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a b s t r a c t

A novel polyethersulfone (PES) ultrafiltration membrane containing 0.05e2.00 wt% of synthesized
mesoporous carbon nanoparticles (MCNs) was prepared via the phase inversion technique. The struc-
tures and properties of MCNs were characterized using a variety of analytic techniques. The MCNs
showed the surface area of 1396.8 m2/g and the highest pore size of around 1 nm. The effect of incor-
poration of MCNs on the composite membrane morphology and performance was investigated through
pure water flux, protein adsorption, and bacterial adhesion resistance tests. The membrane's anti-fouling
performances were determined under constant-pressure operation at 100 kPa in a dead-end module. The
as-prepared nanocomposite membranes were also studied in terms of morphology, structure and surface
chemistry. Generally, the incorporation of MCNs into the polymeric membrane improved the pure water
flux. The composite membrane containing 0.20 wt% MCNs exhibited the highest antifouling, protein
adsorption resistance, and bacterial attachment inhibition property. The incorporation of the MCNs into
the membranes introduces a different strategy of inhibiting biomolecule adsorption and bacterial
attachment to the membrane surface, instead of killing the bacteria which may lead to more severe
membrane fouling by the intracellular substances.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer membrane based filtration process has been widely
applied for water and wastewater treatment [1]. One of the key
issues inmembrane-assisted separation processes is themembrane
fouling, especially the formation of biofilm and biofouling. Biofilm
is developed by the gradual bacterial deposition and proliferation
on the membrane surface, and it would significantly reduce the
membrane permeability [2e4]. As a result, it is crucial to control
both the initial attachment of bacteria and the subsequent growth
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on the membrane surface.
Enabling the membrane surface bacteriostatic properties via

surface modification has been regarded as an effective approach to
inhibit the growth of microorganisms. A promising solution is to
integrate antibacterial agent into polymer membrane matrix to
suppress the bacterial colonization. This can be achieved via
blending, dip-coating, grafting and interfacial polymerization pro-
cess [5e7]. The most extensively studied antibacterial agent is sil-
ver nanoparticles [8]. The Ag-polymer composite membranes
usually exhibit satisfactory initial antibacterial efficiency [9].
However, due to the poor interfacial affinity between the Ag and
polymer membrane, the gradual detachment of the inorganic
nanoparticles would lead to the loss of antimicrobial efficiency of
the membrane, especially during the membrane filtration process
when excessive shear force is applied [10]. Leaching and dissolution
over time are also frequent issues. To solve this problem, the
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inorganic nanoparticles or polymer membranes need to be modi-
fied to improve their interfacial compatibility. However, this makes
the membrane fabrication process more complex and could lead to
the loss of antibacterial efficiency of the inorganic nanoparticles.

Titania nanoparticles also have been used to render membranes
antibacterial characteristics [11]. The focus is to apply the UV irra-
diation for photocatalytic degradation of the foulants prior to their
attachment to the membrane surface. Although UV-assisted TiO2
nanocomposite membranes have shown certain potential to pre-
vent biofouling, it is not attractive by industry due to the difficulty
of providing UV light inside membrane modules with high packing
densities. As a result, it is ideal to prepare antibacterial membranes
with the materials that are inexpensive and naturally compatible
with the polymer matrix, thus can be adapted for large-scale in-
dustrial applications. Another important aspect of the antibacterial
membrane is the long-term operational stability. Even though
bacteria can be killed when contacting with the antibacterial
membrane surface, the release of the intracellular substances from
dead cells still have high tendency to foul the membrane, and the
fouling layer would provide an ideal substrate for further bacterial
colonization. It will eventually lead to a more severe membrane
fouling [12]. As a result, providing the membrane surface an anti-
adhesion property to prevent the initial attachment of the micro-
organisms seems to be a more effective approach than the anti-
microbial methodwhich aims at killing bacteria already attached to
the membrane surface. The design of the anti-biofouling mem-
brane should be accompanied by the consideration of membrane
antifouling properties (e.g. protein fouling). However, the synergy
between anti-adhesion and antimicrobial coatings has not been as
well-studied to date.

