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A B S T R A C T

Satisfactory ultra-high biofilm formation resistant polymeric interfaces have yet to be realized. A new appli-
cation of mesoporous carbon (MPC) via the loading of silver nanoparticles into its matrix was successfully
introduced for the fabrication of biofouling resistant polyethersulfone ultrafiltration membranes. MPC not only
solved the silver nanoparticle detachment issue, as the most significant scaling up challenge of new materials
modified by silver, but it also led to an anti-adhesion interfacial layer for microorganisms. The effect of the
incorporation of MPC on biofouling mitigation and the performance of the composite membranes was examined
through bacterial adhesion resistance. The composite membrane containing the optimized 0.20 wt% MPC doped
with an Ag ratio of 1:99 (w/w) easily dispatched microorganisms. Bacterial attachment on the membrane surface
was reduced dramatically. Furthermore, the remaining attached bacterial cells were dealt with via the bacter-
icidal properties of the silver nanoparticles, up to 93%. Rendering of the flow cytometry results showed that MPC
amplified the effect of the negligible amount of Ag (0.002wt% of the membrane) and induced apparent bacterial
damage of Bacillus subtilis (92.94%) and Escherichia coli (93.21%). The polymeric mixed matrix membrane en-
tirely mitigated biofouling over 99% by the combination of the bactericidal effect of silver and the anti-adhesion
properties of MPC.

1. Introduction

Polymeric membrane-based filtration processes have been widely
applied for water treatment [1]. Membrane fouling is one of the most
critical issues in membrane-assisted separation processes. The operating
condition optimization has an enormous impact on membrane fouling
alleviation [2,3]. A well-designed pre-treatment section with in time
backwashing and chemical cleaning can be used to optimize the life-
span of the membranes and minimize the extra operational costs [4].
However, the initial investment of such a professional water purifica-
tion system is invariably escalated and must be operated by experienced
technicians. The most crucial fouling type, including organic [5,6],
scaling, biofouling [7] and colloidal [8], in membrane science is bio-
fouling (biofilm formation and subsequently biofouling). Biofilms are
developed by the gradual deposition and proliferation of bacteria,
whether dead or alive, on the membrane surface [9]. Biofilms sig-
nificantly reduce the membrane permeability. Hence, it is vital to al-
leviate both the primary attachment of bacteria and the subsequent
growth on the membrane surface.

Biofilm formation rapidly enhances the energy consumption and

consequently, permeates the cost of the biofouled membrane. The
fabrication of mixed matrix membranes (MMMs) has been successfully
accomplished via two- and three-dimensional [10,11] inorganic mate-
rials [12–14]. In the last decade, the study of biofouling mitigation of
polymeric membranes has been performed by means of blending,
grafting, coating [15] and electrospinning [16]. The spread of poly-
meric membrane applications for water and wastewater treatment has
led to several types of research to minimize the challenges, such as
biofouling and maximizing the advantages [17]. As previously men-
tioned, biofouling alleviation solutions can be divided into modifica-
tions of membranes and the process control. Considering the low
compactness of membrane modules that are photocatalytically mod-
ified, appropriate membrane modification remedies act via two core
functions, antibacterial, and anti-adhesion. The former can be ad-
dressed by enabling bacteriostatic features by adding silver nano-
particles, a topic that has been broadly studied. Silver composite
membranes usually exhibit satisfactory primary antibacterial efficiency
[18]. However, their weak interfacial affinity with polymer causes
gradual detachment of the inorganic nanoparticles and a loss in anti-
microbial ability, and more importantly, it could also cause secondary
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contamination [19], particularly during the industrial membrane fil-
tration process where excessive shear force is applied.

To solve this problem, the inorganic nanoparticles or polymeric
membranes need to be modified to improve their interfacial compat-
ibility. For rendering antibacterial characteristics, titania nanoparticles
also have been widely used [20]. However, the low packing densities
for applying ultraviolet irradiation for photocatalytic degradation of the
foulants before their attachment to the membrane surface is not fa-
vorable for the industry. As a result, it is ideal to prepare high mem-
brane packing densities with antibacterial materials that are highly
compatible with the polymer matrix and thus can be adapted for long-
term operational stability. In summary, providing a membrane surface
with an anti-adhesion property to prevent the initial attachment of
microorganisms can be a more effective approach than the anti-
microbial method alone. Therefore, the design of a membrane that
benefits from both anti-adhesion and antibacterial properties is in high
demand and is the subject of this work.

