;EL :EL ournal o
ﬁfﬁj JConipfosites Science

Article

The Influence of Activated Carbon Particle Size on the Properties
and Performance of Polysulfone Composite Membrane for
Protein Separation

Gunawan Setia Prihandana "*{J, Aisyah Dewi Muthi’ah !, Tutik Sriani > and Muslim Mahardika 3

check for
updates

Citation: Prihandana, G.S.; Muthi’ah,
A.D,; Sriani, T.; Mahardika, M. The
Influence of Activated Carbon Particle
Size on the Properties and
Performance of Polysulfone
Composite Membrane for Protein
Separation. J. Compos. Sci. 2024, 8, 483.
https:/ /doi.org/10.3390/jcs8110483

Academic Editors: Patricia Krawczak

and Ludwig Cardon

Received: 13 September 2024
Revised: 11 November 2024
Accepted: 16 November 2024
Published: 19 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Industrial Engineering, Faculty of Advanced Technology and Multidiscipline, Universitas
Airlangga, JL. Dr. Ir. H. Soekarno, Surabaya 60115, Indonesia; aisyahdm@ftmm.unair.ac.id

2 Department of Research and Development, PT. Global Meditek Utama—IITOYA, Sardonoharjo, Ngaglik,
Sleman, Yogyakarta 55581, Indonesia; tsriani@gmail.com

Department of Mechanical and Industrial Engineering, Faculty of Engineering, Universitas Gadjah Mada,
Jalan Grafika No. 2, Yogyakarta 55281, Indonesia; muslim_mahardika@ugm.ac.id

Correspondence: gunawan.prihandana@ftmm.unair.ac.id; Tel.: +62-881-0360-00830

Abstract: The superiorities provided by polymeric composite membranes in comparison to the
original membrane have generated increased attention, particularly in the field of protein separation
applications. This work involved the fabrication of polysulfone composite membranes using variable
loadings of activated carbon particle sizes, namely, 37 um, 74 um, 149 pm, and 297 pm. The
membranes were fabricated via the phase-inversion method, employing water as the coagulant. In
this study, the impact of the AC powder particle sizes on membrane morphology, water contact
angle, porosity, average pore size, molecular weight cutoff, pure water flux, and protein rejection
was examined. Different membrane morphologies and properties were achieved by incorporating a
variety of AC particle sizes. A porous membrane with the maximum pure water flux was generated
by the loading of finer AC particles. Concurrently, protein rejection is increasing as a result of the use
of AC particles as an infill in the composite membrane. In comparison to all fabricated membranes,
the AC filler with a particle size of 149 um exhibited the highest rejection of the lysozyme protein,
reaching up to 73.9%, with a relatively high water permeability of 33 LMH/Bar. In conclusion, this
investigation provides recommendations for the selection of AC particle sizes for protein separation

in conjunction with PSF ultrafiltration membranes.

Keywords: polysulfone; ultrafiltration; membranes; activated carbon; good health; protein separation;
clean water

1. Introduction

Ultrafiltration has emerged as a highly efficient technique in the field of separation
processes. The cheap investment cost and energy needs, combined with the high separation
efficiency, make it highly advantageous for a range of applications, such as food and
pharmaceutical processing, as well as the chemical products industry. High-purity proteins
have become indispensable raw materials in the food and medical treatment industries [1].
As a result, there has been a huge increase in the need for strong and effective techniques
for separating and purifying proteins. Various methods, such as membrane technology,
centrifugation, precipitation, sedimentation, electrophoresis, and chromatography, have
been created to obtain elevated degrees of protein purification [2-5]. Membrane technology
is considered an efficient method for protein treatment because of its high separation
efficiency. It preserves the structure, integrity, and efficacy of proteins while minimizing the
need for chemical usage [6]. The operational principle of separation membranes is impeding
molecules that exceed the size of the membrane pore. As a result, membranes of varying
pore sizes can separate molecules according to their molecular weight. Membrane filtration
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can be used in a wide range of separation situations by choosing membranes with suitable
pore diameters [7]. Ultrafiltration membranes are often effective for concentrating and
separating proteins because their pore sizes are large enough to prevent protein molecules
from passing through the membrane pores [8]. Membrane fouling, which involves the
adsorption of solute on the membrane surface and the blocking of pores, greatly decreases
the effectiveness of membrane separation [9]. Membranes are commonly produced using
polymers such as polysulfone, polyethersulfone, polyamide, polyethylene, polypropylene,
and polyvinyl fluoride. These polymers are chosen for their excellent mechanical, thermal,
and chemical resistance properties [10].

