while the dialysate, i.e., the mixture of pure water, electrolyte, and 

salts pass through in the opposite direction of the blood flow [6]. The difference 

in flow between blood and the dialysate creates a counter-current flow gradient 
that enables the separation process to happen [7].  

The success of the hemodialysis treatment majorly depends on the HFM 

in removing uremic toxins molecules and retaining essential proteins in blood 
[8]. The preparation of HFM specifically designed for specific applications is 

a complex process. In membrane separation, the morphology of the membrane 

plays important role in achieving high flux and excellent solute removal. 
Normally, the fabrication technique would contribute to the tailoring of the 

morphology and the effect is a lot more prominent for hollow fiber 

configuration. Besides, the fabrication of the HFMs involves more complex 
controlling parameters such as length of the air gap, bore fluid composition, 

and dope extrusion rate (DER) as compared to flat sheet membranes [9,10].  

 In the past decades, many studies investigated the influence of various 
controlling parameters in the spinning process [11,12]. The process starts when 

the polymer is extruded out of a channel in a spinneret orifice, where the shear 

stress that has been induced within the spinneret dramatically affects the 
molecular orientation and the relaxation of the polymer across the nascent HFM 

[13]. In a study by Korminouri [14], air gaps played a crucial part in tailoring 

membrane morphology to improve the membrane separation performance. An 
air gap, which determines the time taken before a dope solution reaches the 

coagulation bath affects the polymer molecular orientations and molecular 
relaxation. It also induces the strain outside the spinneret caused by the gravity 

and the spin line stress which made the kinetics and the dynamics of phase 

inversion processes complicated [15]. 
Moreover, the effect of DER has also been investigated by many 

researchers [11,16,17]. DER is believed to affect shear stress during the 

fabrication of HFMs, where it was found to change the degree of molecular 
orientation which majorly affects the formation of the membrane skin layer 

[17]. This phenomenon resulted in the alteration of membrane morphology and 

eventually affected membrane separation performance.  
Nevertheless, the influence of varying the air gap on the mixed matrix 

HFM morphological properties and liquid separation performance, as reported 

in previous studies showed contradicting results. No study has deeply 
investigated the effect of different air gaps in the context of hemodialysis 

membranes. Furthermore, previous studies regarding the effect of DER on 

membrane morphology and separation performance were mostly revolving 
around the neat membrane only and contradicting among different polymer 

materials. Thus, the data recovered based on only the neat membrane 

composition of any particular material can be misleading when it comes to 
developing a nanocomposite membrane. The addition of nanoparticles in the 

membrane was proven to change the rheological properties of the dope solution 

due to their interaction with the polymer [18–20]. The size of nanofillers and 
their distribution in the membrane matrix can also affect the membrane 

properties.  

Nanoparticles based on metal and metal oxide have been employed in 
many membrane separation processes to offer their hydrophilic property and 

high surface area for better membrane pore interconnectivity with increased 

porosity. Iron oxide nanoparticle, Fe2O3, is an example of a metal oxide having 
the ideal attributes, i.e., biocompatible and low toxicity, to be incorporated in 

hemodialysis membranes [21]. 

In our previous work, we investigated the influence of air gap on the 
morphology of the neat polysulfone (PSf) membrane [22]. We successfully 

showed that a higher air gap significantly influences the permeability of the 

membrane. However, the addition of nanofillers in a dope solution could have 
changed the rheological properties of the solution and thus affect the sheer rate 

during the phase inversion process. Hence, this work aims to investigate the 

effects of different DERs and air gaps on the morphological properties and the 
toxin removal performance of PSf mixed matrix HFMs incorporated with 

Fe2O3. The outcomes of this study include a better understanding of the impact 

of DER and air gap in tailoring the morphological structure of PSf/Fe2O3 mixed 
matrix HFMs and how these two parameters would affect the membrane 

performance. Finally, the most suitable DER and air gap for the ideal 

morphology of the PSf/Fe2O3 hemodialysis membrane could be determined. 
 

