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Abstract: Membrane fouling is a continued critical challenge for ultrafiltration membranes perfor-
mance. In this work, polyether sulfone (PES) ultrafiltration (UF) membranes were fabricated via
phase-inversion method by incorporating varying concentrations of APTMS modified activated
carbon (mAC). The mAC was thoroughly characterized and the fabricated membranes were studied
for their surface morphology, functional groups, contact angle, water retention, swelling (%) porosity,
and water flux. The hydrophilicity of mAC membranes also resulted in lower contact angle and
higher values of porosity, roughness, water retention as well as water flux. Also, the membranes incor-
porated with mAC exhibited antibacterial performance against model test strains of gram-negative
Ecoil and gram-positive S. aureus. The antifouling studies based on bovine serum albumin protein
(BSA) solution filtration showed that mAC membranes have better BSA flux. The higher flux and
antifouling characteristics of the mAC membranes were attributed to the electrostatic repulsion of
the BSA protein from the unique functional properties of AC and network structure of APTMS. The
novel mAC ultrafiltration membranes developed and studied in present work can provide higher
flux and less BSA rejection thus can find antifouling applications for the isolation and concentration
of proteins and macromolecules.

Keywords: modified activated carbon; polyether sulfone ultrafiltration membranes; phase inversion
method; hydrophilicity; BSA protein; pure water flux; antifouling; antibacterial

1. Introduction

Public health is globally threatened due to consumption of polluted drinking water.
Availability of clean water is essential for the human population and vital for the sustain-
ability of developing countries. The large fraction of pollutants from industry, sewage
and sludge are huge challenge in preserving water sources. Also, microorganisms across
the water supply system leads to significant contamination [1]. To date, various carbon
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materials like graphite, carbon nanotubes, graphene carbon mesosphere and AC are well
known for different water treatment applications. Among various carbon materials, AC
owe economic viability and availability [2]. The large surface area, porosity and high
adsorption capacity makes the AC more effective to be employed in waste water treatment
and air pollution control to eliminate several pollutants [3]. AC is produced from multiple
agro-resources and consists of graphitic lattice with amorphous solid materials being used
in the different forms such as fine powder, granules, fibers, and cloths [4]. The heteroatoms
present in the structure of carbon like sulfur, oxygen, phosphorus, nitrogen and hydrogen
are generally derived from the starting material or can be introduced later to determine
its chemical characteristics [5,6]. The acidic and basic characteristic of carbon surface can
be determined by number of delocalized electrons and formation of functional groups by
heteroatoms [7].

AC has been used on very large scale for water treatment process but it has been
reported that bio-foulants such as bacteria make the disinfectant process difficult due to
coagulation at the surface of AC and form biofilm [8]. Thus, if AC possess adsorption
and/or antibacterial properties to remove waterborne microorganisms, it would be benefi-
cial for water treatment processes [9]. Different nature of interactions including van der
Waals forces, steric, π-π as well as bonding of hydrogen, hydrophobic and electrostatic
repulsion/attraction are responsible for biofoulants repulsion/adhesion and growth to the
surface of activated carbon [10]. Despite AC is well-known material for many decades to
treat contaminated water, however, novel opportunities are continued to generate inter-
est to significantly improve carbon surface by various treatment methods to enhance its
potential towards particular contaminants removal from water [11]. Different methods
including activation conditions, treatment with additives and precursor can be employed
to change chemical and physical structure of AC in literature [12]. Numerous surface
modification techniques have been published that explain the mechanism and chemistry
of AC surface for the removal of pollutants [13–16]. These modifications can be chemical,
physical and biological.

Contaminated water treatment by using polymer membrane technology have number
of advantages like low energy consumption, no phase change, high speed and lesser carbon
footprint [17]. Among various polymers employed to fabricate membranes, currently
PES has been used as the key polymer for fabrication of UF membranes for domestic
and commercial applications of water purification [18]. PES membranes have exceptional
chemical/thermal stability and mechanical strength [19]. But the main drawback associ-
ated with PES, which restricts its uses as membrane is its hydrophobic nature since the
hydrophobicity of PES membrane results in severe fouling problems [20]. The fouling
of membrane can be inhibited by enhancing surface hydrophilicity, optimizing surface
treatment and porosity as well as electrostatics charges of the membrane [21]. Therefore,
studies have intended to develop PES membranes with optimized porosity possess better
antifouling properties by incorporating different materials, functional groups on to the
membrane, adsorbent and biocidal agents like carbon based materials, zinc oxide, and
silver nanoparticles to increase its hydrophilicity [22–25].

Hydroxyapatite-decorated AC was used as nanofiller in PES UF membranes to reduce
fouling and enhance water flux [26]. The fabricated membranes showed 4.6% increase
in pure water flux and irreversible fouling was decreased to 6% from 33% for nanocom-
posite membranes. The adsorption of BSA on the nanocomposite membrane surface was
decreased because of electrostatic repulsion. In another study, AC, Chitosan and thiolated
chitosan/AC has been seperately incorporated as filler in PES UF membranes to increase
its hydrophilicity and reduce fouling [27]. The pure water flux and BSA flux both were
high for AC added polymer composite membrane. This is because of the highly porous
nature of AC, the protein does not clog within the pores.

In consideration of above, present work described the combined novel approach
of blending low to high activated carbon contents into polymer membranes for water
treatment. Specifically, antifouling UF PES were fabricated by incorporating varying
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concentrations of –NH2 group mAC for the objective to introduce antifouling characters.
Major advantages of these mAC polymer membranes are suppression of aggregation
and control the other important characteristics like hydrophilicity and antifouling. The
development of membranes by employing low to higher concentration of mAC is described
as potential non-adsorbent and antifoulants against model test strains of gram negative
E. coil and gram positive S. aureus in comparison pristine membranes [28]. The antifouling
studies also elaborated based on BSA solution filtration through prepared mAC membranes.

2. Materials and Methods
2.1. Materials

Following reagents were used as received: polyether sulfone (PES) (Sigma-Aldrich,
St. Louis, MO, USA), Polyvinylpyrrolidone (PVP) (Sigma-Aldrich), dimethylacetamide
(DMAc) (Sigma-Aldrich) 3-Aminopropyltrimthoxysilane (APTMS) (Sigma-Aldrich). Pow-
dered activated carbon (AC) was of Chinese Origin. Nutrient broth (Biolab, Budapest,
Hungry), Muller Hinton agar (MHA) (Biolab), Bovine serum albumin protein (BSA) (B005)
is acquired from CAISSON Laboratories, Inc. (Smithfield, UT, USA). Deionized water was
used throughout the experiment.

2.2. Methods
2.2.1. Surface Modification of Activated Carbon (AC)

To modify the surface of AC 15g very fine and dried powder of AC was mixed with
300 mL toluene and 2 mL APTMS solution under magnetic stirring for 24 h at 40 ◦C under
inert environment. Figure 1 represents the schematic of the experimental set-up. Solvent
was removed by employing lab rotary evaporator (Scilogex RE-100-Pro, Cormwell Avenue,
USA). The resulted APTMS-activated carbon was further washed with toluene and acetone
then vacuum dried for 6 h at 60 ◦C [29]. This dried AC was referred as mAC, consisting of
amine functional groups on the surface. The mAC was stored under dried conditions to be
used for subsequent experimental work.
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2.2.2. Membrane Fabrication

Phase inversion via immersion precipitation technique was adopted to fabricate flat
sheet PES UF membranes [30]. The casting solutions consist of PES (18 wt%), PVP (0.2 wt%)
and variable amounts of mAC powder (shown in Table 1) in DMAc as solvent. The
prepared membranes were designated as pristine membrane MP0 and mAC incorporated
membranes as MC1, MC4, MC7 and MC10. Known amount of PES was dissolved slowly
into DMAc solvent under stirring to form homogenous solution. PVP and mAC were
subsequently added in the PES solution and continuously stirred for next 24 h. The casting
solution was then sonicated for 10 min and left for more 3 h for complete removal of air
bubbles. Automatic film applicator (filmography electrometer; 20 mms−1) was used to cast
membrane on a polypropylene fabric (support material). After casting the membranes were
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immediately immersed into the non-solvent bath containing DI water without evaporation.
For complete precipitation and removal of residual DMAc the casted membranes were left
in non-solvent bath for 30 min and then membranes were finally dried for overnight at
room temperature [31].

Table 1. Membrane fabrication using 18% (w/w) of PES, PVP and by varying DMAc solvent, modified
activated carbon.