Polysulfone (PSF) possesses exceptional thermal stability, elevated mechanical strength,
and chemical resistance, rendering it an ideal substance for the production of filtration mem-
branes [11,12]. Consequently, research endeavors on PSF membranes have experienced a
substantial surge in the past decade. PSF membranes can be modified using techniques
including physical mixing, chemical grafting, and coating. These processes are used to
improve the performance of the membranes [13]. Although surface coating and chemical
grafting onto premade membranes are convenient and flexible techniques, they encounter
notable difficulties, such as pore structural deformation. This deformation results in a de-
crease in permeate flux, which ultimately restricts membrane performance [14]. In order to
tackle these difficulties, the inclusion of inorganic elements in the solution is of great impor-
tance as it can improve the hydrophilicity, permeation, and antifouling properties [15,16].
The use of carbon-based materials in polymers to create ultrafiltration membranes has
gained significant attention due to its potential to regulate pore shape, boost hydrophilicity,
improve antifouling characteristics, and increase mechanical strength [17]. Nevertheless,
the findings suggest that an excessive inclusion of inorganic particles has a negative impact
on the selectivity, permeability, and shape of the membranes. The main goal is to employ
appropriate inorganic materials with a comparatively lower proportion of inorganic fillers,
improving the hydrophilicity of the membrane without compromising its permeability and
selectivity [18].

Composite membranes composed of PSF and carbon nanotubes have been reported
to demonstrate enhanced hydrophilicity, protein rejection, and water permeate flux [19].
Carbon-based nanoparticles are effective modifiers due to their hydrophilic surface func-
tional groups, chemical stability, lack of toxicity, and excellent surface area [20]. Hosseini
et al. [21] developed mixed matrix nanofiltration membranes based on polyethersulfone
embedded with activated carbon nanoparticles (ACNPs) to remove sulfate and copper
from water. The results indicate that the addition of super activated carbon nanoparticles to
the casting solution significantly enhanced the rejection of sulfate and copper ions. Sharma
et al. [22] fabricated polyethersulfone nanofiltration membranes by incorporating activated
carbon nanoparticles at concentrations ranging from 0 to 1 wt.% to separate lignin from
black liquor. The study’s findings showed that AC-based membranes with a concentration
of 0.1% had improved efficiency in separating lignin from black liquor, while also reducing
membrane fouling. Nevertheless, while choosing additive materials, it is crucial to take
into account not only their performance but also factors such as their local availability
and cost-effectiveness [23]. Consequently, in light of the exorbitant expense associated
with synthesizing nanoparticles, scientific investigation has prioritized the search for more
economical alternatives in terms of powder size. Remy et al. [24] found that the addition of
powdered activated carbon raised the critical flow by 10% and considerably prolonged the
filtration time of the membrane.

Liu et al. [25] showed that the inclusion of powdered activated carbon resulted in
longer membrane filtering time cycles, suggesting a decreased likelihood of membrane
fouling. Torretta et al. [26] discovered that using a certain concentration of powdered
activated carbon was the most efficient method for improving membrane flow, resulting
in a notable 26% increase. To summarize, the use of powdered activated carbon as a filler
has been found to improve the performance of composite membranes through multiple
functions and mechanisms. Nevertheless, there is a dearth of research investigating the
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selectivity and permeability of composite membranes with different diameters of powdered
activated carbon. The aim of this work is to manufacture a PSF composite membrane with
varying loadings of AC particle sizes and investigate how these parameters impact the
membrane characteristics and performance in protein separation.