 

2 Experimental 

 
2.1 Materials 
 

PSf polymer (69.5 kDa) was obtained from Solvay Advanced Polymers 
(Malaysia), polyvinylpyrrolidone (PVP, 360,000 g/mol), and citric acid 

(192.12 g/mol) were supplied from Sigma Aldrich and were used as additives 

and surfactant, Fe2O3 were obtained from Nova Scientific and were used as 

nanofillers (size= 20 nm). N-methyl-2-pyrrolidone (NMP, 98%) was used as 

the solvent, and glycerol (92.1 g/mol) was used for membrane post-treatment, 

both chemicals obtained from Merck. 

Poly(methyl methacrylate) (PMMA) tube was used as the membrane 

module housing together with the Loctite E-30CL Hysol® as the epoxy glue. 
Urea, creatinine, homocysteine, lysozyme, and bovine serum albumin (BSA) 

were supplied by Sigma Aldrich.  

 
2.2 Fabrication of PSf/ Fe2O3 mixed matrix HFMs 

 

The dope solution which comprises 18 weight percent (wt%) PSf, 4.8 wt% 

PVP, 0.1 wt% Fe2O3, and 2 wt% citric acid in NMP was prepared. The dry-wet 
spinning technique was used to fabricate the mixed matrix HFMs. The dope 

solution, pressured by N2, was channeled into a spinneret with the outer 

diameter (OD)/inner diameter (ID) of 0.8/0.4 mm by a gear pump. The 
temperature of the bore fluid (reverse osmosis water) and the coagulation bath 

(tap water) was maintained at 25 °C. The DER and the bore fluid flow rate ratio 

was maintained at 1:1. During the spinning process, the DER was varied at 1.0 
mL/min (D1), 1.5 mL/min (D2), 2,0 mL/min (D3) and 2.5 mL/min (D4), while 

maintaining 10 cm air gap between the spinneret and the water surface. After 

obtaining the optimum DER, the air gap was varied at 10 cm, 30 cm, 40 cm, 50 
cm, and 60 cm, and the fabricated membranes were labeled as A10, A30, A40, 

A50, and A60, respectively. The membrane fibers were collected at the rate of 

10 m/min. The spun membranes were immersed in 10 wt% glycerol solution 
for 48 hours. 

 
2.3 Mixed matrix HFM characterization 

 

The outer surfaces and cross-sections of all membranes were examined 

using scanning electron microscopy (SEM, Hitachi Table Top TM3000). 

Before the analysis, the prepared mixed matrix HFMs samples were sputter-
coated with gold. Besides, the membrane surface wettability was evaluated 

using a contact angle goniometer (Krüss Gambult, Germany). In addition, the 

porosity and the pore size of the mixed matrix HFMs were measured by the 
dry-wet weighing method and the filtration velocity method, respectively [23]. 

The membrane fibers (10 pieces x 5 cm) were equilibrated in water for 240 

mins before they were dried. The membrane porosity, ε was calculated using 

Eq. (1): 
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where ε is the membrane porosity (%), Wwet is the mass of the wet membrane, 

Wdry is the mass of the dry membrane, V is the membrane volume and ρw is the 

water density. The average pore radius, r (m) was calculated using Eq. (2): 
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where η represents the water viscosity at 25 °C, l represents the membrane 
thickness (m), Q represents the volume of the permeate water per unit time 

(m3/s), A represents the effective surface area of the membrane (m2) and 𝛥P 
represents the operating pressure (Pa). From the r-value, the diameter of the 

pores was determined. 

 
2.4 Crossflow ultrafiltration (UF) experiments 

 

The membrane separation features were assessed in terms of PWP and 

albumin rejection using a crossflow UF system, as shown in Fig. 1. The 
membrane modules (25 cm x 1.3 cm) packed with 60-65 fibers of mixed matrix 

HFMs were prepared and before measurement, they were pressurized at the 
transmembrane pressure (TMP) of 1 bar for 30 min.  

