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Abstract Membrane separation processes are among the most important types of separation based on mass transfer
within a single phase. In these processes, the membrane, a thin layer that selectively separates components of a
liquid and controls mass transfer between phases, enables the separation of substances. Depending on the driving
force of the process and the size of the components, various membrane processes are defined, among which the
dialysis membrane process is one of the most significant and is primarily used in hemodialysis. Membranes are
classified into two groups, cellulose membranes and membranes made from synthetic polymers. Advances in
polymer chemistry have led to the development of membranes with specialized properties, necessitating an
overview of their classification and benefits. The development of high-performance and more efficient membranes,
such as those used in hemodiafiltration, has resulted in improved removal rates of uremic toxins. In addition, new
membranes with larger pores have been developed for specific therapies, allowing the removal of higher molecular
weight molecules, such as inflammatory mediators and immunoglobulin light chains, in conditions such as multiple
myeloma. Parameters including new permeability indices, hydrophilic or hydrophobic properties, adsorption
capacity, and electrical potential have been described for these membranes. Consequently, the structures of these
membranes have been studied to enhance waste removal efficiency, prevent the removal of beneficial blood
components, improve compatibility with the blood environment during hemodialysis, and enable faster separation
processes to reduce the duration of hemodialysis and minimize side effects.
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1. INTRODUCTION

Hemodialysis is a process in which blood is removed
from the patient’s body, filtered through an artificial
kidney, or dialyzer, to remove metabolic waste products
by passing through a membrane medium, and then
returned to the patient’s bloodstream. Porous
membranes separate the bloodstream from the dialysate
stream, removing uremic toxins from the blood, while
essential blood proteins and other blood components are
retained because of the membrane pore size [1]. Salts
and water are removed through semipermeable
membranes using various mass separation mechanisms,
including diffusion, convection, and adsorption [2].
Thomas Graham, known as the father of dialysis,
demonstrated that solutes could be removed from a fluid
containing colloids and crystalloids using the loop
dialyzers he developed [3]. At the same time, Adolf Fick
quantitatively investigated the diffusion process. The
first attempts to fabricate hemodialysis membranes were
made in 1913 by John Abel and his colleagues, who used
eight parallel collodion tubes, 8 mm in diameter and 40
cm in length [4]. Von Hess and McGuigan subsequently
created a pulsatile blood flow and a turbulent dialysate
flow to prevent coagulation and the formation of
stagnant layers. In 1924, George Haas was the first to
perform hemodialysis in humans, although none of his

patients survived. Haas produced a collodion dialyzer
1.2 m in length and 1.5-2.1 m2 in surface area. He was
also the first to use heparin as an anticoagulant and
Ringer’s solution as the dialysate [5]. Finally, in 1943,
the first hemodialysis machine to be used clinically was
developed by Kolff and Berk. This device consisted of a
cylinder rotating around its axis, around which cellulose
tubes were wound. Part of these tubes was immersed in
the dialysis fluid, and blood flowed through the tubes.
However, this device did not demonstrate significant
efficiency [6].

Initially, dialysis employed large plate dialyzers
made of cellulose membranes. Today, all dialyzers
worldwide contain hollow fiber membranes. These
changes have increased adaptability in clinical
applications and have been more economical [1].
Consequently, studies aimed at achieving higher
efficiency and reducing process time led to the
theoretical evaluation of the characteristics of an ideal
dialyzer in 1963, and the first capillary dialysis design
was proposed [7]. Hollow fibers revolutionized this field
by providing improved geometry and favorable
rheological properties of blood, as well as enhanced
solute mass transfer. In 1964, the Dow Chemical
Company introduced the first generation of hollow fiber
dialyzers made of cellulose triacetate. In 1968, the first

https://doi.org/10.30501/jamt.2026.540759.1337

Please cite this article as: Firouzmand, M., & Jabbari, A. (2026) Blood Gas Transport Through Hemodialysis Membranes: Current Advantages,
Challenges, and Future Perspectives. Journal of Advanced Materials and Technologies, Vol. 14, No. 4, 26-46. [in Persian].