The work involved incorporating activated carbon particles of different sizes (37 um,
74 um, 149 um, and 297 um) into a solution of PSF membrane. This was carried out
to create composite ultrafiltration membranes using the wet phase inversion procedure.
An assessment was conducted to determine the influence of activated carbon particle
size on hydrophilicity, porosity, average pore size, pore structure, and molecular weight
cutoff. The surface morphology of the membranes was examined using scanning electron
microscopy (SEM). The evaluation of water permeability and protein separation efficacy of
the membranes was performed using standardized experimental methodologies.

2. Materials and Methods
2.1. Materials

Polysulfone pellets (PSF, 80,000 g/mol, P.T. Solvay Chemicals Indonesia, Jakarta,
Indonesia), N-methyl-2-pyrrolidone (NMP; PT. Samiraschem Indonesia, Jakarta, Indonesia),
Activated Carbon (AC) powder, Filtrasorb 100 (Calgon Carbon Corporation, Pittsburgh, PA,
USA), and an adjustable film applicator (Elcometer 3540/4 Four-Sided Film Applicators,
Elcometer Limited, Manchester, UK) were purchased to prepare the PSF-AC membranes.
Lysozyme (12 kDa), pepsin (35 kDa), and bovine serum al-bumin (BSA) (69 kDa) proteins
from HiMedia Ltd. in Mumbai, India were purchased to prepare protein solutions. Pure
water was used as a gelatinization medium for the membrane fabrication, and droplet
for the water contact angle test and membrane permeability test. The Scanning Electron
Microscopy (SEM) instrument, Phenom ProX (Thermo Fisher Scientific, Waltham, MA, USA)
was employed to analyze the cross section and morphological properties of the membranes.
AC powder was utilized as received, and its specifications are detailed in Table 1.

Table 1. Specification of AC powder.

Iodine Number, mg/g 850
Moisture by Weight 2%
Effective Size 0.8-1.0
Uniformity Coefficient 2.1
Abrasion Number 75
Screen Size by Weight, US Sieve Series

On 8 mesh 15%
Through 30 mesh 4%
Apparent Density (tamped) 0.58 g/cc
Water Extractables <1%
Non-Wettable <1%

2.2. Membrane Fabrication

Activated carbon-polysulfone (AC-PSF) membranes for protein separation were pre-
pared by dissolving PSF in NMP, incorporating AC carbon as an additive, casting a thin film
from the resulting solution (containing PSF, NMP, and AC) at varying concentrations (as
indicated in Table 2) onto a non-woven support, and immersing the non-woven substrate
in a pure water bath using the wet phase inversion method. The casting solutions consisted
of PSF with specific particle size distributions: pristine membrane, 297 um, 149 pum, 74 um,
and 34 um, all at a concentration of 1 wt.% as membrane filler.
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Table 2. Membrane prepared in this study.

No. Membrane Code AC Powder Size (um)
1 PSE-CA0 -
2 PSF-CA1 297
3 PSF-CA2 149
4 PSF-CA3 74
5 PSF-CA4 37

2.3. Water Contact Angle Test

A digital microscope (Dinolite Edge 3.0 AM73915MZTL, AnMo Electronics, New
Taipei City, Taiwan) was employed to capture images of a 0.5 uL pure water droplet on the
dried surface. Additionally, CAD software was utilized to measure the contact angle of the
membranes. The contact angles for each membrane were measured three times and then
averaged to ensure accuracy.

2.4. Ultrafiltration Experiments
2.4.1. Water Flux Test

The water flux of all membranes, including both pristine and PSF-AC membranes,
was assessed using a dead-end cell setup, as depicted in Figure 1. This setup incorporates
valves and pressure gauges to regulate the pressure within the feed chamber. Initially, the
membrane sample was positioned at the bottom of the dead-end cell, with an active surface
area of 14.6 cm?. Above the tested membrane, there was a feed chamber with a capacity
of 300 mL. A pressure regulator was employed to control the applied pressure from the
nitrogen cylinder to the feed chamber. A working pressure of 2 bar was applied to the
fabricated membranes. The permeate weight was automatically recorded by a computer
every 2 min over a duration of 30 min in this filtration system. Subsequently, at least three
replicate samples were assessed for each membrane, and the average value, along with its
standard deviation, was reported.