Carbon-based materials, such as graphene oxide (GO), nanoporous
carbon [21], carbon nanotubes (CNTs) and hollow carbon spheres, have
attracted increasing attention for desalination [22], water treatment
and purification, and as antibacterial agents [23]. Moreover, these
materials can be easily combined with various polymeric materials for
nanocomposite membrane preparation due to their excellent interfacial
compatibility [24]. These MMM membranes have improved perfor-
mances, such as better bacterial adhesion resistance, higher water flux
and improved salt rejection [25,26]. Accordingly, carbon-based mate-
rials are promising candidates to prepare highly efficient membranes
with low bacterial attachment. Formerly, CNTs and GO have been in-
vestigated for synergetic antibacterial effects [27,28]. However, the
potential of modified mesoporous carbon (MPC) has not been studied
for the preparation of antibacterial membranes. In comparison to GO
and CNTs, the higher specific surface area of MPC not only makes it a
highly efficient candidate for making MMMs with a stable affinity, but
it also develops a desirable space for doping other nanoparticles to
produce a multifunctional filler [29]. Likewise, due to the simplicity of
MPC synthesis, a vast variety of micro, macro and mesoporous carbons
with different specific surface areas, pore sizes, and size distributions
have already been industrialized on a mass production scale. MPC
provides anti-adhesion characteristics to prevent bacterial attachment
and subsequently biofilm formation on the surface. Moreover, the Ag
dopants will damage the probable microorganisms to create a synergy
between the anti-adhesion and antimicrobial effects of Ag-doped me-
soporous carbon poly(ether sulfone) (PES) ultrafiltration (UF) mem-
brane, in addition to the long-lasting antibacterial effectiveness
[30,31].

This study focused on the biofouling alleviation of fabricated and
characterized MPCAg blended flat sheet membranes. MPCAg was
blended into a PES UF membrane matrix to enhance its antibacterial
properties and resistance to bacterial adhesion attachment. Different Ag
loadings into the highly biofouling resistant MPC amount of 0.2%,
which was well defined in our recent research as an anti-biofilm ad-
hesion membrane filler [32], were compared with regards to membrane
structure, surface morphology, and filtration performance. Further-
more, the protein adsorption and biofilm formation resistance of the
nanocomposite membranes were investigated via static bovine serum
albumin (BSA) adsorption and flow cytometry, respectively, to provide
a better understanding of the effect of the dopant on membrane bio-
fouling mitigation.

2. Experimental section

2.1. Materials

To prepare the doped MPC (20–40mesh), MPC was bought from
Supelco, Inc., USA, and silver nanopowder (< 100 nm) was purchased
from Sigma–Aldrich (CAS No.: 7440-22-4). The membrane matrix

preparation, performed via PES (Radel A-300, 51 kiloDalton [kDa]),
was provided by Solvay Advanced Polymers, LLC., USA.
Polyvinylpyrrolidone (PVP) (40 kDa) and N-methyl-2-pyrrolidone
(NMP) were procured from Merck. Two different strains of bacteria as
biofilm formers, Bacillus subtilis 168 (B168) and Escherichia coli DH5
alpha (DH5α), were purchased from Shanghai Seebio Biotech, Inc.
(Shanghai, China). All other chemicals, namely, ethanol, glycerin and
deionized water, were of the highest purity and were commonly used
without additional purification and enrichment procedures.

2.2. Preparation of Ag-doped MPC

Concisely, to prepare the Ag-doped MPC, PVP coated silver nano-
particles (1 mg/mL) were vigorously stirred in methanol for 72 h and
intermittently dispersed by shearing, sonication, and probe sonication.
Subsequently, the addition of MPC to the diluted (0.1 mg/mL) and re-
dispersed Ag suspension was performed to attain five different ratios of
1:99, 3:97, 5:95, 10:90, and 30:70% (w/w) under ultrasonic mixing for
30min to obtain a homogeneous black suspension. This procedure was
followed by stirring in the absence of direct light for 24 h. As discussed,
the weight ratio of Ag to MPC was controlled to be 1%, 3%, 5%, 10%, or
30%, and the obtained samples were labeled as MPCAg1, MPCAg3,
MPCAg5, MPCAg10, and MPCAg30, respectively. The Ag-impregnated
samples were dried into powder in a rotatory evaporator for 2 h under
an air atmosphere at 100 °C, followed by 30min of drying under a
vacuum at the same temperature. Finally, the as-prepared MPCAg fillers
have formed a suspension in 2 g NMP and was mixed with a honey-like
PES solution.