Recently, the carbon-based antibacterial agents, like carbon
nanotubes (CNT), graphene oxide (GO), hollow carbon sphere and
mesoporous carbon, have attracted increasing attention for desa-
lination [13], water treatment and purification [14,15], and anti-
bacterial agents [3,16,17]. These materials possess unique structural
and electronic properties: the nanoscale edges of the carbon-based
materials can protrude through the bacterial cellular membranes,
and the formation of superoxide anion could further react with the
bacteria to damage its integrity. More importantly, these materials
can be easily combined with various polymeric materials for
nanocompositemembrane preparation due to their good interfacial
compatibility [18]. The resultant membranes usually possess
improved performances, such as better antifouling performance,
higher water flux, and improved salt rejection [3]. As a result, the
carbon-based materials are promising candidates to prepare the
highly efficient membranes with good anti-biofouling perfor-
mance. So far, CNT and GO have been extensively investigated for
this purpose. However, the potential of mesoporous carbon nano-
particles (MCN) has not been explored to prepare the antibacterial
membranes. Its large surface area could ensure good contact with
bacteria for highly efficient antibacterial performance. Comparing
to GO and CNTs, the high specific surface area (SSA) of MCN makes
it a very efficient candidate for preparing mixed matrix mem-
branes. In addition, due to the simplicity of synthesis of MCN, the
vast variety of micro/macro and mesoporous carbon with different
SSA, pore size and size distribution already have been industrial-
ized in mass production scale. Financially, MCN is a better nominee
as a filler for scaling up the procedure of fabrication mixed matrix
membrane rather than CNT and GO, considering the promising
results which had been reported. Moreover, its hydrophilicity could
potentially promote themembrane antifouling behavior. In order to
create the desired anti-adhesion characteristics such as prevent
bacterial attachment and biofilm formation on a surface, the
physicochemical properties of the surfaces should be carefully
regulated, as the protein adsorption and cell adhesion can behave
differently on such surfaces. Introducing a hydrophilic surface with
nanoscale roughness may lead to an anti-biofouling membrane
[19].

In this work, polyethersulfone (PES) was applied for ultrafil-
tration membrane preparation. PES is commonly used to prepare
microfiltration [20], ultrafiltration [21] as well as nanofiltration [22]
membranes. Its wide application is a result of good chemical and
thermal resistance, easy processing and environmental stability
[21,23,24]. MCNs particles were blended into PESmembranematrix
to promote its antibacterial attachment properties. The blending
process is applied as it is the most feasible approach for large scale
membrane fabrication. Different MCN loadings into PES mem-
branes were compared in terms of membrane structure, surface
morphology, and filtration performance. Membrane surface anti-
fouling properties are crucial for the preparation of the long-term
anti-biofouling membrane. It is well-known that if a surface
shows protein adsorption resistance it frequently shows resistance
to bacterial attachment and biofilm formation [25]. Hence, the
protein adsorption and biofilm formation resistance of the nano-
composite membranes were investigated to provide a better un-
derstanding of the effect of MCN on membrane anti-biofouling
performance.

2. Experimental

2.1. Materials

Polyethersulfone (PES; Ultrason E6020P, 51 kDa) was purchased
from BASF Co. Ltd., Germany for membrane matrix preparation.
Polyvinylpyrolidone (PVP; 40 kDa), N-methyl-2-pyrrolidone (NMP)
was provided by Merck, and bovine serum albumin (BSA; 66 kDa)
was purchased from Sigma-Aldrich. Sodium dihydrogen phosphate,
sulfuric acid, disodium hydrogen phosphate, nutrient broth (NB)
bacterial culture media and Coomassie Blue g-350 were purchased
from Sigma-Aldrich (Germany). Sodium hydroxide (NaOH) pellets,
ethanol 85%, hydrochloric acid, sucrose, hydrofluoric acid, zeolite
4A, and phosphoric acid were purchased from Merck, Germany.
Potassium nitrate (KNO3) pellets were purchased from Merck
Millipore. Davicat SI-1403 silica powder was supplied by Grace-
Davison and Mesoporous Silica MSU was in-house synthesized.
Three strains of bacteria containing Staphylococcus epidermidis
ATCC 35984, Pseudomonas aeruginosa PAO1, Staphylococcus aureus
ATCC 25923 as biofilm former were provided from a local provider.
All other chemicals were of the highest purity and used without
further purification.