Pressure control

Permeated solution } - }
Dead-end L N
filtration Data logger - II II

L
s —E

Personal Computer

Weight balance

Nitrogen gas Membrane

Figure 1. Experiment setup of the water flux test.

We employed the following equations [27] to calculate both the volumetric flux (J,)
and the permeability:

Flux(J,) = a1 SAt 1

Jo
=Ap @
In the context of membrane analysis, Q represents the quantity of permeate water
(measured in liters) during the sampling time, At denotes the duration of the sampling
period (in hours), A signifies the membrane area (measured in square meters), and AP
represents the pressure difference (in bars).

Permeability (L,)
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2.4.2. Protein Separation

A solution containing 0.1 wt.% of BSA, pepsin, and lysozyme was carefully produced
in a phosphate-buffered solution with a pH of 7.2. The ensuing protein separation experi-
ment was carried out using a dead-end cell filtration test, with a fixed pressure of 2 bar. In
order to measure the concentration of the protein solution that passed through, we used an
UV-visible spectrophotometer set to a wavelength of 280 nm. The solute rejection (SR) was
determined through meticulous analysis.

%SR =

CP
- Cf] x100 3)

In the context of protein concentration analysis, C, represents the concentration of the
permeated solution, while C b denotes the concentration of the feed solution.

2.5. Porosity

The study focused on analyzing the membrane’s porosity in order to assess the impact
of including AC powder on the size of the membrane pores. This was carried ut by the
gravimetric method, using the following equation [28]:

W — Wy

e(%) = pHO x A x L

% 100 4)
where W, is the weight of the wet membrane, W; is weight of the dry membrane, the
effective area of the membrane is denoted by A, the thickness of the membrane is denoted
by L, and the density of water (0.998 g/cm?)is denoted by pH,O.

2.6. Average Pore Size

The average pore size of the surface membranes was estimated using the ultrafiltration
experimental findings. In order to determine the average pore size of the membranes, we
employed the molecular weight of the solute, which demonstrated a solute rejection (SR)
greater than 80%, by utilizing the following equation:

— «
R =100(7757) ©)

In this context, R indicates the mean pore size (radius), while « refers to the solute
radius, which is calculated by the Stoke radius computed from the solute’s molecular
weight using Sarbolouki’s approach [29].

2.7. Molecular Weight Cutoff (MWCO)

The molecular weight cutoff (MWCO) has a direct correlation with the pore size of
the membrane. The objective of evaluating the MWCO of a membrane is to determine the
minimum size of an unreactive solute that exhibits protein rejection within the range of
80% to 100% in an ultrafiltration experiment [30]. The BSA, pepsin, and lysozyme were
chosen as the proteins to be evaluated in order to assess any decrease in pore size that may
occur as a result of introducing activated carbon powder.

3. Results
3.1. Contact Angle Analysis

In order to confirm the hydrophobic nature of the membranes, we conducted addi-
tional measurements of the water contact angle for various composite membranes using
pure water. A membrane surface that is more hydrophilic is indicated by a lower water
contact angle value.

Figure 2 displays the static water contact angles of several PSF-CA composite mem-
branes. The pristine PSF membrane (PSF-AC0) exhibits an initial contact angle of around
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67.6° due to its intrinsic hydrophilicity. The introduction of a 1% AC particle at any range
of powder size resulted in a lower contact angle of 59.5°, 59°, 58.2°, and 57.5° for PSF-AC1,
PSF-AC2, PSF-AC3, and PSF-AC4, respectively, in comparison to pristine PSF membranes
(67.6°). This indicates that the contact angle was further reduced by further reducing
the size of AC particles. This decline indicates a significant rise in the hydrophilicity of
the membranes.