Code PVP DMAc mAC

MP0 0.2% 81.8% 0%
MC1 0.2% 80.8% 1%
MC4 0.2% 77.8% 4%
MC7 0.2% 74.8% 7%

MC10 0.2% 71.8% 10%

2.3. Characterization of Activated Carbon
2.3.1. Ash Determination

Ash content in AC was estimated in accordance with ASTM, 2866-70. The combustion
was done in a muffle furnace at 650 ◦C for duration of 2 h followed by weighing the
calcination residue.

2.3.2. N2 Adsorption-Desorption at 77 K

The adsorption measurement (ASAP 2020, Micromeritics, Norcross, USA) of the AC
were carried out at 77 K. Samples were degassed prior to adsorption under N2 gas carried
out for at least 3h. The specific surface area of the AC was determined by applying
the Brunauer, Emmett, and Teller Adsorption (BET) equation (one N2 molecule area:
0.162 nm2) [32]. The total pore volume was determined by adsorption of liquid volume of
nitrogen being adsorbed at a value of 0.99 relative pressure. Furthermore, relative values
at P/Po < 0.01 were acquired using constant doses of ~10 cm3 g−1 at STP, keeping time
interval at around 300 s. The bidimensional Non Local Density Functional Theory Model
(2D-NLDFT) was applied to calculate pore size distribution (PSD) value. In this model, the
adsorption isotherm was applied by assuming a finite slit pores with a diameter-to-width
aspect ratio of 6 [33]. The porosity of the ACs were also investigated by adsorption of CO2
at the temperature of 273 K. The narrow micropores or ultramicropores pores with size
lower than 0.8 nm were also evaluated through CO2 adsorption isotherms at 273 K. For this
purpose, CO2 adsorption was assumed using infinite slit pores model from consideration
of diameter of pores less than 0.8 nm [34].

2.3.3. pHPZC and Boehm Titrations

The pH of the point of zero charge (pHPZC) of AC was also experimentally calculated
through the pH drift method by taking 0.15 g amount of AC in 50 mL 0.01 M NaCl solutions
of concentration [35]. The deoxygenation of solutions was done by 1 h continuous N2
bubbling to adjust pH of solution to successive initial values between acidic value of 2
and basic value of 12. The suspensions were continuously stirred for next 48 h under N2
gas to attain equilibrium pH value. The value of pHPZC was then estimated by plotting
a graph for which initial and final pH values were kept equal. The pHPZC value that
controls the acidobasic properties is dependent on the oxygen surface groups’ content. In
order to quantify the basic and acidic groups (oxygenated) on the surface of AC, “Boehm”
titrations were carried out [36]. The surface functional groups like that of P-containing
acidic groups, carboxylic (R-COOH). lactone (R-OCO), carbonyl or quinone (RR′C=O) and
phenol (Ar-OH), were determined. For quantification, certain assumptions were made
regarding reactivity and non-reactivity. For example, NaOH did not expect to react with
the RR′C=O groups, while NaOC2H5 reacted with all groups present, RR′C=O and R-OH
functional groups did not react with Na2CO3 but R-COOH only reacted with NaHCO3
as well as the P-containing acidic groups. Typically, 0.1 M aqueous reactant solution of
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NaOH or Na2CO3 or NaHCO3 was prepared and 0.05 g of AC was poured into 150 mL.
For NaOC2H5 solution preparation, 0.1 g of AC was taken in a closed polyethylene flask
that contained 0.01 mol L−1 of 50 mL absolute ethanol. The prepared mixtures were
stirred continuously at 150 rpm at 25 ◦C for 2 days. This was followed by filtration of the
suspensions through 0.45 mm Millipore membrane filters. Standardized HCl (0.01 mol L−1)
solution was used for back titrations of the filtrate to determine the oxygenated groups
concentration. Similarly, NaOH (0.01 M) standard solution was used for back titration to
estimate basic groups contents in the filtrate after stirring the 0.15 g activated carbon in
50 mL of 0.01 M HCl for one day.

2.4. Characterization of mAC and Fabricated Membranes

The membrane samples were cut into the standard sizes and dried thoroughly un-
der vacuum before analysis. The functional groups present on mAC and the fabricated
membranes surface were investigated using ATR-FTIR Bruker ALPHA spectrophotometer.
Scanning electron microscopy (SEM) (JEOL JSM 6490A) was operated to take the micro-
graphs of the AC, mAC, surface and cross section of membranes. To analyze cross section,
membranes were immersed into liquid nitrogen to give a clean crack. Cracked samples
were dried and then mounted on steel studs for sputter coating before analysis. Surface
area of mAC and fabricated membranes were determined by Brunauer-Emmett-Teller (BET)
(Micrometrics) nitrogen adsorption/desorption technique. Samples had been degassed at
120 ◦C under high vacuum for 6 h and relative pressure range was between 0.05–0.09. The
membrane surface roughness was determined by NANOVEA PS-50 (optical profilometer).
The membrane samples were placed on the platform and downward scan of 150µm bipolar
was used for surface roughness (Ra). UTM AG-XD plus was used to estimate the tensile
strength and elongation percent at a loading velocity of 100 mm/min. In order to analyze
wetting properties, the surface hydrophilicity/hydrophilicity of prepared membranes was
measured using DSA 25, KRUSS contact angle instrument. The contact angle was estimated
at five random positions for each sample by using de-ionized water and the average time
was calculated in order to eliminate the experimental error. A static sessile drop method
was used in which 10µL deionized water was dropped onto the membrane surface.

For measuring apparent free energy of the surface Chibowski approch, young equation,
and equilibrium contact angle were applied as in Equation (1) [37,38].

γs =
γl
2
(
1 + cosθeq

)
(1)

where θeq is the equilibrium contact angle, γl is the liquid surface tension, and γs is the
apparent surface free energy.

Water uptake (WU) is the ability of a membrane to absorb water. The membrane
samples were cut into standard sizes and drenched into the ultrapure water for 24 h. The
initial mass of the membranes was calculated when they were wet i.e., Wwet. The wet
samples were than dried at 60 ◦C for 12 h and weight again in dry state i.e., Wdry. The
values were calculated three times in order to reduce experimental error. WU (%) was
calculated using Equation (2) [39].

WU (%) =
Wwet −Wdry

Wdry
× 100 (2)

The power of developing membranes upon interaction with water is known as swelling
of membrane [40]. It is closely related to WU ability of a membrane. The test was conducted
in same manner as the WU but instead of weight, the difference in lengths (L) of each
membrane was calculated. Swelling (%) was calculated by using Equation (3) [41].

Swelling (%) =
Lwet − Ldry

Ldry
× 100 (3)
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Flux can be defined as fluid volume passed through certain membrane per unit area
per unit time. A custom-made dead end filtration assembly having filtration area 0.002 m2

was used to perform the test under the pressure of 0.1 MPa at constant stirring rate of
100 rpm. Schematic of the filtration experiment is presented in Figure 2.
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The membrane permeation flux (J) for water was estimated through Equation (4) [42]:

J =
V

A× t
(4)

where V is the volume (L) of water, A is the effective membrane area (m2) and t is the
time (h).

BSA solution 1000 ppm with ionic strength 0.1 was filtered through the fabricated
membranes at 0.1 MPa pressure and the concentration in permeate was obtained from the
absorbance at 278 nm using a calibration curve in accordance to the Beer-Lambert’s law.
For measuring BSA concentration at 280 nm, UV-spectrophotometer (SHIMADZU, Kyoto,
Japan) was used for the BSA solution. The rejection of BSA was calculated at IEP 4.7 at
pH 8.22 and 0.1 M KCL solution by using Equation (5).

R(%) =

(
1−

Cp

C f

)
× 100 (5)

where Cp and C f are permeate and feed concentrations respectively (mg L−1).