2.3. Preparation of membranes

The PES membrane was made of 16 wt% PES, 4 wt% PVP and 80 wt
% NMP as the solvent. The nanocomposite membrane compositions are
given in Table 1. Six different concentrations of AgMPC (0, 1, 3, 5, 10
and 30wt%) were incorporated into the PES membrane (as presented in
Fig. A.1) for manufacturing the composite membrane containing
0.20 wt% MPC (hereafter referred to as PES MPC), to understand the
effect of Ag on enhancing the PES MPC membrane performance. Virgin
PES, PES MPC and PES MPCAg membranes made via wet phase in-
version technique.

2.4. Characterization

The surface and cross-sectional morphology of PES MPCAg samples
and particles were characterized with field-emission scanning electron
microscopy (FESEM, Hitachi S-4800). Moreover, atomic force micro-
scopy (AFM, Bruker, Dimension Icon equipped with ScanAsyst) was
used to illustrate the surface roughness and morphology of the mem-
branes, which were divided into 5mm×5mm sections in tapping-
mode. Ag-doped MPC samples were examined with X-ray diffraction
(XRD, Rigaku, Smartlab-9KW) using Cu Kα radiation in the range of
2–90° with an increment of 0.5° at room temperature. JEM-2010 HR
JEOL high-resolution transmission electron microscopy (HRTEM) was

Table 1
Compositions of casting solutions for PES, PES MPC, and PES MPCAg nano-
composite membranes.

Samples PES (wt%) PVP (wt%) NMP (wt%) MPC (wt%) Ag (wt%)

PES virgin 16.00 4.00 80.00 0.00 0.00
PES MPC 16.00 4.00 79.80 0.20 0.00
PES MPCAg1 16.00 4.00 79.80 0.20 0.002
PES MPCAg3 16.00 4.00 79.80 0.20 0.006
PES MPCAg5 16.00 4.00 79.79 0.20 0.01
PES MPCAg10 16.00 4.00 79.78 0.20 0.02
PES MPCAg30 16.00 4.00 79.74 0.20 0.06
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used to investigate the structure of the MPC, MPCAg1, and MPCAg30.
Measurements of the specific surface area and pore size analysis of
MPC, MPCAg and MPCAg30 samples were carried out by N2 isotherms
at 77 and 273 K (Micromeritics, Model ASAP-2460). All the samples
were treated at< 300 °C for 3 h in order to remove water. Specific
surface area and PSD determined by the Brunauer–Emmett–Teller
(BET) and the Barrett–Joyner–Halenda (BJH) models, respectively. The
tensile strength of the quaternion membranes (gauge length of 50mm)
was examined (0.1 mm/min) at 50% humidity and 25 °C in the casting
direction and with CMT6203, Sans, China. The thermal resistance of the
membranes with different MPCAg loadings was measured using ther-
mogravimetric analysis/differential scanning calorimetry (TGA/DSC,
Netzsch, STA449F3). TGA was performed at a 10 °C/min heating rate
up to 800 °C under a N2 atmosphere. Specimens were formerly soaked
in a 25 vol% glycerol solution for the measurement of membrane por-
osities. Similarly, DSC was used to detect the effect of MPCAg on the
glass transition temperature (Tg) with a heating rate of up to 800 °C.

To investigate the MPC and Ag stability within the membranes, the
residual of the filtrate (after 250mL of water permeation) test was
thoroughly dried to calculate the detached filler amount from the
membrane surface. The static BSA adsorption of the virgin and nano-
composite membranes was analyzed by the bicinchoninic acid (BCA)
assay for protein quantitation [33]. 4 mm2 membrane samples were
soaked for 6 h in a 0.5mg/mL BSA, pH∼ 7.5, ∼30 °C. Then, Cu+ was
sensed by the reaction with BCA. Compared with a Lowry assay, BCA
has the advantage of being carried out as a one-step process, and BCA is
stable under alkali conditions. The absorbance of the solutions at a

562 nm wavelength was studied by UV–visible spectrometry (ND-1000
NanoDrop Technologies, USA). The adsorbed protein amount (an
average of three BSA adsorption test results) was reported in µg/cm2.

The effect of filler alteration on biofilm formation was studied with
a cytotoxicity test via one Gram-positive (B. subtilis 168) and one Gram-
negative (E. coli DH5α) bacterial strains because of their key role in
biofilm formation on polymeric membranes. First of all, the bacterial
suspension was incubated into a fresh, sterilized culture solution to
obtain 106 colony-forming units (CFU) per mL concentration. The
samples with a 0.25 cm2 surface area, autoclaved at 121 °C for 20min,
were put in a microtiter plate containing bacterial suspensions and were
incubated at 36 °C for 18 h [34]. Afterward, the samples were sonicated
at 512 kHz for 30 s to provide the optimal bacterial cell concentration
[35,36]. A 5 μL volume of 1mg/mL propidium iodide was added to a
solution of 50 μL of the sample and 5mL of distilled water to stain
bacterial cells aimed at facilitating viable and dead cell determination.
Subsequently, 10min of incubation in a dark place at room temperature
was performed before injection of the as-prepared samples into the flow
cytometer (CytoFLEX; PN B49006AA, USA).