2.2. Synthesis of mesoporous carbon

The mesoporous carbon was in-house synthesized through the
following procedures [17e19]. Briefly, a 50 ml aqueous solution of
sucrose (approximately 10 g) containing 1 g of the template (in-
dustrial silica powder) and 50 ml of concentrated sulfuric acid
(99.99%) as a catalyst was prepared. After stirring for 24 h at 70 �C,
the suspension polymerization of resulting gel has been performed
at 100 �C for 3 h followed by another 3 h treatment at 160 �C. The
powdery material obtained was placed in a tubular furnace and
heated at 700 �C for 3 h under N2 atmosphere (by the flow rate of
100 mL/min). The gas flow rate was 350 mL/min and the initial
heating rate of samples was 5 �C min�1. The resulted sample was
washed with a mixture of 30 vol % of hydrochloric acid and 70% of
hydrofluoric acid to remove the templates. Finally, the sample was
activated with the water steam (by the flow rate of 200 mL/min) at
550 �C for 45 min. The treatment with concentrated acid would
increase the hydrophilicity by introducing carboxyl groups on the
MCN surface [20].



Table 1
The compositions of the casting solutions for PES and PES-MCN nanocomposite
membranes.

Samples PES (wt. %) PVP (wt. %) NMP (wt. %) MCN (wt. %)

PES (Control) 16.00 4.00 80.00 0.00
PES-MCN0.05 16.00 4.00 79.95 0.05
PES-MCN0.10 16.00 4.00 79.90 0.10
PES-MCN0.20 16.00 4.00 79.80 0.20
PES-MCN0.50 16.00 4.00 79.50 0.50
PES-MCN1.00 16.00 4.00 79.00 1.00
PES-MCN2.00 16.00 4.00 78.00 2.00
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2.3. Preparation of membranes

As shown in Fig. 1, pure PES membranes and PES with meso-
porous carbon nanoparticles (PES-MCN) nanocomposite mem-
branes were prepared bywet phase inversion technique. In order to
understand the effect of MCN on the PES membrane performance,
six different concentrations of MCN (0.05, 0.10, 0.20, 0.50 1.00 and
2.00 wt %) were incorporated into the PES membrane. For instance,
for the preparation of PES-MCN2.00 casting solution, 16 g PES, 4 g
PVP, and 2 g MCN were added into 78 g NMP solvent. To achieve a
good dispersion, the mechanical modification of the nanoparticles
were carried out according to the procedures introduced previously
[26]. The compositions of the casting solutions are shown in Table 1.

The membrane was cast onto a clean glass plate using a multi-
level brazen blade at a gap of 150 mm at room temperature. After
lefting in air for 1 min, the glass was immersed into a water bath to
remove the solvent. This soaking process lasted for 24 h to fully
remove the solvent.

2.4. Characterization of mesoporous carbon

The prepared samples of activated carbonwere characterized by
SAXS (SAXS, Bruker, D8 Advance, Germany, an instrument using Cu
Ka radiationWavelength: 1.5406 Å Voltage: 40 KV, Current: 40 mA)
and scanning electron microscopy (SEM, using Stereo Scan S360
Cambridge instrument) techniques. Specific surface area mea-
surements and pore size analysis were carried out by N2 isotherms
at 77 and 273 K (Micromeritics Gimini III 2375 instrument). All the
samples were treated under 300 �C for 4 h to remove water. The
Brunaure- Emmet-Teller (BET) and the Barrett-Joyner-Halenda
(BJH) models were utilized for specific surface area and pore size
distribution determination, respectively. The JEM-2010 UHR JEOL
transmission electron microscope (UHR-TEM) was used to inves-
tigate the mesoporous structure of the synthesized MCN. The
transmission Fourier Transform Infrared Spectroscopy spectra of
the carbon samples were obtained by Nicolet 8700 spectrometer.