2.5. Antibacterial Assay

Antibacterial activity of the fabricated membranes against gram-negative E. coli (ATCC
15224) and gram-positive S. aureus (ATCC 6538) was evaluated by disk diffusion method.
Before performing antibacterial activity bacterial cultures were activated by speckling the
bacteria on freshly prepared MHA and these plates were put into oven at 37 ◦C for 24 h. A
single colony form newly grown bacterium was picked and optical density (OD) was set to
0.5 by McFarland standard. Microbial broth was vortex for 5 s to get uniform dispersion.
The sterilized MHA agar was poured into sterile petri dishes after solidification of agar
100 µL from prepared culture media was lined evenly on the agar plate by sterile cotton
swab. Membrane samples were cut into 6 mm in diameter disks by 6 mm cylindrical
punch, positioned on a petri plates and incubated at 37 ◦C for 24 h. Zone of inhibition
were measured using digital caliper around each membrane sample. All experiments
were performed at least three times, and the results are presented as the mean ± standard
deviation and t test was used to determine the statistical significance (* p < 0.05, ** p < 0.01,
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*** p < 0.001, **** p < 0.0001) [43]. Ciprofloxacin/DMSO were used as positive/negative
controls. dia of membrane disk (d) and inhibition zone (diz) have been measured to
calculate the normalized width of the antimicrobial “halo” (nwhalo) [44] of each disk by
using Equation (6).

nwhalo =
diz−d

2
d

(6)

3. Results
3.1. Characterization of AC
3.1.1. Surface Chemistry

For AC the pH of the null charge point shows the neutral value, (pHPZC 7.4 for
HCl treated granulated AC). Boehm titration results, pHPZC, and ash contents of AC was
summarized in Table 2. As stated in Table 2, the AC contains very small concentration of
oxygen containing surface groups, composed mostly of carbonyl groups (0.48 meq·g−1)
whereas the number of phenolic groups found to be higher (~0.2 meq·g−1). The acid-treated
AC (0.1%) has a relatively little ash content relative to a pristine substance (about 9%),
suggesting that mainly the metal impurities have been eliminated considerably by washing.

Table 2. Results of Boehm titration, pHPZC and ash contents of AC.

Carboxylic Groups
(meq·g−1)

Lactonic Groups
(meq·g−1)

Phenolic Groups
(meq·g−1)

Carbonyl Groups
(meq·g−1)

Total Basic Groups
(meq·g−1) pHPZC

Ash Content
(%)

0.00 0.20 0.20 0.48 0.53 9.5 5

3.1.2. Surface Characteristics Analyses by Brunauer-Emmett-Teller Analysis (BET)

Type I nitrogen adsorption-desorption isotherms for AC were seen in Figure 3, which
is characteristic of the microporous texture. The measured mesoporous volumes of
0.07 cm3 g−1 were negligible as outlined in Table 3. It is evident that Type I isotherms with
a given knee and long platform extending to P/Po to 1.0 suggest that the AC is basically
microporous solid, as seen by a substantial increase in adsorption with low P/Po (<0.1).
A lack of hysteresis revealed that mesoporosity was deficient, and mostly micropores are
present in the carbon materials with just a limited proportion of mesopore. [45].
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Figure 3. Adsorption-desorption isotherms of N2 at 77 K for the AC.
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Table 3. Textural properties of AC by N2 adsorption at 77 K and CO2 adsorption at 273 K.

BET Surface
Area SBET
(m2·g−1)

Ultramicropore
Volume * (Ø < 8 nm)

(cm3·g−1)

Supermicropore
Volume # (Ø > 8 nm)

(cm3·g−1)

Micropore Volume
(cm3·g−1)

Mesoporous Volume
(cm3·g−1)

Total Pore Volume $

(cm3·g−1)

1044 0.26 0.21 0.47 0.07 0.53

* obtained from DFT slit pore model applied on CO2 adsorption data at 273 K. # obtained from DFT slit pore
model applied on N2 adsorption data at 77 K. $ obtained from single point adsorption.

In a relative pressure range (0.01 to 0.05) the BET specific surface area (SBET) of AC
was calculated to avoid negative unrealistic C factor. SBET is here an indicator of the
volume of the micropores rather than a genuine estimation of the surface. The SBET of AC
found to be 1044 m2 g−1 and the total microporous volume 0.53 cm3 g−1) [46].

The pore size distributions (PSDs) of ACs determined by DFT also prove to be mi-
croporous in nature. AC has few larger pores and therefore suggested the structure of
small mesopore as shown in Figure 4. PSDs for pores below 3 nm in Figure 3 presents the
incremental pores below 10−3 cm3 g−1 that are insignificantly estimated within the range
(2.3–25 nm) indicating granulated AC contains various types of micropores [47]. More
than 50% of the volume is ultra-micropores (pore size < 0.8 nm) represented in Table 3. In
comparison with micropores as shown in Figure 4 and Table 3, the mesoporous quantities
of DFT-determined activated carbons (pores with a diameter of more than 2 nm) were
insignificant (0.07 cm3 g−1).
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3.1.3. Surface Morphology Analyses by SEM

The AC morphology and pore size were observed by Scanning electron microscopy
(SEM) analysis. Images of unmodified AC at 875X magnification are shown in Figure 5a,b.
The surface tends to be smooth and tiny pores are scattered around it. The remaining
salt or other compounds on the AC, certain particles are dispersed on the AC surface [48].
Figure 5c,d shows the SEM images of functionalized activated carbon. The images indicated
the porous structure of AC after it has been functionalized. The functionalized AC appears
to be in the form of large aggregates of smooth surface particles without visible porosity.
The BET surface area and pore volume also decreases for mAC. This can be explained
on the basis of diffusion rate and size of functionalization reactants in to the pores of AC.
The NH2 functional group has smallest size and better diffusion rate into the pores of AC,
which results in reduction of surface area and pore volume [49].
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3.1.4. Afunctional Groups Analyses by FTIR

ATR-FTIR spectra of pristine activated carbon and APTMS modified activated carbon
is shown in the Figure 6. In the spectra the, the weak and broad peak at 3391 cm−1 indicates
the amine stretching and the peak at 1540 cm−1 indicates the N-H bending [50]. These
two peaks represent the amine functional group due to the functionalization of AC with
APTMS. The spectra clearly indicate the functionalization of AC by APTMS.
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3.2. Characterization of mAC and Fabricated Membranes
3.2.1. Functional Groups Analyses by FTIR

Figure 7 shows the ATR-FTIR spectra of the APTMS modified mAC with amino groups
on the surface of various fabricated membranes. The amine stretching at 3485 cm−1 and
1645 cm−1 conforming the functionalization of AC by APTMS [51]. MP0 indicates the
pristine PES membrane. All membranes had usual peaks of PES, such as the 1585 cm−1

benzene ring stretching, the 1495 cm−1 C=C bond, the 1247 cm−1 and 1170 cm−1 aromatic
sulfone group [52,53]. In the spectra the broad peak at 3450 cm−1 indicates the presences
of hydroxyl group that is due to the presences of PVP used as pore former during the
fabrication of PES membrane. The peak of 1637 cm−1 indicates the amine group of PVP.
AC-containing membrane was allocated for the hydroxyl groups of some functional groups
including carboxy, carbonyls and phenols to the wide absorption range of 3250 cm−1 and
3430 cm−1 [54,55].
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3.2.2. Surface Morphological Analysis by SEM

Phase inversion via immersion precipitation method was used for the fabrication of
flat sheet membranes and the membrane surface seems to be homogenous as visualized
in Figure 8. The fabricated pristine membrane and membranes prepared with a variable
volume of AC powdered as a solvent in DMAc are shown in Figure 8. The compositions
of casting solutions for the prepared membranes are summarized in Table 1. To further
analyze the surface and morphology of the prepared membranes, SEM and profilometry
analyses were carried out.
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Figure 8. Fabricated pristine PES membrane and mAC incorporated PES membranes. Sample codes
are summarized in Table 1.

Figures 9 and 10 present the SEM images of the fabricated membranes. Surface
pores with non-uniform distributions were found for the pristine membrane and several
ultra-fine failures and cracks were noticed. However, for membranes incorporated the
activated carbon, their addition altered the morphological structure with observation
of the sponge shape [55]. Hydrophilicity is the reason for the disparity between the
two porous membranes. It was considered that solvent and non-solvent exchange rate
is influenced by porosity and adsorbent hydrophilicity during the inversion stage. By
increasing the diffusion rate of solvent from the cast film to the water bath helps in the
formation of fingerlike voids were created [56]. The high adsorption potential of AC induces
solvent adsorption and improved casting solution viscosity by means of effective physical
interactions. The casting solution with AC improved in viscosity to the extent where the
diffusion rate of the solvent was decreased [57]. This led to a slightly porous structure
and a morphology similar to the sponge with uniform smaller voids. Adding materials
modified the structure of the membrane support layer and increased the hydrophilicity of
surface [58].
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3.2.3. Optical Profilometry

Various characteristics of the fabricated membranes are summarized in Table 4 includ-
ing surface roughness. Membrane surface roughness is highly efficacious parameter in its
various features regarding fouling parameters, therefore prepared membranes specimen
surface roughness was investigated by optical profilometry and results are presented in
Table 4. MP0 shows less surface roughness due to the presences of PVP that results in the
improving the surface coverage of PES membrane [59]. MC1, MC4, MC7 and MC10 shows
an increase in the surface roughness than MP0 that is due to the incorporation of activated
carbon into PES membrane. These results are possibly due to the meso and microstructures
of activated carbon that contribute to an increase in membrane porosity [25]. Thus, the
roughness in the PES membrane region increases by increasing the percentage of activated
carbon. For the mAC embedded PES membrane, a “nodular” topology and interconnected
cavity channels were found [55].