The fouling resistance of the membranes was determined through a
BSA solution with a concentration of 0.5 wt% (pH 7). The filtration test
was carried out at room temperature (∼30 °C) in a constant N2 gas feed
pressure of 100 (± 10) kPa within the stirring cell, and the fouling
fluxes, JF (L/m2h), were recorded. Physical and chemical cleaning ap-
proaches were applied for membrane cleaning. Firstly, Milli-Q water
was added to the cell (100mL) and stirred for 10min. Then, a NaOH
solution (100mL, 0.2 wt%) was replaced with Milli-Q water. The

Fig. 1. Characterization of fillers: (a) wide-angle XRD patterns, (b and c) SEM images of MPCAg1 sample at various magnifications, (d–i) HRTEM images of the
selected samples and (j) adsorption-desorption results.
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foregoing solution was stirred for 15min, and finally, a NaOH solution
was superseded again with a 100mL volume of Milli-Q water and
stirred for an additional 10min (under ambient conditions). After the
membrane cleaning, the after fouling water flux, JAF (L/m2h), was
measured for all the membranes with the same operating conditions as
for JBF. The flux recovery (FR(%)) of the membranes was estimated as
follows:

= ×FR J
J

(%) 100AF

BF (1)

3. Results and discussion

3.1. Structure and morphology of MPCAg

The characteristics of the dopant are provided in Fig. 1. The XRD
patterns in Fig. 1a initially show increasing ordering for MPCAg1 and
MPCAg3. However, the addition of more Ag caused broadening and an
intensity decrease for the peaks, which means a reduction in ordering. It
should be considered that the formation and growth of the diffraction
line at small 2θ indicate the ordered structure (here the pore structure)
with a Bragg diffraction line at low 2θ (higher d spacing in contra-
distinction to atomic bonds). Fig. 1b and c show the SEM image of the
MPCAg1 sample, which resulted in the best bacterial alleviation in the
PES matrix, at two different magnifications. The HRTEM images of
MPC, MPCAg1, and MPCAg30 are presented in Fig. 1d–i. The meso-
porous structure of MPC could easily host Ag for MPCAg1 (the particle
size distributions of MPC and Ag are presented in Fig. A.2). However,
silver particle agglomeration for the 30% Ag loading partially impeded
the insertion. These Ag clusters caused the secondary contamination of
membranes doped with this dopant (see Table 2 in Section 2.3 and Fig.
A.3). However, the correlation between XRD and BET was not linearly
verified, with the BET results showing similar features regarding the
pore size and specific surface area of MPC and MPCAg1 in Fig. 1j [37].
The adsorption average pore widths (4 V/A by BET) for MPC, MPCAg1,
and MPCAg30 were 16.6697, 16.4852 and 17.0667 Å, respectively. In
conclusion, the main reason for the narrow hysteresis loop, despite the
BET high surface area, is the diameters of the pores, which were typi-
cally in the microporous, rather than the mesoscale (the mesoporous
surface area is much smaller than micro pore surface area). Henceforth,
the adsorption and desorption curves are generally overlapped with a
miniature hysteresis loop (Figs. A.4–A.6).

3.2. Membrane characterization

3.2.1. Membrane morphology and surface properties
Fig. 2 demonstrates the SEM images of the top layer, cross section

and bottom layer of the membranes. Accordingly, the structure could be
divided into three parts, namely, a thin layer on the upper part of the
membrane, beneath the skin layer there is a finger-like structure and
the bottom layer of the membrane. MPC addition into the PES matrix
did not change the general composite membrane morphology. How-
ever, minor differences can be observed in the Ag-doped MPC MMM, in

which the higher Ag loadings result in more prominent microvoids
(Fig. 2). The membrane thickness is ∼150 µm, and because of the
asymmetric nature, the thickness of each section varies across the
membranes by alteration of the finger-like structure’s thickness. Tech-
nically, the addition of inorganic filler into the casting solution of
membrane usually increases the viscosity of the solution. Consequently,
it would lead to a slower solvent exchange process, and in conclusion,
forms larger finger pores. From the figure, it seems that the finger-like
structure is suppressed at higher MPC concentrations, while the skin
layer thickness increased marginally. The long-term bacterial attach-
ment status of samples after fouling with E. coli and B. subtilis respec-
tively are presented in fifth and sixth rows of Fig. 2.