2.5. Membrane characterization

2.5.1. SEM analysis
The membrane surface and cross-sectional images were

observed with FEI Nova NanoSEM 230. All samples were coated
with a layer of chromium prior to imaging. For the cross-sectional
images, the membrane samples were fractured under liquid ni-
trogen then vertically mounted on a sample holder.

2.5.2. TGA analysis
To investigate the effect of MCN loading within the membranes

on the thermal resistance alteration thermogravimetric analysis
(TGA, Q5000 TA instrument) was conducted at a heating rate of
20 �C/min up to 800 �C under nitrogen gas atmosphere. Before
running the TGA test, samples were soaked in glycerol solution
(40% Vol) to fill the membrane pores for the purpose of porosity
measurement analysis according to the protocol introduced in the
literature [26].
Fig. 1. The preparation process of PES-MCN nanocomposite mem
2.5.3. DSC analysis
To observe the effect of MCN on the glass transition temperature

(Tg), differential scanning calorimetry (DSC 2010, TA instrument)
was applied. The heating rate was 10 �C/min up to 300 �C. To
remove the thermal history, samples were firstly heated to 260 �C
at the same heating rate and then cooled to room temperature and
heated again to 300 �C (the Tg was determined from the second
run).

2.5.4. AFM analysis
XE10 atomic force microscopy (AFM) and NANO System Pars

(Iran) were used to characterize the surface morphology and
roughness of the nanocomposite membranes. The samples were
cut into 3 cm � 3 cm pieces and scanned in tapping mode at
10 mm � 10 mm.

2.5.5. Porosity measurements
To determine the porosity (ε) of the membranes, the gravimetric

method was employed. This method is based on the weight change
of the membrane in wet and dry condition. The samples were
soaked in Milli-Q water for 5 h, then by using dry filter papers the
excess water on the surface was removed and the membrane wet
weights were measured. The dry weights were measured after
drying the samples [27,28]. The porosity (ε) was calculated from the
following equation:

PorosityðεÞ ¼
ðmw�mdÞ

rw
ðmw�mdÞ

rw
þ md

rP

� 100% (1)

where mw and md are the weight of the wet and dry samples (g),
and rw and rP are the density of pure water(0.998 g/cm3) and
density of the polyethersulfone (1.43 g/cm3), respectively [29].

2.5.6. Contact angle goniometry
To investigate the effect of MCN on the membrane hydrophi-

licity, water contact angle was investigated in this work. The
membrane samples surfaces were characterized by using sessile
drop techniques. The water contact angle was determined using
amcap v3.0 software equipped with a video camera and a static
stage. The value of static water contact angle was the averages of
five measurements obtained at different positions using 5 mL water
droplets on the casually selected regions of each sample.
brane. (A colour version of this figure can be viewed online.)
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2.5.7. Surface free energy measurement
Surface free energies of different samples were measured ac-

cording to the acid-base van Oss method. To calculate the surface
free energy, images were taken at 1 s intervals for 10 s and an
average of minimum 5 measurements was reported for each sam-
ple. Table 2 shows the parameters of the three liquids used in this
work. To calculate the surface free energies of the membrane
samples, water, glycerin, and formamide with known parameters
were applied.
2.5.8. Membrane filtration test
A self-assembled dead-end cell with a capacity of 350 ml was

used for the measurement of water flux and fouling resistance of
the membranes. The effective membrane area of the cell was
28.26 � 104� m2 and all the tests were performed at room tem-
perature (30 �C) with the constant pressure of 100 kPa. All mem-
branes were pre-compacted at 150 kPa for at least 15min. Then, the
pure water fluxes were measured as JBF (L/m2h).