Table 4. Characteristics of the fabricated PES pristine and modified AC incorporated membranes.

Properties MP0 MC1 MC4 MC7 MC10

Contact Angle (θ) 69 62 57 51 58
Water uptake (%) 63 92 101 134 98

Swelling (%) 39 65 83 102 82
Roughness Ra (µm) 0.212 0.423 0.619 0.814 0.981

BET surface area (m2/g) 0.5173 0.5376 1.0041 1.7126 1.1961
Pore volume (cm3/g) 0.001539 0.001718 0.003058 0.004715 0.003432
Water flux (L/m2·h) 65 75 94 136 78
BSA flux (L/m2·h) 22 33 62 73 41
BSA rejection (%) 70.9 55.9 49.8 8.4 15.8

3.2.4. Surface Characteristics Analyses by Brunauer-Emmett-Teller Analysis (BET)

Concerning to the modification of AC with APTMS, a decrease in BET area and pore
volume of mAC up to 188 m2/g and 0.490570 cm3/g respectively, in relation to non-
chemically modified AC. The formation of new surface functional groups attributed as
the major obstruction for the drastic decrease in surface area [60]. Similar results have
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shown that formation of surface functional groups like nitriles, amides, amines, among
others block the existing pores and reduce the surface are upon chemical modification of
carbonaceous material [61,62].

The BET area and pore volume of fabricated membranes are shown in Table 4. The
surface area increased from 0.5173 to 1.1961 m2/g for pristine and modified membranes
respectively. This can be attributed due to the presence and dispersion of mAC particles
with high surface area in polymer matrix. Figure 7 also depicts the suitable dispersion
of mAC particles. The contact area to pass the water through surface of particles and
membrane is increased by uniform distribution of mAC powder in membrane structure.
Interestingly, MC10 has less surface area value as compared to other modified membranes.
This is due to the agglomeration of mAC powder in membrane structure, which can also
depict from Figure 9, showing sponge like structure. Agglomeration of the powder leads
to pore blockage and thus decreasing the existing surface area of the membrane struc-
ture [63]. Studies shows that functionalization of AC aims to prevent the agglomeration
but beyond certain loadings agglomerates still form and pore blockage by mAC became
more prominent [64].

3.2.5. Contact Angle and Surface Energy Studies

The contact angle of the pristine membrane and membranes incorporated with mAC
are presented in Figure 11 and properties are summarized in Table 4. MP0 shows the
contact angle of 69◦ which is slightly lesser than pure PES as addition of PVP increases
the hydrophilicity due to presence of hydroxyl groups in its structure [65]. The composite
membranes show small contact angle i.e., up to 51◦ in comparison with MP0. This lowering
in the contact angle can be attributed for incorporating higher concentration of mAC in
PES membranes [66]. As AC have meso- and micro- structure and having various polar
presents in the structure that helps in decrease in contact angle, thus by increasing the
hydrophilic character of the membrane. MC10 shows contact angle of 58◦, this slight
increase in contact angle of MC10 is possible due to the agglomeration of AC beyond
certain concentration [25,67]. Based on the equilibrium water contact angle, the apparent
surface free energy was measured. With decreases in balance water contact angles as
reflected in Figure 11, surface energy is increased. The approximate surface-free energy
values are based on the physical and chemical characteristics of water.
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3.2.6. Water Uptake and Swelling

For water treatment applicationsWUand swelling are important parameters for mem-
branes to investigate, as they specify the filtration performance and productivity. These two
properties are strongly related to the presence of hydrophilic components and functional
groups on the membrane surface [68]. Figure 12 shows theWUand swelling percent of
fabricated membranes. The pristine membrane exhibits very lessWUand swelling % indi-
cating the hydrophobic nature of PES. Which is in agreement with the contact angle and
SEM results; indicating high contact angle and thin asymmetric top layer of PES membrane
results in lessWUand swelling ability. The modified membranes show better results as com-
pared to the pristine due to the addition of hydrophilic mAC. Because of the hydrophilicity
and highly porous structure of mAC it has positive impact onWUand swelling % of mem-
branes [1,69]. The % of water uptake and swelling increases as amount of mAC is increased
up to 7% (2-times as compared to pristine) relative to its dry state beyond this value the
agglomeration of mAC particles dominates and respective % value starts decreasing. Pore
volume also plays a critical role in water absorption capacity of membranes, as pore volume
increases the water uptake and swelling percent also increases [70]. As MC7 has highest
surface are and pore volume thus, it has more ability to absorb water molecules and better
antifouling properties. The values ofWUand swelling (%) are given in Table 4.
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3.2.7. Evaluation of Flux and Fouling Characteristics

Figure 13 represents the flux, fouling and rejection characteristics of the prepared
membranes. As the concentration of mAC in the membranes increased, the permeating
water flux was observed to increase up to mAC concentration of 7% relative to pristine MP0
membrane. However, at higher mAC concentrations i.e., beyond 7%, water flux declined
as presented in Figure 13a. This intriguing behavior can be attributed to the limitation
in the network distribution of very fine activated carbon particulate inside the polymer
matrix. This can influence the pore density and functionality to effect water flux. There are
studies that observed increase in water flux for the relatively lower AC loading in to the
polymer membrane [71]. In present work, much higher loading of activated carbon was
explored that can influence the surface area, roughness and contact angle in such a way
to produce better flux. There is a possibility of optimize mAC concentration to produce
enhancement in flux in polymer membranes. Due to more accumulation, weak dispersion
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at higher concentrations of mAC and formation of disconnected channels results in lower
water flow [72].
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Figure 13. Studies of the performance of the fabricated membranes of the pristine and mAC mem-
branes: (a) Water and BSA flux rates; (b) BSA rejection (%).

The BSA protein rejection behavior of fabricated membranes is presented in Figure 13b
and showed that the membrane incorporated mAC have significantly lower BSA rejection.
The MC4 and MC7 membrane enabled to permeate over 80% of the protein to exhibit
cleanliness non-binding adsorption and antifouling behavior shown in Figure 13a. Contrary
to this, pristine MP0 membranes fouled respectively with over 70% of the BSA protein.
The fabricated membranes with higher loadings of the mAC provided excellent filtration
permeation for the BSA proteins at its higher concentration of 1000 ppm. Compared to
pristine membrane MP0, MC types of membranes enable to provide significantly lower
binding of proteins molecules to its surface to prevent loss of analytes during the process
of filtration. Furthermore, these MC membranes were also observed to be cleansed as
compare to their filtration performance against filters employed in syringes for biological
samples separation. This characteristics of MC membrane provide advantages since it
did not induce chemical contamination during potential applications of many filtration
processes of biological samples. Thus, these membranes can be the best option for the
filtration of biological samples. Others PES pristine membrane MP0 caused BSA analyte to
adsorbed and fouled as ‘sticky’ proteins.

The interesting observation of relatively higher permeation and lower rejection of the
BSA protein from the mAC incorporated membranes can be attributed to combination of
several factors. The filtration and rejection characteristics of proteins on carbon are complex
and dependent on its surface characteristics, the isoelectric point (IEP) of the protein, and
pH of the solution [73]. Since, filtration of the BSA protein solution was carried at the
IEP value of 4.7 at pH 8.22 in water at 25 ◦C, therefore, its surface is expected to be more
hydrophobic and compact. Therefore, the rejection at IEP is expected to be very low as
compared to other pH valuesl [74]. It is known that BSA molecules can fold and molecular
hydrophobic portions expose to the membrane embedded with AC surface lead to pass
from the surface. This possibility is supported from the higher flux as well as a decrease
in BSA rejection. Further evaluation of activated carbon to separate proteins would be of
interest to optimize the purification of protein mixtures of higher complexity.