The topography of the top surfaces of the membranes at a large scale
is similar, likewise, the AFM studies revealed no significant change in
surface structure at micro to nanoscale, see Fig. 3. The anti-biofouling
ability of the membranes is affected by some parameters, including the
surface roughness due to the foulant tendency to clog into the valleys
[38,39]. The AFM results obtained in the tapping mode showed that the
different loadings of Ag into the membranes could influence the mi-
croroughness of the membrane (samples roughness < 50 nm). How-
ever, it initially resulted in a rougher surface, and the membrane sur-
face came to be smoother at higher Ag loadings, mostly due to a
decrease of specific surface area of the dopant in the AFM images with a
2×2 µm2 scale. Generally, a counter diffusion velocity reduction fa-
vors lower roughness, which results in a shift from a nodular structure
to a marginally bumpier structure [40]. The shift was minor in this case
according to the composition similarity of the membranes. During the
phase inversion process, in the beginning, the non-solvent (water) tries
to diffuse into the casting film and pushes the solvent (NMP) out while
it faces the hydrophobic region, which may delay the phase separation,
resulting in a lower roughness.

However, the highest mean roughness (Ra) roughness, revealed by
AFM analysis, was allocated to PES MPCAg1 (6.53 nm). The Ra of the
other membranes marginally declined from 5.95 nm for the PES
membrane to 4.25 nm for PES MPC, 2.05 nm for PES MPCAg3, 2.07 nm
for PES MPCAg5, 1.04 nm for PES MPCAg10 and 3.21 nm for PES
MPCAg30.

3.2.2. Mechanical and thermal stability of membranes
The mechanical failure of membranes is a crucial issue that affects

membrane durability, especially in MMMs [41]. The stress-strain curves
of the membranes are presented in Fig. 4. With the aim of observing the
influence of the inorganic filler on the mechanical properties of the
nanocomposite membranes, the improvements in the mechanical
strength are a result of the high specific surface area of MPC as a
strengthening additive. However, the higher loadings of Ag decreased
the specific surface area, and consequently, the affinity between the
polymeric matrix and the filler became weaker than the control mem-
brane for PES MPCAg5, PES MPCAg10, and PES MPCAg30. PES MPC
was significantly stronger than the control. PES MPCAg1 also exhibited
good mechanical strength ( 6.6 GPa).

To examine the influence of the inorganic filler on the thermal re-
sistance of the nanocomposite membranes, TGA was carried out (the
curves were identical Fig. A.7.). The TGA data can also be used to
provide an insight into the effect of the addition of inorganic fillers into
the polymer matrix on the total porosity. Firstly, the water and solvent
evaporation caused weight loss below 100 °C. The weight loss at
∼290 °C is due to the vaporization of trapped glycerol, which is re-
presentative of the membrane porosity, which identically repeated for
all the samples, even for the virgin PES [42]. The NMP decomposition
took place between 100 and 400 °C. In the next phase, which occurred
between 400 and 700 °C, some minor differences are observable. In
particular, in the 500–600 °C range, it could be concluded that the
higher Ag loadings can make slightly flattered membranes. However, at
∼600 °C, a right shift was observed for PES MPCAg5, which shows a
marginal thermal resistance enhancement. After that, the MPCAg1

Table 2
Amount of silver particles and MPC in permeate (ppm) for various membranes.

Sample Silver/MPC ratio in
the membrane (%)

Amount of MPC in
permeate (ppb)

Amount of silver in
permeate (ppb)

PES (control) 0.00 0 0
PES MPC 0.00 < 1 0
PES MPCAg1 1.00 < 1 <1
PES MPCAg3 3.00 < 1 <1
PES MPCAg5 5.00 < 1 <1
PES MPCAg10 10.00 < 1 <1667
PES MPCAg30 30.00 < 1 <18333
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placed the second thermal shift to the right, among the samples. The
total mass losses of the control and mixed matrix membranes were si-
milar (with the largest being ∼65%), and the smallest (∼63%) at
800 °C. Therefore, the additive content had a negligible influence on the
sample properties.