2783-0829/© 2026 The Author(s). Published by MERC.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/legalcode)



https://doi.org/10.30501/jamt.2026.540759.1337
https://en.merc.ac.ir/
https://doi.org/10.30501/jamt.2021.??????.????
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
http://journals.merc.ac.ir/
http://www.jamt.ir/
mailto:Jabbari@irost.org
https://doi.org/10.30501/jamt.2026.540759.1337
https://www.jamt.ir/article_243067.html
https://orcid.org/0009-0000-0000-0000
https://orcid.org/0000-0000-0000-000

M. Firouzmand & A. Jabbari / Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 4, (Winter 2026), 26-46 27

hollow fiber dialyzer was used to treat patients with
kidney disease [8]. Hollow fiber dialyzers are currently
the only type of dialyzer in use because of their superior
advantages, including relatively low internal volume, an
improved surface area to volume ratio in the blood
compartment, resulting in a shorter diffusion path
length, low internal resistance, and high dialysis and
ultrafiltration efficiency [9]. Today, dialyzers are
composed of a bundle of hollow fibers, typically 8000
to 15000 fibers, creating a contact surface area of up to
2.5 m2 within a compact chamber.

Considering the above, it is evident that in various
types of hemodialysis machines, dialysis membranes are
among the most critical components, as they are
responsible for the primary process of separating and
eliminating waste products from the blood. Dialysis
membranes are classified based on their composition,
cellulosic or non-cellulosic, and their water
permeability, low-flux or high-flux. The evolution of
biomaterials and improvements in membrane
production technology have led to the development of
new membranes with specific properties, necessitating a
review of membrane classification. Innovative
production processes, such as polymer blending and
surface modification, have led to the consideration of
additional parameters, including permeability index,
hydrophilic-hydrophobic balance, adsorption capacity,
and electrical potential [10], [11], [12], [13], [14].
Several factors contribute to membrane manufacture,
and by adjusting process conditions and materials,
various membrane structures can be produced.
Therefore, to design and apply membranes for specific
applications, it is necessary to have a comprehensive
perspective on different membrane structures, formation
processes, and factors influencing membrane
morphology. In this study, the materials and
morphology of membranes, methods of their
manufacture and modification, and the properties
required for high efficiency are examined.

2. CHARACTERISTICS AND REQUIREMENTS

OF MEMBRANES
To ensure effective and safe blood transfer, together

with the desired therapeutic performance, dialysis
membranes must possess specific and appropriate
properties. The membrane material, morphology, and
the structure of the active separation layer are critical
factors. According to membrane transport theory, the
ideal characteristics of a dialysis membrane include the
following:

e The active separation layer should be as thin as
possible to maximize permeation flux.

e The membrane surface should be hydrophilic to
allow spontaneous wetting, thereby reducing
protein adsorption.

e A large membrane surface area and overall high
porosity are essential to achieve high hydraulic
permeability.

e A narrow pore size distribution in the separation
layer is required to ensure high selectivity.

e  The maximum pore size must be limited to prevent
the loss of important proteins such as albumin.

e Mechanical stability should be sufficient to
withstand stresses encountered during

manufacturing and purification. Beyond these
fundamental requirements, additional functional
characteristics contribute to optimal dialysis
treatment:

e The blood-contacting surface of the membrane
should exhibit minimal roughness to reduce
interactions with blood components.

e The membrane should contain both hydrophilic and
hydrophobic domains to enhance biocompatibility,
thereby minimizing blood component activation
and protein adsorption.

e The membrane should prevent the transfer of
cytokine-stimulating agents, such as endotoxins,
from the dialysis circuit into the bloodstream.

e Membrane design parameters, including internal
diameter, thickness, and fiber geometry, should be
optimized to maximize mass transfer efficiency.
Overall, the primary roles and requirements of

dialysis membranes are to separate toxins from the

blood, restore electrolyte balance, minimize the
activation of blood components to ensure
hemocompatibility, and maintain adequate thermal,
mechanical, and chemical stability to withstand
manufacturing, sterilization, and cleaning processes
without altering membrane performance [15].