The highest flux for PES UF membranes has been shown by mAC filler added mem-
branes which is in agreement with reported results [27]. The highly porous structure,
large surface area and hydrophilic character of mAC makes the membranes more suitable
candidate for UF process. It has been reported that PES UF membranes incorporated
with charged AC particles are more stable towards fouling resistance and hence better
permeability [26]. The composite membranes have better properties in terms of porosity,
surface area, hydrophilicity, fouling resistance, permeability and long-term stability. Thus,
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AC incorporated UF membranes are potential candidate for water treatment applications.
The ultrafiltration mechanism of reported membranes is summarized in Table 5.

Table 5. Ultrafiltration mechanism of membranes reported in literature.

Membrane Material Method Contact Angle Pure Water Flux
(L/m2·h)

Pressure
(MPAa) Fouling Characteristics Reference

PES, APTMS
modified AC Phase inversion 51 136 0.1

BSA rejection 8.4%
Zones of inhibition for

S. aureus 4.8 mm
E. coli 2.99

Our work

PES incorporated
Functionalized AC Phase inversion 106 33 0.1 Reduction in COD,

BOD and TDS level [66]

PES-C/emodin
ultrafiltration

membrane
Phase inversion - 350 0.2

S. aureus
3 mm

Zone of inhibition
[75]

carboxylic acid
functionalized

polysulfone, PES, PVP
Phase inversion 74 400 0.2 BSA rejection 4% wt [76]

PES, Acacia Gum Phase inversion 65 70 4 Antibacterial against E.
coli, Low BSA rejection [77]

3.2.8. Antibacterial Activity of the Fabricated Membranes

The fabricated membranes were studied for their bacterial resistance against S. Aureus
and E. Coil, and observation are presented in Figures 14 and 15. Figure 14 illustrates the
antimicrobial “halo obtained from the measurements of the normalized width, inhibition
zone diameter (diz) and the diameter of disk (d). As shown in Figure 14, after incubation for
24 h at 37 ◦C, the results of the agar disk diffusion method clearly indicate no antibacterial
activity for pristine membrane. However, increasing antibacterial activity were observed
against S. aureu and E. coil for the mAC membranes. Figure 15 shows the different nor-
malized widths of the antimicrobial “halo” (nwhalo) for the fabricated membranes against
gram-positive S. Aureus and gram-negative E. coli bacteria. The differences are statistically
significant (p < 0.0001).

The fabricated membranes show bacterial resistance due to the presence of mAC in
the prepared membranes. It was observed that higher concentration of mAC produced
more pronounce antibacterial effect. The results showed better zone of inhibition for the
mAC incorporated PES membranes, thus making these well-suited filtration for treatment
of water. Present observation is in good agreement with earlier studies of antibacterial
properties of activated carbon against various bacteria including E. coli [73,78–81].
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The membranes developed and studied in present work for water treatment pos-
sess promising antimicrobial properties to prevent biofouling since later leads to pores
clogging to render these unfit for filtration operation. The antimicrobial performance of
the prepared PES ultrafiltration membranes with mAC thus can potentially be utilized to
suppress antifouling to significantly enhance the performance and longevity of filtration
through membranes.

4. Conclusions

In this work, high performance ultrafiltration polyether sulfone membranes incorpo-
rated with the APTMS modified activated carbon (mAC) have been fabricated via inversion
phase process by dispersing mAC into the coagulation bath. Influences of a range of concen-
trations of mAC with 1, 4, 7 and 10% (w/w) on the fabricated membranes was investigated
such as morphology, hydrophilicity, flux, protein and bacterial antifouling. The incorpora-
tion of mAC into the membrane resulted in hydrophilicity as contact angle decreased from
73◦ for pristine PES membrane to 55◦ for membrane incorporated with 7% (w/w) mAC with
increase in water flux up to 136 (L/m2·h). The water flux also enhanced notable relative to
the pristine PES membrane in all the mAC membranes. The prepared membranes incor-
porated with mAC also exhibited higher antibacterial performance against both strains of
gram-negative E. Coil and gram-positive S. aureus. The bovine serum albumin protein (BSA)
solution filtration through mAC membranes of 4% (w/w) and 7% (w/w) resulted in over
90% as compared to only 30% for the pristine PES membrane to demonstrate antifouling
characteristics. The novel mAC PES ultrafiltration membranes have higher antifouling and
non-binding of the protein and bacteria and therefore can potentially be useful for water
treatment and selective filtration of proteins and macromolecules.

Author Contributions: Conceptualization, Z.A.; methodology, Z.A.; formal analysis, A.A., A.M.,
N.F.R., S.J.K., L.D. and K.M.D.; investigation, Z.A.; resources, A.M. and L.D.; writing—original draft
preparation, Z.A.; writing—review and editing, A.M. and N.M.A.; supervision, N.M.A.; funding
acquisition, K.M.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Higher Eduction Commsion (HEC), Pakistan, under Project
number NRPU 6020. The APC is funded by K.M.D.

Acknowledgments: Support of HEC, NRPU 6020 and NUST Research Directorate is appreciated.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2022, 14, 2264 18 of 20

References
1. Nadir, I.; Rana, N.F.; Ahmad, N.M.; Tanweer, T.; Batool, A.; Taimoor, Z.; Riaz, S.; Ali, S.M. Cannabinoids and Terpenes as an

antibacterial and antibiofouling promotor for PES water filtration membranes. Molecules 2020, 25, 691. [CrossRef]
2. Chen, S.; Zhang, J.; Zhang, C.; Yue, Q.; Li, Y.; Li, C. Equilibrium and kinetic studies of methyl orange and methyl violet adsorption

on activated carbon derived from Phragmites australis. Desalination 2010, 252, 149–156. [CrossRef]
3. Montgomery, M.A.; Elimelech, M. Water and sanitation in developing countries: Including health in the equation. Environ. Sci.

Technol. 2007, 41, 17–24. [CrossRef] [PubMed]
4. Azizian, S.; Niknam, Z.; Rombi, E. Adsorption of pentafluorophenol onto powdered, granular, and cloth activated carbons. J.

Dispers. Sci. Technol. 2012, 33, 206–212. [CrossRef]
5. Tong, K.; Ji, G.; Nie, F.; Zhang, M.; Ren, W.; Xie, S. Enhanced removal of organic pollutants from super heavy oil wastewater

using specially modified lignite activated coke. Environ. Sci. Water Res. Technol. 2020, 6, 1606–1614. [CrossRef]
6. László, K.; Szűcs, A. Surface characterization of polyethyleneterephthalate (PET) based activated carbon and the effect of pH on

its adsorption capacity from aqueous phenol and 2,3,4-trichlorophenol solutions. Carbon 2001, 39, 1945–1953. [CrossRef]
7. Zielke, U.; Hüttinger, K.J.; Hoffman, W.P. Surface-oxidized carbon fibers: I. Surface structure and chemistry. Carbon 1996, 34,

983–998. [CrossRef]
8. Kasuga, I.; Shimazaki, D.; Kunikane, S. Influence of backwashing on the microbial community in a biofilm developed on biological

activated carbon used in a drinking water treatment plant. Water Sci. Technol. J. Int. Assoc. Water Pollut. Res. 2007, 55, 173–180.
[CrossRef]

9. Hassan, M.; Abou-Zeid, R.; Hassan, E.; Berglund, L.; Aitomaki, Y.; Oksman, K. Membranes based on cellulose nanofibers and
activated carbon for removal of Escherichia coli bacteria from water. Polymers 2017, 9, 335. [CrossRef]

10. Marshall, K.C. Adsorption and adhesion processes in microbial growth at interfaces. Adv. Colloid Interface Sci. 1986, 25, 59–86.
[CrossRef]

11. Monser, L.; Adhoum, N. Modified activated carbon for the removal of copper, zinc, chromium and cyanide from wastewater. Sep.
Purif. Technol. 2002, 26, 137–146. [CrossRef]

12. Pietrowski, P.; Ludwiczak, I.; Tyczkowski, J. Activated carbons modified by Ar and CO2 plasmas—Acetone and cyclohexane
adsorption. Mater. Sci. 2012, 18, 158–162. [CrossRef]

13. Shafeeyan, M.S.; Daud, W.M.A.W.; Houshmand, A.; Shamiri, A. A review on surface modification of activated carbon for carbon
dioxide adsorption. J. Anal. Appl. Pyrolysis 2010, 89, 143–151. [CrossRef]

14. Rivera-Utrilla, J.; Sanchez-Polo, M.; Gomez-Serrano, V.; Alvarez, P.M.; Alvim-Ferraz, M.C.; Dias, J.M. Activated carbon modifica-
tions to enhance its water treatment applications. An overview. J. Hazard. Mater. 2011, 187, 1–23. [CrossRef]