The glass transition temperature was measured by DSC. The

repulsive or attractive interactions between the polymer molecules and
inorganic filler could affect the chain mobility and region of free vo-
lume, which result in the reduction or increase of Tg [43]. By alteration
of the Ag ratio, Tg was almost constant at 220 °C. The Tg values for
virgin PES, PES MPC, PES MPCAg1, PES MPCAg3, PES MPCAg5, PES
MPCAg10 and PES MPCAg30 were determined as 218, 221, 220, 221,

Fig. 2. SEM images of top, cross section and bottom layer plus bacterial adhesion status of PES, PES MPC, PES MPCAg1, PES MPCAg3, PES MPCAg5, PES MPCAg10
and PES MPCAg30 membranes.
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222, 219 and 222 °C, respectively. Based on the Tg, it is concluded that
the thermal resistance of the membranes remained reasonably constant.

3.2.3. Separation performance and secondary contamination
The separation properties of the membranes were investigated

under constant pressure operation. For each experiment, the membrane
was fouled by filtration of 0.5 wt% BSA solution (pH 7, 25 °C) [44],
followed by both physical and chemical cleaning. Fig. 4 shows the
fluxes and resistance of the membranes (the protein adsorption re-
sistance status is presented in Fig. A.8). The PES MPCAg1 membrane
had the highest flux recovery (71.2%) and BSA rejections (> 99%).
However, considering the error bars, the flux recovery fluctuations
were minor, with a slight increase for PES MPCAg1. The flux and BSA
rejection tests of the selected samples are illustrated in Fig. 5.

As discussed in Section 3.1, the morphology was marginally affected
by different silver loadings. Since the PES MPCAg1 and PES MPC had
the almost similar FR, it could be claimed by considering Fig. 1f, with

the silver nanoparticles in the MPCAg1 placed in the pores of meso-
porous carbon, that the positive contribution of MPC was the main
reason for enhancing FR. In other words, the FR enhancement was a
result of MPC in the short term.

The stability of Ag in the polymer matrix is a critical issue in regards
to side effects for users. Silver nanoparticles detachment of not only will
cause environmental contamination, but it also can reduce the mem-
brane antibacterial resistance and lifetime [45]. These three issues are
crucial in scaling up the production. The stability of MPC and silver
within the studied membranes is represented in Table 2. The amount of
mesoporous carbon was<1 ppb in retentate for MPC blended samples.

Fig. 3. Surface AFM three-dimensional images of control and nanocomposite membranes.

Fig. 4. Longitude (in the casting orientation) stress–strain comparison of con-
trol membrane with the mixed matrix nanocomposite membranes.
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Fig. 5. (a) Fluxes of control, PES MPC and the modified membranes (ab-
breviations: the before fouling water flux (JBF), the fouling (0.5 wt%) flux (JF),
the after fouling water flux (JAF)). (b) Flux recovery and BSA rejection of
control, PES MPC and modified mesoporous carbon mixed matrix membranes.
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Moreover, the stability of silver was reliable in regards to secondary
contamination for all the membranes except PES MPCAg10 and PES
MPCAg30.

Based on Table 2 which presents the amount of silver particles and
MPC in permeate (ppm) for various membranes, it can be concluded
that in PES MPCAg10 and PES MPCAg30 leaching of Ag from the
membranes is one of the main representatives of losing Ag nano-
particles from MPC to the casting solution. This fact is due to the weak
affinity of silver nanoparticles with the membrane matrix and the fa-
mous detachment of silver-nanoparticles-based materials [29]. Another
contributory factor in this regards is high agglomeration tendency of
silver nanoparticles. However, shearing, sonication and probe sonica-
tion were respectively applied to prevent this agglomeration but from
Fig. 1h the Ag nanoparticles lost from MPC is apparent even before
mixing the Ag-impregnated MPC into the casting solution. Henceforth,

the detachment of non-inserted Ag in the MPC pores happened due to
the low affinity of Ag with PES matrix.

Another evidence which could be related to the detachment of Ag
from the MPC pores is the mechanical strength. The stress-strain curves
were presented in Fig. 4. Increasing the Ag dopant leads to the increase
in agglomeration. According to the low affinity of Ag with the polymer
matrix, silver nanoparticles may act as defects. Henceforth, the more
were defects, the lesser was the mechanical strength and the strain
lesser than 0.02 for PES MPCAg10 and PES MPCAg30.