2.1. Membrane Material

Hemodialysis membranes have continuously
evolved with the advancement of this technology. Many
of the physical and chemical properties of membranes,
including  surface charge, hydrophilicity and
hydrophobicity, adsorption and repulsion of various
components, strength, and mechanical structure, depend
on the membrane material. Dialysis membranes are
classified into three categories based on the materials
used for their manufacture:
1- regenerated and unmodified cellulose,
2- modified regenerated cellulose, and
3- synthetic polymers [15]

2.2. Membrane Morphology and Structure

Membrane morphology significantly influences
particle separation and permeability. Hemodialysis
membranes are classified as symmetric or asymmetric
based on their structure. Symmetric membranes exhibit
a uniform structure and pore size throughout the
membrane wall and are commonly found in cellulose-
based membranes such as Hemophane, as well as in
synthetic polymers including polyacrylonitrile, for
example AN69®ST, and polymethyl methacrylate.

In contrast, asymmetric membranes are primarily
composed of synthetic polymers and consist of a thin,
selective inner layer, typically 1 to 3 pm thick, where
separation occurs. The inner pores of asymmetric
membranes, such as PolyamixTM, are clearly visible
under scanning electron microscopy, while atomic force
microscopy reveals surface roughness. The smallest
pore radii are located in this inner layer, which prevents
protein penetration.

The structure of several commercial natural and
synthetic dialysis membranes is shown in Figure 3.
Scanning electron microscope images of the fibers, the
fiber wall, and magnified cross-sectional views of the
inner skin layer are presented. As observed in these
membrane structures, they exhibit varying degrees of
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configuration, ranging from symmetric, as in cellulose
fibers, to minimally asymmetric, sponge-like, and to
maximally asymmetric, finger-like.

3. SYNTHETIC MEMBRANES AND
POLYSULFONE-BASED MEMBRANES

Today, a wide range of polymers and polymer blends
are used in the manufacture of dialysis membranes, with
synthetic polymers being most commonly employed.
Most of these materials are inherently hydrophobic and
must be combined with hydrophilic polymers or
hydrophilic copolymers, such as polyvinylpyrrolidone
or methallyl sulfonate, to achieve an optimal balance
between hydrophilicity and hydrophobicity. Membranes
produced from hydrophobic—hydrophilic polymer
blends therefore constitute the dominant class of
polymer-based dialysis membranes.

3.1. PRODUCTION OF HOLLOW FIBER
DIALYSIS MEMBRANES

The production of hollow fiber membranes
represents a combination of scientific principles and
practical expertise. The continuous manufacturing
process of hollow fiber membranes can be divided into
six distinct steps: 1) preparation of the solution,
including polymer and pore-forming fluid, 2) hollow
fiber formation, 3) membrane deposition in a
coagulation bath followed by washing, 4) post-
treatment, including corrugation, fiber drying, and
surface modification, 5) membrane package production,
and 6) solvent and precipitant recovery. The membrane
production process, from membrane formation to
membrane package preparation, is schematically
illustrated in Figure 5. Different polymers and
processing routes are employed in the production of
dialysis membranes, enabling the fabrication of a wide
range of membranes with specific properties. At present,
diffusion-induced phase separation (DIPS) processes are
predominantly used, as they allow the combination of
polymers, control of pore size, and adjustment of
diffusion transport properties [1], [25].

Control of membrane pore size during production is
a critical determinant of membrane performance, as it
directly affects the pore size distribution and pore
density of the final product. Pore density is a major
factor governing hydraulic permeability, expressed as
the ultrafiltration coefficient (Kuf), as well as the
diffusion permeability of small solutes, represented by
the mass transfer coefficient at the product surface
(KOA). The average pore size and its size distribution
also influence Kuf and the sieving properties of the
membrane for different solutes [2].