15. Li, Z.; Chang, X.; Zou, X.; Zhu, X.; Nie, R.; Hu, Z.; Li, R. Chemically-modified activated carbon with ethylenediamine for selective
solid-phase extraction and preconcentration of metal ions. Anal. Chim. Acta 2009, 632, 272–277. [CrossRef]

16. Rivera-Utrilla, J.; Bautista-Toledo, I.; Ferro-García, M.A.; Moreno-Castilla, C. Activated carbon surface modifications by adsorption
of bacteria and their effect on aqueous lead adsorption. J. Chem. Technol. Biotechnol. 2001, 76, 1209–1215. [CrossRef]

17. Lalia, B.S.; Kochkodan, V.; Hashaikeh, R.; Hilal, N. A review on membrane fabrication: Structure, properties and performance
relationship. Desalination 2013, 326, 77–95. [CrossRef]

18. Goh, P.S.; Ng, B.C.; Lau, W.J.; Ismail, A.F. Inorganic nanomaterials in polymeric ultrafiltration membranes for water treatment.
Sep. Purif. Rev. 2014, 44, 216–249. [CrossRef]

19. Alenazi, N.A.; Alamry, K.A.; Hussein, M.A.; Elfaky, M.A.; Asiri, A.M. Exploring the effect of organic–inorganic additives loaded
on modified polyethersulfone membranes. J. Appl. Polym. Sci. 2019, 136, 47686. [CrossRef]

20. Braeken, L.; Van der Bruggen, B.; Vandecasteele, C. Flux decline in nanofiltration due to adsorption of dissolved organic
compounds: Model prediction of time dependency. J. Phys. Chem. B 2006, 110, 2957–2962. [CrossRef]

21. Tu, S.-C.; Ravindran, V.; Den, W.; Pirbazari, M. Predictive membrane transport model for nanofiltration processes in water
treatment. AIChE J. 2001, 47, 1346–1362. [CrossRef]

22. Rahimpour, A.; Madaeni, S.S. Polyethersulfone (PES)/cellulose acetate phthalate (CAP) blend ultrafiltration membranes: Prepa-
ration, morphology, performance and antifouling properties. J. Membr. Sci. 2007, 305, 299–312. [CrossRef]

23. Zinadini, S.; Zinatizadeh, A.A.; Rahimi, M.; Vatanpour, V.; Zangeneh, H. Preparation of a novel antifouling mixed matrix PES
membrane by embedding graphene oxide nanoplates. J. Membr. Sci. 2014, 453, 292–301. [CrossRef]

24. Zhang, M.; Field, R.W.; Zhang, K. Biogenic silver nanocomposite polyethersulfone UF membranes with antifouling properties. J.
Membr. Sci. 2014, 471, 274–284. [CrossRef]

25. Bagheripour, E.; Moghadassi, A.R.; Hosseini, S.M.; Ray, M.B.; Parvizian, F.; Van der Bruggen, B. Highly hydrophilic and
antifouling nanofiltration membrane incorporated with water-dispersible composite activated carbon/chitosan nanoparticles.
Chem. Eng. Res. Des. 2018, 132, 812–821. [CrossRef]

26. Kallem, P.; Ouda, M.; Bharath, G.; Hasan, S.W.; Banat, F. Enhanced water permeability and fouling resistance properties of
ultrafiltration membranes incorporated with hydroxyapatite decorated orange-peel-derived activated carbon nanocomposites.
Chemosphere 2022, 286, 131799. [CrossRef] [PubMed]

27. Nayab, S.S.; Abbas, M.A.; Mushtaq, S.; Khan Niazi, B.; Batool, M.; Shehnaz, G.; Ahmad, N.; Ahmad, N.M. Anti-foulant ultrafiltra-
tion polymer composite membranes incorporated with composite activated carbon/chitosan and activated carbon/thiolated
chitosan with enhanced hydrophilicity. Membranes 2021, 11, 827. [CrossRef]

http://doi.org/10.3390/molecules25030691
http://doi.org/10.1016/j.desal.2009.10.010
http://doi.org/10.1021/es072435t
http://www.ncbi.nlm.nih.gov/pubmed/17265923
http://doi.org/10.1080/01932691.2011.561161
http://doi.org/10.1039/D0EW00033G
http://doi.org/10.1016/S0008-6223(01)00005-7
http://doi.org/10.1016/0008-6223(96)00032-2
http://doi.org/10.2166/wst.2007.256
http://doi.org/10.3390/polym9080335
http://doi.org/10.1016/0001-8686(86)80002-1
http://doi.org/10.1016/S1383-5866(01)00155-1
http://doi.org/10.5755/j01.ms.18.2.1919
http://doi.org/10.1016/j.jaap.2010.07.006
http://doi.org/10.1016/j.jhazmat.2011.01.033
http://doi.org/10.1016/j.aca.2008.11.001
http://doi.org/10.1002/jctb.506
http://doi.org/10.1016/j.desal.2013.06.016
http://doi.org/10.1080/15422119.2014.926274
http://doi.org/10.1002/app.47686
http://doi.org/10.1021/jp0534333
http://doi.org/10.1002/aic.690470612
http://doi.org/10.1016/j.memsci.2007.08.030
http://doi.org/10.1016/j.memsci.2013.10.070
http://doi.org/10.1016/j.memsci.2014.08.021
http://doi.org/10.1016/j.cherd.2018.02.027
http://doi.org/10.1016/j.chemosphere.2021.131799
http://www.ncbi.nlm.nih.gov/pubmed/34364235
http://doi.org/10.3390/membranes11110827


Polymers 2022, 14, 2264 19 of 20

28. Ai, L.; Jiang, J. Fast removal of organic dyes from aqueous solutions by AC/ferrospinel composite. Desalination 2010, 262, 134–140.
[CrossRef]

29. Hamad, H.; Ezzeddine, Z.; Kanaan, S.; Lakis, F.; Hijazi, A.; Moussawi, M.-A. A novel modification and selective route for the
adsorption of Pb2+ by oak charcoal functionalized with glutaraldehyde. Adv. Powder Technol. 2016, 27, 631–637. [CrossRef]

30. Vatsha, B.; Ngila, J.C.; Moutloali, R.M. Preparation of antifouling polyvinylpyrrolidone (PVP 40K) modified polyethersulfone
(PES) ultrafiltration (UF) membrane for water purification. Phys. Chem. Earth Parts A/B/C 2014, 67–69, 125–131. [CrossRef]

31. Barahimi, V.; Taheri, R.A.; Mazaheri, A.; Moghimi, H. Fabrication of a novel antifouling TiO2/CPTES/metformin-PES nanocom-
posite membrane for removal of various organic pollutants and heavy metal ions from wastewater. Chem. Pap. 2020, 74, 3545–3556.
[CrossRef]

32. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1983, 60, 309–319. [CrossRef]
33. Jagiello, J.; Olivier, J.P. A simple two-dimensional nldft model of gas adsorption in finite carbon pores. Application to pore

structure analysis. J. Phys. Chem. C 2009, 113, 19382–19385. [CrossRef]
34. Jagiello, J.; Thommes, M. Comparison of DFT characterization methods based on N2, Ar, CO2, and H2 adsorption applied to

carbons with various pore size distributions. Carbon 2004, 42, 1227–1232. [CrossRef]
35. Lopez-Ramon, M.V.; Stoeckli, F.; Moreno-Castilla, C.; Carrasco-Marin, F. On the characterization of acidic and basic surface sites

on carbons by various techniques. Carbon 1999, 37, 1215–1221. [CrossRef]
36. Boehm, H.P. Surface oxides on carbon and their analysis: A critical assessment. Carbon 2002, 40, 145–149. [CrossRef]
37. Terpiłowski, K. Apparent surface free energy of polymer/paper composite material treated by air plasma. Int. J. Polym. Sci. 2017,

2017, 9023197. [CrossRef]
38. Callow, J.A.; Callow, M.E.; Ista, L.K.; Lopez, G.; Chaudhury, M.K. The influence of surface energy on the wetting behaviour of the

spore adhesive of the marine alga Ulva linza (synonym Enteromorpha linza). J. R. Soc. Interface 2005, 2, 319–325. [CrossRef]
39. Sun, C.; Negro, E.; Vezzù, K.; Pagot, G.; Cavinato, G.; Nale, A.; Herve Bang, Y.; Di Noto, V. Hybrid inorganic-organic proton-

conducting membranes based on SPEEK doped with WO3 nanoparticles for application in vanadium redox flow batteries.
Electrochim. Acta 2019, 309, 311–325. [CrossRef]