 

 

 
 

Fig. 1. Experimental setup for the UF experiment. 
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2.4.1 Pure water permeability (PWP) and BSA rejection 

 

To determine the PWP, the membrane module was fed with water at the 

TMP of 0.7 bar, which was within the normal range of TMP during 

hemodialysis [24,25]. The PWP, Pw (Lm-2h-1bar-1) was evaluated using Eq. (3) 

[23]: 
 

w

V
P
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

 

  (3) 

 
where V represents the permeate volume (L), A represents the effective surface 

area (m2), Δt represents the permeation time (h) and ∆P represents the TMP. 
Next, the membrane module was fed with 500 ppm BSA solution at the TMP 

of 0.7 bar. The concentration of BSA in the feed and the permeate was 

determined using the UV-vis spectrophotometer (Hach, DR5000, Canada). The 
BSA rejection of the mixed matrix HFMs was then evaluated. 

 
2.4.2 Sieving coefficient (SC) 

 

The membrane SC was also determined using the crossflow UF setup. The 

following compounds were separately dissolved in reverse osmosis water with 

the initial concentration of 1500 ppm urea (60 Da), 100 ppm creatinine (112 
Da), 100 ppm homocysteine (135 Da), 400 ppm lysozyme (14 kDa) and 1000 

ppm BSA (67 kDa). The solutions were then fed into the membrane module at 

the TMP of 0.7 bar. The concentrations of homocysteine, lysozyme and BSA 
in their respective permeates were analyzed using the UV-vis 

spectrophotometer at the scanning wavelength of 180 nm, 280 nm, and 278 nm, 

respectively. In the case of urea and creatinine, their concentrations in permeate 
were detected using Quanti-ChromTM Urea Assay Kit and Quanti-ChromTM 

Creatinine Assay Kit, respectively. The SC was calculated using Eq. (4): 

 

p

f

C
SC

C


 (4) 

where Cp represents the compound concentration in permeate and Cf represents 

the compound concentration in the feed. SC=1 signifies that the compound 

freely passes through the membrane while SC=0 signifies that the membrane 

rejects the compound completely. 

 

 

3 Results and discussion 

 
3.1 Effect of DER on the membrane morphology 

 

In most cases, the formation of different membrane structures, i.e., porous 

and dense structures, depends on the rate of solvent/non-solvent exchange 

involved during the phase inversion process to form the membrane. The non-
solvent is represented by the bore fluid and the coagulation bath. A dense 

structure is formed by the rapid solvent/non-solvent exchange. The finger-like 

structure which is an example of a porous structure is the follow-through 
section coming from the dense structure due to the slightly delayed phase 

inversion. Another porous structure namely a sponge-like structure is formed 

at a much slower rate of solvent/non-solvent exchange. 
The cross-sectional images of PSf/Fe2O3 mixed matrix HFMs spun at 

different DER are displayed in Fig. 2. Except for membrane D4, all membranes 

have asymmetrical structures with a dense selective layer and a porous 
sublayer. The long finger-like structure was created from the membranes’ inner 

side, while the sponge-like structure spanned towards the outer side of the 

membranes. The most obvious effect of DER was shown by the thickness of 
the membrane's outermost layer. At higher DER, the sponge layer became 

thicker and denser. Upon extruding through the spinneret, the polymer chains 

aligned themselves closer at higher DER which has led to a more compact 
sponge-like structure [26]. 

 

 

 

 

 
 

Fig. 2. The SEM images of membrane D1, membrane D2, membrane D3, and membrane D4: (i) cross-sectional images at 1000x magnification, (ii) outer region of the cross-sectional 

images at 4000x magnification, (iii) inner region of the cross-sectional images at 4000x magnification, (iv) surface images at 1000x magnification. 