Low-Flux and High-Flux Membranes
Dialysis membranes are classified into low-flux and
high-flux membranes, as shown in Figure 6. The
primary distinction between these two categories is the
ultrafiltration coefficient, which reflects the hydraulic
permeability of the membrane. Hydraulic permeability
represents the volume of fluid that can pass through the
membrane per unit surface area, time, and pressure.
Low-flux membranes exhibit water permeability values
of less than 1,300 L m2 h™* MPa!, whereas high-flux
membranes typically exhibit values greater than 1,200 L
m2 h' MPa™. This increase in hydraulic permeability
is achieved by enlarging the membrane pore size, which

consequently increases the nominal molecular weight
cut-off. Mass transfer through a membrane is primarily
governed by its nanostructure, and differences in
permeability are reflected in membrane permeation
behavior. The permeation properties of a dialysis
membrane depend on factors such as overall wall
thickness, thickness of the separating layer, porosity,
and tortuosity, which can be expressed in terms of
diffusion coefficients [15], [26].

A new generation of dialysis membranes, referred to
as medium cut-off (MCO) membranes, shown in Figure
6-(3), has demonstrated improved clearance of
intermediate-sized molecules. Examples of these
membranes include the Theranova 400 and Theranova
500 produced by Baxter. These membranes are capable
of effectively removing large intermediate molecules
with molecular weights of up to 45 kDa by diffusion. In
comparison, the MCO membranes shown in Figure 6,
parts (3) and (4), more effectively maintain [2-
microglobulin sieving properties and enhance the
clearance of other large solutes, while simultaneously
exhibiting a significant reduction in albumin
permeability [27].

4. TRANSPORT PHENOMENA IN HOLLOW
FIBER MEMBRANES

Various phenomena under standard hemodialysis
operating conditions impose limitations on structural
parameters. Reducing the inner diameter of the fibers
increases diffusive mass transfer by shortening the
diffusion path length. In addition, the inverse
relationship between channel width and shear rate under
steady flow conditions leads to a reduction in boundary
layer effects. Equation (1) describes the Hagen—
Poiseuille law governing the longitudinal, axial flow of
blood through a cylindrical channel, corresponding to
the inner lumen of a hollow fiber [28][29].

Q_b= AP/(8pl/(nr"4)) (1)

In this equation, Q_b denotes the blood flow rate, AP
represents the axial pressure drop, p is the blood
viscosity, 1 is the fiber length, and r is the radius of the
hollow fiber. The denominator of the equation
represents the flow resistance. An increase in flow
resistance results in a proportional increase in the axial,
arteriovenous pressure drop required to achieve a given
blood flow rate. The inverse relationship between flow
resistance and the fourth power of the fiber radius is a
key factor that limits the extent to which the inner
diameter of the fiber can be reduced [30].

4.1. Effect Of Pore Properties on Hydraulic Flux

Hydraulic flux, or water permeability, is a key factor
in dialysis membrane classification. Clinically, water
permeability is measured by the ultrafiltration
coefficient (K uf), derived from the relationship
between ultrafiltration rate (Q_f) and transmembrane
pressure (TMP) within a relevant clinical range. The
Hagen-Poiseuille law describes how membrane
structure relates to flux, assuming uniform, parallel
pores where flow is proportional to the fourth power of
pore radius at constant TMP. Therefore, average pore
size and pore density per unit area are the main
membrane factors affecting water flux, with pore size
having the greater effect.
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4.2. Effect Of Membrane Pore Characteristics on
Permeation

Solute removal rate (N) follows Fick’s law of
diffusion. Pore density significantly influences
permeation, as does membrane thickness. Higher solute
molecular weights face increasing pore size restrictions
that limit solute entry and diffusion. Additionally,
interactions such as membrane wettability and solute-
specific properties affect diffusion distances beyond
simple geometric factors. While membrane properties
are essential, blood and dialysate compartments also
contribute to solute removal. Engineering models
express permeation mass transfer through total mass
transfer resistance (ROR_ORO) and coefficient
(KOK_OKO), which relate inversely.

4.3. Effect Of Membrane Pore Properties on
Convective Transport

For larger solutes, for which diffusion becomes
limited, convective transport via solvent drag provides
an alternative mechanism for removal. However, the
formation of a secondary membrane, a protein layer
deposited on the membrane surface shortly after
exposure to blood, reduces the effective permeability.
This effect becomes more pronounced with increasing
solute molecular weight. Major plasma proteins, such as
albumin and immunoglobulins, predominantly compose
this layer.