In order to determine the fouling resistance of the membranes,
BSA solution with a concentration of 0.5 wt% (pH 7) was used. The
filtration test was carried out at room temperature (~30 �C) in
constant N2 gas feed pressure of 100 kPa within the stirring cell,
and the fouling fluxes JF (L/m2h) was recorded. For membrane
cleaning, both physical and chemical cleaning approaches were
applied: firstly, 100 ml of Milli-Q water was added to the cell and
stirred for 10 min; then a 100 ml NaOH solution (0.2 wt %) was
replaced with Milli-Q water and stirred for 15 min, and finally
NaOH solutionwas replaced by the 100mlMilli-Qwater and stirred
for another 10 min. All the cleaning steps were conducted at room
temperature and ambient pressure.

After the membrane cleaning, the after fouling water flux, JAF (L/
m2h), was measured for all the membranes at the same operating
condition of JBF. The flux recovery (FR%) of membranes were esti-
mated as follow:

FRð%Þ ¼ JAF
JBF

� 100 (2)

In order to investigate the fouling behavior and fouling resis-
tance of the membranes, total resistance (Rt), intrinsic membrane
resistance (Rm), irreversible resistance (Rir), and reversible resis-
tance (Rr) can be calculated by following equations, respectively:

- Total resistance (Rt)

Rt ¼ Rm þ Rr þ Rir (3)
- Intrinsic membrane resistance (Rm)

Rm ¼ TMP
m� JBF

(4)

where TMP and m are the transmembrane pressure (100Kpa) and
permeate viscosity, respectively.

- Irreversible resistance (Rir)
Table 2
The parameters of acid-base Van Oss method.

Liquid SFE (mN/m) sdisperse (mN/m) Acid (mN/m) Base (mN/m)

Milli-Q water 72.8 21.8 25.5 25.5
Glycerol 64.0 34.0 3.9 57.4
Formamide 58.0 39.0 23.2 23.2
Rir ¼
TMP

m� JAF
� Rm (5)
- Reversible resistance (Rr)

Rr ¼ TMP
m� JF

� Rm � Rir (6)
- Also, the rejection ratio (R) was calculated by equation (7) [30]:

Rð%Þ ¼
�
1� Cp

Cf

�
� 100 (7)

where Cp and Cf (mg/L) are BSA concentrations of the permeate and
the original solutions, respectively. The concentration of BSA was
estimated using UVeVisible spectrophotometry (Biowave II spec-
trophotometer, United Kingdom) for rejection ratio.

2.5.9. MCN stability
To investigate the MCN stability within the membranes, the

permeate after 200 ml water permeation test was collected and
fully dried to calculate the detached MCN amount from the mem-
brane surface. The residues were weighed and their average were
reported.

2.5.10. Static protein adsorption on membrane
The protein adsorption of the virgin and nanocomposite mem-

branes was investigated by static BSA adsorption using Bradford
protein assay [31]. For each membrane, a sample of 4 cm2 was
soaked in a 0.5 mg/mL BSA (pH ~ 7.5) solution for 24 h at room
temperature. Then the remaining BSA concentration within the
solution was monitored to calculate the BSA adsorption. The
absorbance of the solutions was studied at 595 nm wavelength by
UVevisible spectrometry (Biowave II spectrophotometer, United
Kingdom). The amount of adsorbed proteinwas reported in mg/cm2.
In this work, an average of three BSA adsorption test results was
reported.