80

Water Contact Angle (°)

PSF-ACO PSF-ACA1 PSF-AC2 PSF-AC3 PSF-AC4
Fabricated membranes

Figure 2. Water contact angle of the fabricated membranes.

The physical characteristics of powder, such as the size of particles, can affect how well
it can be wetted. Powders with a greater particle size have superior wetting characteristics
due to the enhanced ability of water to permeate the bigger interstitial gaps between the
particles [31]. However, in this scenario, the interstitial gaps between larger particles are
the surface of the membrane, which possesses a higher water contact angle. Consequently,
this circumstance results in the PSF-AC membrane with larger particle sizes exhibiting
more hydrophobicity.

3.2. Membrane Permeability Test

Figure 3 illustrates the water permeability of membranes with varying AC particle
sizes incorporated. Upon comparing the water permeability of the pristine PSF membrane
(14.75 LMH/Bar) with the fluxes of the composite membranes, it was observed that the
fluxes increased as the AC particle size decreased, at the same AC concentration of 1
wt.%. The permeate flux with an activated carbon particle size of 297 microns is 32.5
LMH /bar, reaching a maximum value of 42.5 LMH/bar with activated carbon particles
of 37 microns. According to Figure 2, it is evident that the improved water flux is a result
of the heightened hydrophilicity, since the PSF-AC4 membranes exhibit the highest level
of hydrophilicity. As stated in the contact angle analysis section, when the particle size is
small, it aids in achieving a uniform distribution on the surface of the membrane, hence
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facilitating water to permeate through its porous multichannel structure, resulting in a
higher water permeability.

S
o
|

Pure Water Flux (LMH/Bar)
N
o

PSF-ACO0 PSF-AC1 PSF-AC2 PSF-AC3 PSF-AC4
Fabricated membranes

Figure 3. Water flux of the fabricated membranes.

Moreover, the addition of larger particle sizes increases the likelihood of aggregation,
which, in turn, widens the space between particles and exposes the hydrophobic surface
of the membrane. This leads to a decrease in effective porosity by blocking channels that
allow vapor to pass through [32]. As a result, the water transfer facilitated by the porous
multichannel structure of AC is compromised.

3.3. Effect of AC on Protein Rejection

The rejection and permeate capabilities of membranes depend on their morphological
structure in conjunction with the parameters of the feed solution. In this study, three distinct
proteins of varying sizes were employed as representative solutions for protein separation
experiments. The solution containing BSA, pepsin, and lysozyme dissolved in water is used
as a feed solution to study how the membranes reject these substances. Figure 4 displays the
percentage of membrane protein rejection results, which were determined using Equation
(3). The figure illustrates that the manufactured membranes exhibit a BSA rejection rate
of 90%. All membranes have a pore size that is smaller than the molecular weight of BSA.
The separation test for the membranes was extended using pepsin and lysozyme as solutes
due to their smaller molecular sizes compared to BSA. Figure 4 demonstrates that the
composite membrane exhibits a somewhat higher rejection of pepsin in comparison to the
pristine membrane. A substantial disparity in protein rejection was seen when employing
a lysozyme solution, with composite membranes exhibiting notable rejection of lysozyme.
As shown in Figure 4, the PSF-AC2 membrane has the highest lysozyme rejection rate
(73.9%), whereas the PSF-AC0 membrane has the lowest (49.3%). This can be elucidated
by considering the size of the pores in the membrane. The membrane PSF-AC2 has the
smallest pore size compared to all other produced membranes, resulting in the maximum
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rejection of lysozyme. On the other hand, the membrane PSF-ACO has the biggest pore
size and exhibits the lowest rejection of lysozyme. Hence, the membrane demonstrated
superior size-exclusion separation properties, allowing it to reject protein more effectively
than other membranes that were fabricated [33].

|__|BSA
[ Pepsin
B Lysozyme

PSF-ACO0  PSF-AC1 PSF-AC2 PSF-AC3 PSF-AC4

Fabricated membranes

Figure 4. Protein rejection of the fabricated membranes.