N. Said et al. / Journal of Membrane Science and Research 9 (2023) 1972553 

 

4 

 
 

On the other hand, the inner skin layer of the membranes possessed a dense 

structure regardless of the DER used. Water as the bore fluid has rendered fast 

polymer precipitation that took place during the spinning process. The SEM 

images of membrane D4 show the formation of an irregular sandwich-like 

structure. The rheological properties of the dope solution caused stress created 

from the rapid solvent exchange [17]. This morphology is not suitable for 
hemodialysis as the membrane would cause a more severe protein entrapment 

inside the polymer matrix which can render the decrease in membrane transport 

properties due to irreversible fouling. 
At the outer surface, the membrane structure appeared to be denser at faster 

DER up to 2.0 mL/min. The pore size became smaller as the DER increased 

due to the stronger force acted on the membrane structure. However, the pore 
at the outer surface of membrane D4 was the biggest. Due to the reduced 

residence time as the result of faster DER, the evaporation of solvent to the air 

was limited. This allowed the complete phase inversion of the membrane outer 
surface to occur inside the external coagulation bath. The demixing between 

solvent and water created larger pores at the outer surfaces of the membrane as 

compared to the membranes exposed towards longer evaporation-induced 
phase inversion process.  

The dimensional changes of the membrane spun at different DER are 

shown in Table 1. The changes in the volume of dope solution extruded from 
the spinneret per unit of time have changed the dimension of the membrane. 

Both OD and ID of the membrane were increased with the increasing DER. 

Besides that, the membrane wall was also significantly thickened with 
increasing DER. According to Peng et al. [17], this phenomenon happened due 

to the “Barus effect”, where the polymer stream was compressed into the 
spinneret and then partially recovered to the former shape once extruded out of 

the spinneret. 

 

 
Table 1 

Dimensional changes of PSf/Fe2O3 mixed matrix HFMs at different DERs. 

 

DER (mL/min) OD (µm) ID (µm) OD/ID Ratio 
Wall Thickness 

(µm) 

1.0 420 300 1.40 60 

1.5 550 410 1.34 70 

2.0 620 420 1.48 100 

2.5 890 490 1.82 200 

 

 

Based on the morphology of the membranes as the result of manipulating 

the DER, it can be deduced that the lower DER was more suitable to fabricate 
a small dimension HFM. In this study, the lowest DER used was 1.0 mL/min. 

The dimension of the membrane was comparable to that of commercial 

hemodialysis membranes [27]. A smaller membrane may provide a larger 
surface area for more efficient separation and a thinner wall could minimize the 

resistance for mass transfer. 

 
 

 

 

 

 
 

Fig. 3. The SEM cross-sectional images of membrane A10, membrane A30, membrane A40, membrane A50, and membrane A60: (i) cross-sectional images at 150x magnification, (ii) 

cross-sectional images at 1000x magnification, (iii) inner region of the cross-sectional images at 4000x magnification.  
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3.2 Effect of air gap on the membrane morphology 
 

SEM images of PSf/Fe2O3 mixed matrix HFMs spun at the air gap from 10 

to 60 cm are shown in Fig. 3. Excluding membrane A10, the membranes have 
an asymmetric structure. Membrane A10 showed a sandwich-like structure, 

made up of two dense layers and two rows of finger-like structures, one with a 

longer and bigger void than the other. At a lower air gap (< 30 cm), the solvent-
moisture exchange did not happen at the membrane's outer surface since the 

residence time in the air (dry spinning) was brief. Instead, the inner and outer 

sides of the membrane instantaneously solidified. The prompt precipitation at 
both sides of the membrane produced the two dense selective layers with an 

array of finger-like structures each. 
Nevertheless, membranes spun at the air gap 30 to 60 cm possessed one 

array of finger-like structures and a sponge-like structure at the membranes’ 

outermost region due to the evaporation of NMP during the dry spinning. The 
dense selective layer was formed by the instantaneous solvent/non-solvent 

exchange at the innermost region [28]. The obtained morphologies fulfilled the 

membrane properties for hemodialysis, whereby the nano-sized pores at the 
membrane's inner surface could prevent clogging by large proteins [29]. 

Furthermore, the tiny pores at the selective layer can retain albumin while 

allowing uremic toxins to cross the membrane.  
From Fig. 3, the pore size at the membrane outer region increased with the 

increasing air gap. This was due to the moisture-induced phase inversion taking 

place at the membrane's outer surface at the higher air gap (> 30 cm). The 
longer the residence time in the air, the bigger the pore size. In a delayed phase 

inversion, the polymer may have more time to nucleate into larger pores. 