2.5.11. Bacterial attachment tests (microtiter plate assay)
Studying the bacterial attachment on the nanocomposite

membranes is important due to its significant contributory roles in
preparing the condition for the attachment of cells, bacterial
adhesion as well as biofilm formation [32]. In order to investigate
the antibacterial behavior of the composite membrane, the sup-
pression of biofilm formation by the membrane was studied in this
work with three different types of bacteria, i.e. Staphylococcus epi-
dermidis ATCC 35984, Pseudomonas aeruginosa PAO1, Staphylo-
coccus aureus ATCC 25923. These bacteria have strong tendency to
form a biofilm. We adopted the testing method from a previous
work [25]. Initially, the nutrient broth (NB) medium was prepared
and autoclaved at 120 �C for 15 min. Then, each bacterium was
cultivated in NBmedium in a shaker incubator at 37� C and 150 rpm
for 18e24 h, separately. Then the fresh and sterilized NB medium
was added to the bacterial suspension to obtain a half-McFarland
standard (almost 108 cfu/mL). All of the nanocomposite mem-
branes samples and control were sterilized by autoclaving at 121 �C
for 20 min. For each membrane sample, four pieces (one for blank
and three for each type of bacteria) were cut and placed in separate
wells of a 24-well polystyrene plate. 2 ml of NB medium without
bacterium was added to the blank sample while each of the pre-
pared bacterial suspensions was added to the other sample well,
separately. Then, the samples were incubated at 37 �C for 24 h. After
the incubation, membranes were rinsed with Milli-Q water and
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transferred to a new well plate. In order to stain the adhered bac-
teria, 2 ml of 0.3% (by volume) crystal violet was added to each well.
After 15 min of incubation at room temperature, the membrane
samples were removed from the well and washed with Milli-Q
water to remove the non-bound extra stain. Finally, the rinsed
membrane samples were immersed in 2 ml (each well) of ethanol
95% (v/v) for 20 min to release crystal violet from the bacteria cell
walls. The optical density (OD) of the solution in each well was
measured at 540 nm. At last, the OD of crystal violet from bacteria
was corrected by subtracting the positive control from the negative
control. The percentage of relative bacterial attachment was
calculated using the below equation:

Relative bacterial attachmentð%Þ

¼ ODPES MCN�Positive control � ODPES MCN�Negative control

ODPES control�Positive control � ODPES control�Negative control
� 100

(8)

where ODPES MCN�Positive contro l and ODPES MCN�Negative controla are the
optical density of the nanocomposite membrane samples in bac-
terial suspension and fresh nutrient broth mediums, while
ODPESControl�Positive control and ODPES control�Negative control are the optical
density of control membrane samples in bacterial suspension and
fresh nutrient broth mediums.
3. Results and discussions

3.1. Structure and morphology of MCN

Fig. 2a and b shows the SEM images of agglomerated prepared
activated carbon sample which was nano cast with industrial silica
powder. The oriented structure of porous carbon can be observed in
these images. Based on dynamic light scattering (DLS) results the
average particle size was found about 11 mm (see Figure S2 in
supporting information). These images clearly indicate the high
porosity of the prepared activated carbon. The wide-angle XRD
pattern of the resulting sample is presented in Fig. 2c. The SiO2
template leached out after the acid wash. Fig. 2d presents absorp-
tionedesorption isotherm of the sample. Fig. 2d is a typical Type IV
isotherm which is associated with capillary condensation taking
place in mesopores materials. This type isotherms are given by
many mesoporous industrial adsorbents [33]. N2 physisorption
isotherms of materials with mesopores will have a hysteresis at P/
P0 higher than about 0.4. The surface area of this sample is calcu-
lated by the BET method to be 1396.8 m2/g. In addition, the dis-
tribution of the pore diameter was calculated by the BJH method,
and the result is depicted in Fig. 2e. The SAXS pattern of activated
carbon is presented in Fig. 2f. It is in agreement with the typical
patterns reported in the literature [34,35]. The highest pore dis-
tributionwas recorded at near 1 nm, which was smaller than the d-
spacing value calculated from SAXS data (4.62 nm). This difference
is due to the fact that SAXS pattern also characterized the wall
thickness as a part of the d-spacing, while the BJH model only
tested the pore aperture diameter. The sharp peak around 2q¼ 2� is
originated from the ordered porous structure of activated carbon.
This pattern, as well as BJH data represented in Fig. 2e, confirms the
porous characteristics of the synthesized carbon. Fig. 2g and h
shows the TEM images of MCN. These images clearly show the
mesoporous structure of MCN. Also, the TEM images showed the
lattice spacing of 0.327 nm for the MCN. Considering the result of
SEM, BJH, and TEM, it can be concluded that the prepared activated
sample nano cast by industrial silica powder has hierarchical
structures with macropores (1e2 mm) observed in SEM and nano-
pores (~2 nm) revealed by TEM images and also BJH tests. FTIR
spectra for carbon samples in the last three steps of MCN synthesis
were presented in Fig. 2i. As can be seen, the broad peak at around
~3425 cm�1 is attributed to the OeH stretch of hydroxyl groups,
which can be ascribed to the oscillation of carboxyl groups. The
results also show the acid washing clearly improved the peak in-
tensity in comparison with the carbonized sample. The main
changes occur in the fingerprint area, indicating peaks at wave
numbers 1032 and 1585 cm-1 for activated carbon [36].