40. Ariadi Lusiana, R.; Muslimah, N.; Riyanati, P.; Sangkota, V.D.A.; Gunawan; Azmiyawati, C. Synthesis and characterization of
composite polyethersulfone (PES) membranes with polyethylene glycol (PEG) and heparin-chitosan (Hep-CS). IOP Conf. Ser.
Mater. Sci. Eng. 2019, 509, 012123. [CrossRef]

41. Khan, M.I.; Shanableh, A.; Shahida, S.; Lashari, M.H.; Manzoor, S.; Fernandez, J. SPEEK and SPPO blended membranes for proton
exchange membrane fuel cells. Membranes 2022, 12, 263. [CrossRef] [PubMed]

42. Velu, S.; Muruganandam, L.; Arthanareeswaran, G. Preparation and Performance Studies on Polyethersulfone Ultrafiltration
Membranes Modified with Gelatin for Treatment of Tannery and Distillery Wastewater. Braz. J. Chem. Eng. 2015, 32, 179–189.
[CrossRef]

43. Wang, Y.; Lu, Y.; Zhang, J.; Hu, X.; Yang, Z.; Guo, Y.; Wang, Y. A synergistic antibacterial effect between terbium ions and reduced
graphene oxide in a poly(vinyl alcohol)-alginate hydrogel for treating infected chronic wounds. J. Mater. Chem. B 2019, 7, 538–547.
[CrossRef] [PubMed]

44. Marti, M.; Frigols, B.; Serrano-Aroca, A. Antimicrobial characterization of advanced materials for bioengineering applications. J.
Vis. Exp. JoVE 2018, 138, 57710. [CrossRef]

45. Ahmed, M.J.; Theydan, S.K. Microporous activated carbon from Siris seed pods by microwave-induced KOH activation for
metronidazole adsorption. J. Anal. Appl. Pyrolysis 2013, 99, 101–109. [CrossRef]

46. Li, L.; Sun, F.; Gao, J.; Wang, L.; Pi, X.; Zhao, G. Broadening the pore size of coal-based activated carbonviaa washing-free
chem-physical activation method for high-capacity dye adsorption. RSC Adv. 2018, 8, 14488–14499. [CrossRef]

47. Inagaki, M.; Kang, F. Engineering and applications of carbon materials. In Materials Science and Engineering of Carbon: Fundamentals,
2nd ed; Elsevier Inc.: Oxford, UK, 2014; pp. 219–525. [CrossRef]

48. Anisuzzaman, S.M.; Joseph, C.G.; Taufiq-Yap, Y.H.; Krishnaiah, D.; Tay, V.V. Modification of commercial activated carbon for the
removal of 2,4-dichlorophenol from simulated wastewater. J. King Saud Univ. Sci. 2015, 27, 318–330. [CrossRef]

49. Jaria, G.; Lourenço, M.A.O.; Silva, C.P.; Ferreira, P.; Otero, M.; Calisto, V.; Esteves, V.I. Effect of the surface functionalization of a
waste-derived activated carbon on pharmaceuticals’ adsorption from water. J. Mol. Liq. 2020, 299, 112098. [CrossRef]

50. Abbas, M.A.; Mushtaq, S.; Cheema, W.A.; Qiblawey, H.; Zhu, S.; Li, Y.; Zhang, R.; Wu, H.; Jiang, Z.; Sadiq, R.; et al. Surface
Modification of TFC-PA RO membrane by grafting hydrophilic pH Switchable poly(acrylic acid) brushes. Adv. Polym. Technol.
2020, 2020, 8281058. [CrossRef]

51. Jain, A.; Hirata, G.A.; Farias, M.H.; Castillon, F.F. Synthesis and characterization of (3-Aminopropyl)trimethoxy-silane (APTMS)
functionalized Gd2O3:Eu(3+) red phosphor with enhanced quantum yield. Nanotechnology 2016, 27, 065601. [CrossRef]

52. Belfer, S. Surface characterization by FTIR-ATR spectroscopy of polyethersulfone membranes-unmodified, modified and protein
fouled. J. Membr. Sci. 2000, 172, 113–124. [CrossRef]

53. Sandoval-Olvera, I.G.; Villafaña-López, L.; Reyes-Aguilera, J.A.; Ávila-Rodríguez, M.; Razo-Lazcano, T.A.; González-Muñoz, M.P.
Surface modification of polyethersulfone membranes with goethite through self-assembly. Desalin. Water Treat. 2017, 65, 199–207.
[CrossRef]

54. Rahimpour, A. UV photo-grafting of hydrophilic monomers onto the surface of nano-porous PES membranes for improving
surface properties. Desalination 2011, 265, 93–101. [CrossRef]

http://doi.org/10.1016/j.desal.2010.05.059
http://doi.org/10.1016/j.apt.2016.02.019
http://doi.org/10.1016/j.pce.2013.09.021
http://doi.org/10.1007/s11696-020-01178-2
http://doi.org/10.1021/ja01269a023
http://doi.org/10.1021/jp9082147
http://doi.org/10.1016/j.carbon.2004.01.022
http://doi.org/10.1016/S0008-6223(98)00317-0
http://doi.org/10.1016/S0008-6223(01)00165-8
http://doi.org/10.1155/2017/9023197
http://doi.org/10.1098/rsif.2005.0041
http://doi.org/10.1016/j.electacta.2019.03.056
http://doi.org/10.1088/1757-899X/509/1/012123
http://doi.org/10.3390/membranes12030263
http://www.ncbi.nlm.nih.gov/pubmed/35323739
http://doi.org/10.1590/0104-6632.20150321s00002965
http://doi.org/10.1039/C8TB02679C
http://www.ncbi.nlm.nih.gov/pubmed/32254787
http://doi.org/10.3791/57710
http://doi.org/10.1016/j.jaap.2012.10.019
http://doi.org/10.1039/C8RA02127A
http://doi.org/10.1016/b978-0-12-800858-4.00003-6
http://doi.org/10.1016/j.jksus.2015.01.002
http://doi.org/10.1016/j.molliq.2019.112098
http://doi.org/10.1155/2020/8281058
http://doi.org/10.1088/0957-4484/27/6/065601
http://doi.org/10.1016/S0376-7388(00)00316-1
http://doi.org/10.5004/dwt.2017.20302
http://doi.org/10.1016/j.desal.2010.07.037


Polymers 2022, 14, 2264 20 of 20

55. Peyravi, M. Preparation of adsorptive nanoporous membrane using powder activated carbon: Isotherm and thermodynamic
studies. Front. Chem. Sci. Eng. 2019, 14, 673–687. [CrossRef]

56. Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.H.; Bose, S.; Lee, J.H. Recent advances in graphene based polymer composites. Prog. Polym.
Sci. 2010, 35, 1350–1375. [CrossRef]

57. Hołda, A.K.; Vankelecom, I.F.J. Understanding and guiding the phase inversion process for synthesis of solvent resistant
nanofiltration membranes. J. Appl. Polym. Sci. 2015, 132, 42130. [CrossRef]

58. Ng, C.A.; Wong, L.Y.; Bashir, M.J.K.; Ng, S.L. Development of hybrid polymeric polyerthersulfone (PES) membrane incorporated
with powdered activated carbon (PAC) for palm oil mill effluent (POME) treatment. Int. J. Integr. Eng. 2018, 10, 137–141.
[CrossRef]

59. Basri, H.; Ismail, A.F.; Aziz, M. Polyethersulfone (PES)–silver composite UF membrane: Effect of silver loading and PVP molecular
weight on membrane morphology and antibacterial activity. Desalination 2011, 273, 72–80. [CrossRef]

60. Giraldo, L.; Vargas, D.P.; Moreno-Pirajan, J.C. Study of CO2 adsorption on chemically modified activated carbon with nitric acid
and ammonium aqueous. Front. Chem. 2020, 8, 543452. [CrossRef]

61. Plaza, M.G.; Pevida, C.; Arenillas, A.; Rubiera, F.; Pis, J.J. CO2 capture by adsorption with nitrogen enriched carbons. Fuel 2007,
86, 2204–2212. [CrossRef]

62. Shafeeyan, M.S.; Daud, W.M.A.W.; Houshmand, A.; Arami-Niya, A. Ammonia modification of activated carbon to enhance
carbon dioxide adsorption: Effect of pre-oxidation. Appl. Surf. Sci. 2011, 257, 3936–3942. [CrossRef]