5. FACTORS AFFECTING BLOOD GAS
EXCHANGE BY DIFFERENT MEMBRANES

Studies show that in microporous membrane in
oxygenators, the resistance of the membrane phase to
gas exchange is lower than that of the blood boundary
layer [43—46]. However, the resistance within the blood
boundary layer remains significant. A proven approach
to reducing this resistance involves the application of
secondary flow patterns tangential to the primary flow.
In this manner, in addition to diffusive transport,
convective mass transfer is induced, thereby enhancing
gas exchange. Control of the liquid flow rate can also be
an effective method for reducing blood-phase resistance
by influencing liquid velocity and the Reynolds number.
For example, increasing the blood flow rate decreases
the thickness of the boundary layer and consequently
increases the gas transfer rate within membrane
oxygenator modules. In addition, it facilitates more
rapid transport of oxygenated blood.

6. MULTIDIMENSIONAL CLASSIFICATION OF
DIALYSIS MEMBRANES

Dialysis membranes are classified based on multiple
parameters:

e Component Nature and Composition: Membranes
are cellulose-based (natural) or synthetic (e.g.,
polysulfone, polyethersulfone, polyacrylonitrile,
PMMA). Polymer blends in synthetic membranes
improve both biocompatibility and performance.

e Structure: Synthetic hollow fibers feature a porous
inner shell and a support structure, which can be
sponge-like  or  finger-like  depending on
manufacturing.

o Ultrafiltration Coefficient (K uf): Defined as
ultrafiltration rate per unit pressure gradient and
surface area (ml/h/mmHg/m?). Modern

classifications also incorporate solute removal
capability.

Molecular Weight Retention Rate (MWRO):
Indicates the molecular weight at which the
membrane’s sieving coefficient is 0.9, reflecting
solute sieving curve shape. Uniform pore size
distribution membranes aim to minimize gaps
between MWRO and molecular weight cut-off
(MWCO), with the latter near albumin’s molecular
weight, defining intermediate cut-off membranes.
Biocompatibility: Commonly assessed through
complement activation, thrombogenicity, contact
activation, and cytokine production.
Hydrophilicity: Membrane interactions with water
depend on material composition. Early synthetic
membranes were hydrophobic, but modifications
and new polymers have made membranes more
hydrophilic, enabling better solute removal through
combined diffusive and convective transport.
Surface Performance: The inner surface’s
properties affect blood interaction and can be
modified through biochemical and physical
methods.

Zeta Potential: Electrical potential at the
membrane-blood interface due to negative charges in
the membrane skin layer, influenced by
polymerization and membrane chemistry.
Thickness: Membrane thickness sets the diffusion
distance for solutes. Cellulose membranes were
originally about 15 pm thick, reduced to ~5 pm,
while synthetic membranes initially were 70-100
pm thick but are now thinner, often under 30 um,
with inner shell layers less than 1 pm.

Molecular Weight Cut-Off (MWCO): Defined as
the molecular weight at which the sieving coefficient
drops to 0.1, strongly affected by pore size
distribution and crucial for retaining albumin
permeability during dialysis.

Permeability Mass Transfer Coefficient (K _0): A
theoretical measure of membrane permeation
performance under ideal flow conditions, often
normalized to membrane area (K_0A), indicating the
membrane’s capacity for a given solute-dialysate
combination.

7. TECHNICAL CHALLENGES IN DIALYSIS
MEMBRANE DEVELOPMENT

Despite significant advances in technology and
research and development, numerous technical
challenges remain in the development of advanced
dialysis. One major challenge is improving the
performance of dialysis membranes to reduce
hemodialysis treatment time and frequency. Currently, a
typical hemodialysis session requires 3 to 5 hours, with
some patients requiring at least three sessions per week.
Shortening treatment time using conventional dialysis
membranes can lead to poor long-term outcomes,
including protein-energy malnutrition, amyloidosis, and
cardiovascular disease. To address this issue, one
strategy involves optimizing dialysis efficiency by
increasing flux  (>40 mL/h/mmHg)  without
compromising urea clearance (at least 60%). However,
Himmelfarb et al. [S0] reported that, despite increased
dialysis flux, all-cause and cardiovascular mortality in
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dialysis patients did not show a clear reduction.
Therefore, rather than simply reducing treatment
duration, the focus should be on improving dialysis
efficiency and patient outcomes. Both the chemical and
physical properties of dialysis membranes are critical
and should be optimized through surface modification to
enhance membrane biocompatibility. A biocompatible
membrane minimizes inflammatory responses during
treatment [27].