3.4. Effect of AC on Membranes Porosity

An analysis of membrane porosity was used to evaluate the effect of nAC on the
modified polymer membrane. The results of the apparent porosity of membranes that were
incorporated with AC as an additive are presented in Table 3. The particulate size of the
membranes was varied, with pristine membrane (PSF-AC0), 297 um (PSF-AC1), 149 pm
(PSF-AC2), 74 um (PSF-AC3), and 37 um (PSF-AC4). The pristine membrane had the
lowest reported porosity values (63.41 8%) when AC was not present. The manufactured
membrane reached its maximum porosity of 66.92% when the smallest AC powder of
37 um was loaded. This phenomenon arises due to the fact that, when the concentration
of AC is held constant at 1 wt.%, the decrease in particle size causes a larger quantity
of particles, that, in turn, leads to a membrane with higher porosity and, as a result, an
increased water flux [34].
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Table 3. Porosity, pore radius, and MWCO of the fabricated membranes.
Pore Radius,
Membrane Code Porosity (%) - MWCO (kDa)
R(A°)
PSE-ACO 63.41 30.12 35
PSF-AC1 63.46 29.88 35
PSF-AC2 66.02 27.88 35
PSF-AC3 66.61 27.66 35
PSF-AC4 66.92 27.83 35

3.5. Measurement of Average Pore Size

The average pore size of the fabricated membranes was calculated using Equation (5)
and is depicted in Table 3. The results suggest that the introduction of activated carbon
particles into the membrane matrix resulted in a decrease in the size of the pores in compos-
ite membranes. Specifically, a smaller average pore radius was observed as the activated
carbon powder size decreased from 297 pm to 37 pum in the case of composite membranes.

The pristine membrane, PSF-ACO, had a pore size of 30.12 A°, whereas the composite
membranes had pore sizes ranging from 27.83 A° to 29.88 A°. Nevertheless, the membrane
made with the smallest AC powder particles (37 um) had a larger pore size (27.83 A°)
compared to PSF-AC3, 74 um (27.66 A°). The membranes exhibited the following order of
pore size: PSE-ACO (pristine membrane) > PSF-AC1 (297 um) > PSF-AC2 (149 um) > PSF-
AC4 (74 pm) > PSF-AC3 (37 um). The smaller powder will yield a reduced pore size since
it tends to spread uniformly across the membrane structure, resulting in smaller pores. The
introduction of the 37 um AC particle led to a little increase in pore size, possibly attributable
to the non-uniformity of the powder size, as the powder was separated using a sieve shaker,
resulting in smaller particles under 37 pm remaining during the separation process.

3.6. Molecular Weight Cutoff Measurement (MWCO)

Protein solutions with molecular weights of 14 kDa for lysozyme, 35 kDa for pepsin,
and 69 kDa for BSA were employed to ascertain the molecular weight cutoff measurement
for both pristine and PSF-AC composite membranes, with varying powder sizes of AC.
The result of MWCO is presented in Table 3. As shown in Table 3, the molecular weight
threshold of all membranes was initially 35 kDa, which is higher than the MWCO of
lysozyme (14 kDa). Nonetheless, whereas all membranes exhibit an identical molecular
weight cutoff (MWCO) of 35 kDa, there are substantial variations in the rejection % of
lysozyme across each membrane. For instance, as illustrated in Figure 4, AC with a powder
size of 149 um exhibits a gap of 73.9% relative to the lysozyme molecular weight cutoff
standard of 80% [31], indicating that, despite the membranes possessing identical MWCO
levels, they demonstrate varying percentages of solute rejection.