Sometimes, two or more pores converge to create one bigger pore. In 
hemodialysis, the large pore size can facilitate the movement of large uremic 

toxins across the membrane. 

In membrane separation processes, the dimension of a membrane, for 
instance, the wall thickness becomes one of the factors influencing the 

hydraulic permeability of the membrane [28]. A thicker membrane wall would 

increase the resistance toward the solutes and water molecules. The 
dimensional changes of the membranes spun at different air gaps are shown in 

Table 2. The air gap plays a very important role in tailoring the membrane 

dimension. Based on the measurement, both OD and ID of the membrane 
reduced with the increasing air gap. The larger air space after the dope solution 

extruded from spinneret and before the HFM reaches the external coagulation 

bath has exposed the membrane in its nascent state to external forces. The 
polymer molecular chain and the bore fluid experienced the thinning effect 

after both being pulled by gravitational force. However, the membrane wall 

became slightly thicker as the air gap was increased from 30 cm onwards after 
experiencing a significant reduce of thickness from 116 to 67 µm.  

 
Table 2 

Dimensional changes of PSf/Fe2O3 mixed matrix HFMs at different air gaps. 

 

Air gap 

(cm) 

OD 

(µm) 
ID (µm) OD/ID ratio 

Wall thickness 

(µm) 

10 645 413 1.56 116 

30 482 348 1.39 67 

40 477 342 1.40 68 

50 474 334 1.42 70 

60 468 323 1.45 73 

 

3.2.1 PSf/Fe2O3 mixed matrix HFMs pore size and porosity 

 
The mixed matrix HFMs pore size and porosity are shown in Fig. 4. The 

membrane displayed a significant increase in average pore size with the 

increasing air gap. The higher the air gap, the longer the duration of 
gravitational pull imposed on the membrane, hence producing a membrane 

with bigger pores [10,14]. The polymer macromolecules also experienced 

swelling and relaxation from the beginning of the extrusion from the spinneret. 
The shifting of the macromolecule orientation in the membrane induced the 

formation of a larger average pore size.  

Meanwhile, the membrane prepared at a 50 cm air gap was the most 
porous, as shown in Fig. 4. Based on the line graph, there was a slight increase 

in the porosity from membrane A10 to membrane A30, and after that a 

substantial increment until membrane A50. The stronger elongation stress 
during spinning due to the higher air gap has pulled the polymer chains apart 

and subsequently created voids. Consequently, the membrane-free volume was 

increased. The increase in free volume allowed the bore fluid to easily penetrate 

the polymer matrix and eventually led to faster solvent-water exchange. Due to 

the rapid phase inversion, a longer and bigger finger-like structure was formed. 

On the contrary, the unfavorable change in the polymer orientation due to the 
weak force imposed on the membrane prepared at a lower air gap has caused a 

decrease in membrane porosity [30]. 

 

 
 

Fig. 4. Average pore size and porosity of PSf/Fe2O3 mixed matrix HFMs at different air 

gaps. 

 

 

3.2.2 Water contact angle analysis 
 

Surface hydrophilicity is an important feature for hemodialysis membranes 

to minimize protein adsorption, which is the first thing that initiates the 
inflammatory interactions between membrane and blood, hence leading to 

undesirable results. Fig. 5 shows the membranes’ hydrophilicity measured 

using a contact angle goniometer. The water contact angle revealed that the 
mixed matrix HFMs depicted a smaller contact angle with the increasing air 

gap. Membrane A60 exhibited the smallest contact angle which is 51.7°, 

showing significant hydrophilicity improvement compared to the membrane 
spun at the lowest air gap (membrane A10). The trend showing improved 

surface hydrophilicity with air gap was expected. The same effects that 

happened to the membrane morphology, i.e., changes in dimension, porosity, 
and pore size due to the increasing air gap have caused the membrane surface 

more permeable to water molecules [15]. 

 

 
 

Fig. 5. Contact angle of the PSf/ Fe2O3 mixed matrix HFMs at different air gaps. 