3.3. Biofouling resistance

Flow cytometry was used to inspect the number of particles and the
adhesive degree of bacteria cells after an incubation time of 24 h. It
could be a trustworthy investigator of MMM bacterial susceptibilities

Fig. 6. Histogram of bacterial strains stained with PI obtained via flow cytometry analysis of different samples with Escherichia coli DH5α (PI: refers to propidium
iodide (PI) penetration into the bacterial cells which is the indicator of viable and dead cells due to their different interaction with PI color). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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with an accuracy of 99.999% [46]. This innovative assay was per-
formed by B. subtilis 168 and E. coli DH5α because of their vital role in
membrane biofouling. The observations indicated that PES MPCAg1 did
have the highest bacterial damage from cell culture results (see Fig. A.9
in the Supporting Information). It is noteworthy that the PES MPCAg1
membrane had the maximum number of dead bacteria for both of
bacterial strains (B168 [93.21%] and DH5α [92.94%]). The flow cy-
tometry results of E. coli (as a Gram-negative bacterium) in Fig. 6 show
that PES MPCAg1 efficiently acted as if it was better than other samples.
The MPC not only amplified the 0.002 wt% Ag performance but it also
prevents Ag leaching in comparison to the former Ag MMMs.

Since MPC has shown a minor bactericidal effect for both of the
bacterial strains, the antibacterial effect of membranes mainly allocated
to Ag and the membrane anti-adhesion feature was majorly controlled
by MPC. Remarkably, 93% of the adhered E. coli and B. subtilis bacterial
agents were killed by PES MPCAg1 (Figs. 6 and 7). According to Fig. 8,

all the dopants exhibited the higher bactericidal effect rather than PES
MPC, which occurred due to the crucial antibacterial role of silver na-
noparticles. One of the most controversial objectives of water pur-
ification membranes is to prevent bacterial attachment and to reduce
the number of persistent pathogens previously studied [47]. The phy-
sicochemical properties of the membrane surface will determine bac-
terial attachment and biofilm formation. The effect of surface roughness
on bacterial attachment in micron and nanoscale is entirely different.

Based on the U.S. Environmental Protection and the World Health
Organization, the maximum silver concentration in standard drinking
water is 100 ppb [48]. The current membrane is the safest among the
presented literature, and all the features occurred only in 0.002wt% Ag
loading in a facile method. Moreover, the MPCAg1 blended filler pro-
vided synergy between the anti-adhesion and antimicrobial function-
alities properties for both the Gram-positive and Gram-negative bac-
teria.

Fig. 7. Histogram of bacterial strains stained with PI obtained via flow cytometry analysis of different samples with Bacillus subtilis 168.
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Fig. 8. Trend of biofilm formation of different samples with Bacillus subtilis 168 and Escherichia coli DH5.

Table 3
Comparison of silver blended MMMs with the antibacterial and anti-biofilm features of this work (abbreviations: Bacillus subtilis [B. subtilis], Escherichia coli [E. coli],
Pseudomonas aeruginosa [P. aeruginosa], Staphylococcus aureus [S. aureus], Staphylococcus epidermidis [S. epidermidis], colony-forming units [CFUs], optical density
[OD], mesoporous carbon [MPC], carbon nanotubes [CNTs], halloysite nanotubes-chitosan-Ag nanoparticles [HNTs-CS@Ag], silver microparticle [mAg], silver
nanoparticle [npAg], silver nanowire [nwAg], Poly [vinylidene fluoride] [PVDF], poly [methylmethacrylate] [PMMA], poly [sulfone] [PSF], poly [ether sulfone]
[PES] and polydopamine [PDA]).

Inorganic filler
(amount wt.%)

Membrane
matrix

Bacterial strain(s) Antibacterial study
method

Fouling alleviation category BSA rejection Secondary
contamination’s safety Ref.

GO-Ag (0.10) PVDF E. coli (≈107–9 CFU/
mL)

Antibiogram Good Unreported Hazardous (3–9 ppm) [49]

AgNaY (0.8) PVDF E. coli (106CFU/mL) Antibiogram Improved >92% Unreported [50]
nwAg (1.5) PVDF E. coli and S. aureus Antibiogram 99% ∼85% Unreported [51]
Ag@TiO2-CNT (2.57) PVDF/PMMA E. coli (105 and 108

CFU/mL)
Antibiogram 80% Unreported Unreported [52]

mAg, npAg, & nwAg PSF E. coli
(5× 105 CFU/mL)

Antibiogram >99% Unreported Hazardous (0.5–2 ppm) [53]

Agnp 20mM PSF/PDA B. subtilis and E. coli
(106 CFU/mL)

Antibiogram ∼90% 84% 0.05% [54]

GO-Ag (0.5) PSF E. coli 109

(CFU/mL,
OD=1–1.5,
λ=600 nm)

Antibiogram Unreported ∼85% Unreported [55]

nAg-30 nm (4) PSF E. coli
(5.7× 1017 CFU/
mL)

Antibiogram Good ∼98% Hazardous (200 ppb) [56]