63. Gohari, B.; Abu-Zahra, N. Polyethersulfone membranes prepared with 3-Aminopropyltriethoxysilane modified alumina nanopar-
ticles for Cu(II) removal from water. ACS Omega 2018, 3, 10154–10162. [CrossRef] [PubMed]

64. Lewis, J.; Al-sayaghi, M.A.Q.; Buelke, C.; Alshami, A. Activated carbon in mixed-matrix membranes. Sep. Purif. Rev. 2019, 50,
1–31. [CrossRef]

65. Astakhov, E.Y.; Kolganov, I.M.; Klinshpont, E.R.; Tsarin, P.G.; Kalacheva, A.A. Influence of polyvinylpyrrolidone on morphology,
hydrophilicity, and performance of polyethersulfone microfiltration membranes. Pet. Chem. 2013, 52, 557–564. [CrossRef]

66. Saranya, R.; Arthanareeswaran, G.; Ismail, A.F. Enhancement of anti-fouling properties during the treatment of paper mill
effluent using functionalized zeolite and activated carbon nanomaterials based ultrafiltration. J. Chem. Technol. Biotechnol. 2019,
94, 2805–2815. [CrossRef]

67. Soria-Sanchez, M.; Maroto-Valiente, A.; Guerrero-Ruiz, A.; Nevskaia, D.M. Adsorption of non-ionic surfactants on hydrophobic
and hydrophilic carbon surfaces. J. Colloid Interface Sci. 2010, 343, 194–199. [CrossRef] [PubMed]

68. Tripathi, B.P.; Dubey, N.C.; Stamm, M. Polyethylene glycol cross-linked sulfonated polyethersulfone based filtration membranes
with improved antifouling tendency. J. Membr. Sci. 2014, 453, 263–274. [CrossRef]

69. Bhatti, H.T.; Ahmad, N.M.; Khan Niazi, M.B.; Ur Rehman Alvi, M.A.; Ahmad, N.; Anwar, M.N.; Cheema, W.; Tariq, S.; Batool, M.;
Aman, Z.; et al. Graphene oxide-PES-based mixed matrix membranes for controllable antibacterial activity against Salmonella
typhi and water treatment. Int. J. Polym. Sci. 2018, 2018, 7842148. [CrossRef]

70. Ebrahimi, M.; Kujawski, W.; Fatyeyeva, K. Fabrication of Polyamide-6 membranes—The effect of gelation time towards their
morphological, physical and transport properties. Membranes 2022, 12, 315. [CrossRef]

71. Hosseini, S.M.; Amini, S.H.; Khodabakhshi, A.R.; Bagheripour, E.; Van der Bruggen, B. Activated carbon nanoparticles entrapped
mixed matrix polyethersulfone based nanofiltration membrane for sulfate and copper removal from water. J. Taiwan Inst. Chem.
Eng. 2018, 82, 169–178. [CrossRef]

72. Rahimpour, A.; Jahanshahi, M.; Rajaeian, B.; Rahimnejad, M. TiO2 entrapped nano-composite PVDF/SPES membranes: Prepara-
tion, characterization, antifouling and antibacterial properties. Desalination 2011, 278, 343–353. [CrossRef]

73. Phan, H.T.; Bartelt-Hunt, S.; Rodenhausen, K.B.; Schubert, M.; Bartz, J.C. Investigation of bovine serum albumin (BSA) attachment
onto self-assembled monolayers (SAMs) using combinatorial quartz crystal microbalance with dissipation (QCM-D) and
spectroscopic ellipsometry (SE). PLoS ONE 2015, 10, e0141282. [CrossRef] [PubMed]

74. Graves, J.E.; Latvyte, E.; Greenwood, A.; Emekwuru, N.G. Ultrasonic preparation, stability and thermal conductivity of a capped
copper-methanol nanofluid. Ultrason. Sonochem. 2019, 55, 25–31. [CrossRef] [PubMed]

75. Li, J.; Wu, Y.; Li, B.; Hu, M.; Zhang, J. Enhanced hydrophilicity and antifouling performance of PES-C/emodin ultrafiltration
membrane. High Perform. Polym. 2021, 34, 3–14. [CrossRef]

76. Wu, X.; Xie, Z.; Wang, H.; Zhao, C.; Ng, D.; Zhang, K. Improved filtration performance and antifouling properties of polyether-
sulfone ultrafiltration membranes by blending with carboxylic acid functionalized polysulfone. RSC Adv. 2018, 8, 7774–7784.
[CrossRef]

77. Manawi, Y.; Kochkodan, V.; Mahmoudi, E.; Johnson, D.J.; Mohammad, A.W.; Atieh, M.A. Characterization and separation
performance of a novel polyethersulfone membrane blended with acacia gum. Sci. Rep. 2017, 7, 15831. [CrossRef]

78. Ramadoss, P.; Regi, T.; Rahman, M.I.; Arivuoli, D. Low-cost and biodegradable cellulose/PVP/activated carbon composite
membrane for brackish water treatment. J. Appl. Polym. Sci. 2019, 137, 48746. [CrossRef]

79. Hwang, L.-L.; Chen, J.-C.; Wey, M.-Y. The properties and filtration efficiency of activated carbon polymer composite membranes
for the removal of humic acid. Desalination 2013, 313, 166–175. [CrossRef]

80. Seredych, M.; Mikhalovska, L.; Mikhalovsky, S.; Gogotsi, Y. Adsorption of bovine serum albumin on carbon-based materials. C
2018, 4, 3. [CrossRef]

81. Stone, M.T.; Kozlov, M. Separating proteins with activated carbon. Langmuir ACS J. Surf. Colloids 2014, 30, 8046–8055. [CrossRef]

http://doi.org/10.1007/s11705-019-1800-9
http://doi.org/10.1016/j.progpolymsci.2010.07.005
http://doi.org/10.1002/app.42130
http://doi.org/10.30880/ijie.2018.10.02.027
http://doi.org/10.1016/j.desal.2010.11.010
http://doi.org/10.3389/fchem.2020.543452
http://doi.org/10.1016/j.fuel.2007.06.001
http://doi.org/10.1016/j.apsusc.2010.11.127
http://doi.org/10.1021/acsomega.8b01024
http://www.ncbi.nlm.nih.gov/pubmed/31459143
http://doi.org/10.1080/15422119.2019.1609986
http://doi.org/10.1134/S0965544112080026
http://doi.org/10.1002/jctb.6020
http://doi.org/10.1016/j.jcis.2009.10.082
http://www.ncbi.nlm.nih.gov/pubmed/19954786
http://doi.org/10.1016/j.memsci.2013.11.007
http://doi.org/10.1155/2018/7842148
http://doi.org/10.3390/membranes12030315
http://doi.org/10.1016/j.jtice.2017.11.017
http://doi.org/10.1016/j.desal.2011.05.049
http://doi.org/10.1371/journal.pone.0141282
http://www.ncbi.nlm.nih.gov/pubmed/26505481
http://doi.org/10.1016/j.ultsonch.2019.02.028
http://www.ncbi.nlm.nih.gov/pubmed/31084788
http://doi.org/10.1177/09540083211035963
http://doi.org/10.1039/C7RA12447C
http://doi.org/10.1038/s41598-017-14735-9
http://doi.org/10.1002/app.48746
http://doi.org/10.1016/j.desal.2012.12.019
http://doi.org/10.3390/c4010003
http://doi.org/10.1021/la501005s

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Surface Modification of Activated Carbon (AC) 
	Membrane Fabrication 

	Characterization of Activated Carbon 
	Ash Determination 
	N2 Adsorption-Desorption at 77 K 
	pHPZC and Boehm Titrations 

	Characterization of mAC and Fabricated Membranes 
	Antibacterial Assay 

	Results 
	Characterization of AC 
	Surface Chemistry 
	Surface Characteristics Analyses by Brunauer-Emmett-Teller Analysis (BET) 
	Surface Morphology Analyses by SEM 
	Afunctional Groups Analyses by FTIR 

	Characterization of mAC and Fabricated Membranes 
	Functional Groups Analyses by FTIR 
	Surface Morphological Analysis by SEM 
	Optical Profilometry 
	Surface Characteristics Analyses by Brunauer-Emmett-Teller Analysis (BET) 
	Contact Angle and Surface Energy Studies 
	Water Uptake and Swelling 
	Evaluation of Flux and Fouling Characteristics 
	Antibacterial Activity of the Fabricated Membranes 


	Conclusions 
	References