8. ADVANCES IN DIALYSIS MEMBRANE
DEVELOPMENT

Polysulfone and polyethersulfone are among the
most widely used materials in hemodialysis, with their
advantages well documented. However, proteins tend to
adsorb rapidly to the membrane surface upon contact
with blood. Surface modification, such as sulfonation or
carboxylation, can improve hydrophilicity and reduce
protein  adsorption. Studies have shown that
polyethersulfone can be sulfonated using sulfuric acid or
chlorosulfonic acid, minimizing albumin-induced
precipitation. Platelet adhesion tests indicate that the
activity of the modified membranes is greatly improved,
reflecting enhanced blood compatibility [49], [51], [52].
The surface wettability of hydrophobic membranes can
also be enhanced by blending with hydrophilic materials
such as polyvinylpyrrolidone (PVP) [53], [54] or
polyethylene glycol (PEG) [55]. Berzin et al. [54]
prepared two types of PES hollow fiber membranes for
hemodialysis by combining different PES-to-PVP
ratios, resulting in increased size and number of finger-
like pores and improved hydrophilicity. Zavada et al.
[56] demonstrated that modifying PES and polysulfone
membranes with PVP reduces protein adsorption and
stabilizes the removal of intermediate molecules,
membrane permeability, and filtration performance over
time.

Fabrication = of  nanocomposite = membranes
incorporating carbon-based nanoparticles, metal oxides,
or zeolites within the polymer matrix has enhanced
membrane performance. However, issues of cost,
affordability, and long-term stability have so far
prevented commercial adoption of nanoparticle-based
membranes [57]. Moody et al. [58] incorporated 2D
graphene oxide nanosheets into polyethersulfone
membranes and observed improved hydrophilicity,
biocompatibility, and separation performance.

Surface modification with heparin and the
hydrophilic polymer HydrolinkTM NV has also been
employed to enhance antithrombogenic and anti-seizure
properties [59]. Polyethyleneimine has been used
commercially to neutralize the inner surface of hollow
fiber membranes, as in the AN69-ST membrane
(Baxter), to improve biocompatibility and suppress
biological responses [60].

9. CONCLUSION

Polysulfones (PSF) have been employed in various
medical applications, including hemodialysis, and
represent a relatively recent class of materials
extensively studied for use in membrane oxygenators.
This material exhibits excellent properties, including
ease of fabrication, reasonable cost, and strong
chemical, thermal, and mechanical stability. Studies
have demonstrated that modified PSF membranes
provide high gas exchange efficiency and
biocompatibility, making them well-suited for
oxygenation applications. At the same time, the
increasing number of patients with kidney disease has
driven the development of advanced dialysis filters at
affordable costs. This paper reviews and examines gas
and mass transfer processes by analyzing commercial
hemodialysis filters and their technical aspects,
including the composition and structure of dialysis
membranes, design, and fabrication methods. The
interactions between fluid phases and membrane
barriers in dialysis were investigated, highlighting how
fluid properties, solute characteristics, and membrane
structure  collectively influence permeation and
separation. Next-generation membranes have improved
not only the efficiency and quality of blood filtration but
also patient outcomes, including quality of life and
survival rates. Establishing a unified classification for
dialysis membranes is complex, given their multi-
component nature; therefore, this article proposes a new,
multidimensional classification framework for dialysis
filters. Looking forward, emerging applications of
polysulfone membranes in blood oxygenation are
expected to drive further research, exploring novel
configurations for blood gas transfer, with operational
testing facilitating broader clinical and technical
applications.
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2. Scanning Force microscope (SFM)
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