3.7. Membrane Morphology

In this study, we provide the surface morphology SEM images of the PSF pristine
membranes and the membranes filled with AC powder as presented in Figure 5. Un-
doubtedly, the impact of AC powder on the surface morphology of the PSF membranes is
substantial. Initially, the PSF composite membranes have a uniformly dispersed surface
with an increased number of pores. This phenomenon can be elucidated by the capacity of
the fine particles to infiltrate and establish a more compact structure with reduced pore
size [35].
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Figure 5. Surface morphology SEM images of the fabricated membranes: (a) PSF-ACO; (b) PSF-AC1;
(c) PSF-AC2; (d) PSF-AC3; and (e) PSF-AC4.

The fabricated membranes are illustrated in cross-sectional SEM images in Figure 6.
The PSF membranes are composed of a sponge-like layer and a finger-like layer. The
selective layer is situated on the side of the membranes that contains the finger-like layer.
The cross-sectional morphology of the modified membranes, which contain AC powder,
is comparable to that of PSF pristine membranes. When coarse powder was utilized, the
SEM images reveal that the membrane exhibited a greater tendency to form macro void
structures rather than sponge-like structures [36]. The reduction of finger-like macro gaps
by fine particles can be attributed to their capacity to efficiently fill the interstices, therefore
enhancing the density and reducing the porosity of the structure [35].

Figure 6. Cross section SEM images of the fabricated membranes: (a) PSF-ACO; (b) PSF-ACI;
(c) PSE-AC2; (d) PSF-ACS3; and (e) PSF-ACA4.
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Table 4 compares previous studies on PSF membrane performance that included AC
and other additives as the principal modulator. In comparison to its modified counterpart,
each column displays the value of the PSF membrane. AC, silver-nanoparticles, polyethy-
lene glycol (PEG), polyvinylpyrrolidone (PVP), carbon nanotubes (CNT), CuCl2, FeCl3,
and APS were among the additives that were incorporated. The majority of membrane
modification investigations utilized PEG and PVP as pore formers. Additional additives at
varying sizes and concentrations were employed to change the membrane. Each method
improves the membranes” hydrophilicity, flux, porosity, average pore size, rejection capabil-
ities, and morphology. Although the AC particles remained unmodified before application,
the optimal membrane in this study exhibits a performance akin to comparable membranes
from previous research regarding water permeability, protein rejection, and water contact
angle. The membrane modification technique outlined in this work may serve as a pivotal
factor for the expansion of membrane production in the protein separation sector.

Table 4. Overview of research on HA blending in polymeric membranes comparing the native
membrane and modified membranes.

o Permeability . R o o °
Polymer Modifier Flux, LMH/Bar Pore Size, nm Rejection (%) € (%) WCA (°) Ref.
PSF AC 53.3/116.3 34.1/43.2 ~93.2 (BSA) - - [37]
PSF/PVP Silver- 12/55 - ~48 (BSA) - 81.2/60.9 [38]
nanoparticle
PANI-CuCl,,
PSF PANI-FeCl3 and 30/450 92.12/122.94 96 (BSA) - 41.8-80 [39]
PSF/PANI/APS
PSF/PEG AC 5/9.8 6.4/7.2 81-95 (total phenolic g5 g0 455 467 [40]
compounds)
PSF CNT 1/8 2.82/10.18 98 (lignin) 744/755 57.6/74.4 [28]
98 (BSA)
PSF AC 15/42.5 27.66/30.12 90 (Pepsin) 63.41/66.92 57.5/67.6 This work

73.9 (Lysozyme)

4. Conclusions

A series of polysulfone ultrafiltration composite membranes were fabricated by alter-
ing the size of AC particles via phase inversion processing. The membranes exhibited a
unique shape and performance dependent on the various sizes of AC particles used as a
filler. The inclusion of particles of varying sizes has an impact on the morphology of the
membrane, namely, in relation to the finger-like and sponge structure of the membrane. All
the composite membranes demonstrated a superior water flux and rejection of the lysozyme
in comparison to the pristine membrane. The findings derived from this investigation
are indicative of the significance of the AC particle size in influencing the structure and
functionality of the composite PSF membrane. Hence, the appropriate choice of particle size
is crucial in assessing the effectiveness of membrane performance for different applications,
especially in the context of protein separation and purification.
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