Ag/Cu2O (0.5) PSF E. coli and S. aureus Antibiogram Good 94.7 37.5 ppb [57]
HNTs-CS@Ag (3) PES E. coli and S. aureus Antibiogram 94% and 92.6% Unreported Unreported [58]
Bio-Ag0-6 ( 0.3) PES P. aeruginosa and E.

coli (105 CFU/mL)
Antibiogram Good ∼98% Safe (< 25 ppb) [48]

Bio-Ag0

(0.1–1)
PES P. aeruginosa 1012

and E. coli 108 CFU/
mL

Antibiogram Good Unreported Hazardous (< 250 ppb) [59]

AgSBA@PES PES E. coli and S. aureus liquid culture > 99% ∼67% Hazardous (∼8 ppm) [60]
Silver zeolite PES P. aeruginosa Filtration and 24-

well titre plate
Good Unreported Safe<13 ppb), but

unsafe for NaOCl
[61]

Ag (6) PES E. coli and S. aureus Antibiogram and
dynamic shake flask

Good Unreported Static ∼10 μg/h [62]

SiO2-Ag (10) PES S. aureus and E. coli
(106 CFU/mL)

Antibiogram 100% Unreported Unreported [63]

AgNO3 (2) PES S. aureus and E. coli
(OD=0.3,
λ=600 nm)

Antibiogram 100% Bacterial damage Unreported Unreported [64]

0.20 wt% MPC doped with
0.002 wt% silver
nanoparticles

PES E. coli and B. subtilis
(106 CFU/mL)

Flow cytometry > 99% synergic antibacterial
efficiency
More than 90% reduction in
bacterial attachments plus
93% of instant bactericidal
property

>99% The safest among the
related literature
(< 1 ppb)

This
work
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The flow cytometry investigation proved that biofilm formation was
affected by the cell properties. Hence, membrane modification based on
the local predominant could scientifically be a professional core for
mitigating the biofouling. To sum up the performance results, the flux
recovery mostly controlled by MPC anti-adhesion capability and the
bacterial damage determined by the silver antibacterial effect.
Henceforth, a reliable substrate for Ag suggested via this study, which
has a substantial contributory impact on mitigating the biofouling and
membrane durability.

While silver possesses advanced antibacterial efficiency recognized
from 7000 years ago [65], it is yet to be largely applied in nano-
composite membranes, due to the risk of gradual dissolution in water.
The aforementioned articles focus on the safe use of Ag in blended
membranes. As could be concluded from these special modifications of
Ag to reduce the silver nanoparticles leaching, the issue still remained
in the safe or hazardous range of detachment. Likewise, in the current
research, a considerable amount of silver detached from the membrane
surface in 10% and 30% (WAg/WMPC) of loading. In general, the issue of
silver leaching during membrane fabrication and application has been
recognized as a critical issue. Moreover, in the case of using metal salts,
leaching is highly dependent on the ion exchange with dissolved salts.
In contrast with surface-functionalization approaches, we used metal-
loaded particles with the active substances in a reduced form as a way
of reducing the rate of metal passing to the solution. We demonstrated
that no nanoparticle leaching occurred comparing to the other relevant
studies plus competitive antibiofouling properties (see Table 3). The
sustained release of metal ions is possible from their reduced forms,
which can be straightforwardly dispersed in casting solutions without
using complex functionalization procedures with the higher anti-
bacterial efficiency only with 0.002 wt% Ag.

4. Conclusions

The successful incorporation of modified MPC in a PES membrane
matrix resulted in improved antifouling properties according to a flow
cytometry analysis. The bactericidal effect of the silver free MPC doped
PES were 4.30% and 15.25%, respectively. Enrichment of the PES UF
membrane matrix by 0.002wt% of silver nanoparticles embedded in
MPC induced apparent bacterial damage of B. subtilis 168 (92.94%) and
E. coli DH5α(93.21%). Henceforth, the MPC amplified the effect of the
minor amount of Ag with the significant bactericidal difference rather
than PES MPC. Generally, PES MPCAg1 exhibited the optimal perfor-
mance due to its pure water flux of 285.5 L/(m2h) and the high anti-
bacterial properties for both of the Gram-negative and Gram-positive
bacteria (93%). The static BSA adsorption of the virgin and PES
MPCAg1 membranes was analyzed by the BCA assay for protein
quantitation as a one-step process assay. It also indicates that the ad-
sorbed BSA amount declined dramatically from 44.3 to 1.2 µg/cm2 by
the addition of modified MPC. Since the improvements occurred at the
reasonable expenditure enhancement, and the processability of the
mixture was quite similar to the classic PES it could be a likely nominee
in the industrial scale-up of a new application for MPC.
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