 

 

3.2.3 Results of PWP and BSA rejection 
 

The PWP and BSA rejection of membranes spun at different air gaps are 

shown in Fig. 6. Membrane A10 exhibited a very low PWP due to its dual-
selective layer morphology with tiny pores. Significant improvements in PWP 

were reported as the air gap was increased until the PWP achieved its highest 

value at 50 cm air gap (70.84 Lm-2h-1bar-1). The longer and larger finger-like 
structure of the membrane promoted the movement of water. On top of that, 

the increased porosity of the membranes fabricated at higher air gaps has 

improved the PWP by the membrane’s capacity to equilibrate more water 
molecules at one time. The improved PWP is a good indication, whereby the 

membrane possesses a better chance to remove middle molecular uremic toxins 
by convection. 
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Fig. 6. The PWP and BSA rejection of the PSf/ Fe2O3 mixed matrix HFMs at different air 

gaps. 

 

 
Meanwhile, all membranes achieved sufficient BSA rejection of greater 

than 90% to prevent albumin loss during hemodialysis treatment [31]. The tight 

arrangement of nanopores at the dense selective layer of the membrane has 
limited the passage of BSA molecules through the membranes. These findings 

proved that membrane separation characteristics could be affected by the 

changes in membrane morphology as the result of applying different air gaps. 
Moreover, it was found that the BSA rejection increased with the increasing 

PWP, most probably due to the improved routes for water molecules. At the 

same time, the large BSA molecules were left behind. Although the increasing 
hydrophilicity was not prominent, the interaction between the membrane 

surface and the hydrophobic BSA became weaker. 

Meanwhile, the decreasing performance of membrane A60 somehow 
corresponded to its morphology as discussed before. The formation of a thicker 

wall has now caused stronger resistance for water molecules to pass through 

the membrane. Moreover, the slight reduction of BSA rejection could be 
explained by the increased average pore size [20]. 

 
3.2.4 Sieving curve 

 

To achieve an excellent hemodialysis process, the membrane must 

selectively remove a wide range of uremic toxins while keeping the essential 

proteins in the blood. Fig. 7 presents the sieving curves of the PSf/Fe2O3 mixed 
matrix HFMs fabricated at various air gaps. Generally, the membranes spun at 

the higher air gap displayed a sharper sieving curve. Membrane A50 had the 

best SC values: 1 for urea (60 Da) and creatinine (112 Da); 0.94 for 
homocysteine (135 Da); 0.71 for lysozyme (14, 000 Da) and 0.03 for BSA (66, 

000 Da). The high SC value for lysozyme was an excellent indicator to attain a 

high removal of middle molecular toxins during hemodialysis [32]. Based on 
the finding, it can be suggested that the membrane fabricated at a 50 cm air gap 

possessed excellent selectivity for hemodialysis. 

 
 

4. Conclusion 

 

A systematic investigation on the influence of two spinning parameters 

which are DER and air gap towards PSf/Fe2O3 mixed matrix HFMs has been 

conducted. The major effects that have been investigated were the 
morphological properties and the liquid separation characteristics of the HFMs. 

Morphological results showed that an increase of DER during the membrane 

spinning process increased the dimension of the fiber along with the increase 
in thickness of the membrane wall. Approaching the DER of 2.5 mL/min, the 

membrane turned into an irregular sandwich-like structure. It appeared that the 

lowest DER (1.0 mL/min) produced the most suitable membrane morphology 
for hemodialysis. On the contrary, the increase in the air gap has reduced the 

dimension of the membrane. The membrane wall thickness was not differing 

much after reaching the air gap of 30 cm. The membrane's average pore size 
and porosity increased with the increasing air gap of up to 50 cm. In terms of 

surface hydrophilicity, the trend showed improved surface hydrophilicity with 

the increasing air gap. Based on the results of PWP, BSA rejection, and SC, the 

optimum air gap was determined to be 50 cm. In conclusion, the ideal 

morphology for the hemodialysis membrane was achieved in this study. 

 
 

 
 

Fig. 7. Sieving profiles of PSf/Fe2O3 mixed matrix HFMs. 
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