3.2. Membrane characterization

3.2.1. Membrane morphology and surface property
Fig. 3 shows the SEM images of the top layer, cross section, and

bottom layer of the membranes. The addition of MCN into the PES
matrix did not change the general morphology of the composite
membrane. Three different regions can be observed: skin layer
(thin layer on the top of the membrane), finger-like structure
(porous structure beneath the skin layer) and sponge-like structure
(bottom layer of the membrane). In general, the membrane thick-
ness is about 150 mm. The thickness of skin layer, finger-like and
sponge-like structure varies along the membrane because of the
asymmetric nature of the fabricated membranes. Hence, reporting
a range of these features would be a better choice as the following
thicknesses for each part: 5 mm < skin layer structure<12 mm,
120 mm < finger-like structure <140 mm and 5 mm < sponge-like
structure <18 mm. It is well-known that the addition of inorganic
materials into membrane casting solution could increase the vis-
cosity of the solution and consequently affect the solvent exchange
process during phase inversion [37]. The increased viscosity would
lead to a slower solvent exchange process, and eventually form
larger finger pores as presented in the SEMs. From the figure, it
seems that finger like structure is suppressed at higher MCN con-
centration while skin layer thickness increased marginally. The
topography of top surfaces of the membranes at large scale is
similar whereas AFM studies revealed a significant change in sur-
face structure at micron-nano scale.

One of the important parameters that have an influence on the
anti-biofouling performance and wettability of the membrane is
surface roughness. It has been demonstrated that the surface
roughness had a significant effect on the membrane anti-fouling
behavior as the foulants tend to clog into the valleys [38,39]. The
tapping mode of AFM analysis was used to characterize the mem-
brane surface roughness. As shown in Fig. 4, the addition of MCN
into the membranes initially reduced the micro-roughness of the
membrane, which resulted in a smoother surface in the images
with 10 mm � 10 mm scale. However, the membrane surface
became rougher at higher MCN loading mostly due to the ag-
glomerations of the inorganic fillers. AFM analysis on the regions
with 1 mm� 1 mm size revealed that themean roughness (Ra) of the
membrane were significantly reduced from 23.7 nm for control to
3.4, 3.5, 3.4, 6.0, and 30.5 nm for PES-MCN0.05, PES-MCN0.10, PES-
MCN0.20, PES-MCN0.50, and PES-MCN1.00, respectively. The
amounts of ridge-and-valley on the surface of PES-MCN0.20 were
found much less than other samples. It is well-known and reported
in literature that during the phase inversion processes, a lower
counter diffusion velocity of solvent and nonsolvent results in
membranes with smoother surface [5]. In a better word, any means
by which the counter diffusion velocity reduces is in a favour of
lower roughness, which results in a shift from nodular structure to
the bumpy structure. In our case, a higher degree ofMCN dispersion
and migration of them to the surface (see Fig. 8 for PES-MCN1)
creates a more hydrophilic top surface while the underneath
remained more hydrophobic. During the phase inversion process,
at the beginning, the non-solvent (here water) tries to diffuse into
the casting film and pushes the solvent (here NMP) out while it



Fig. 2. Characterization of the MCN: (a), (b) SEM images of the sample at various magnifications, (c) wide-angle XRD pattern of the sample, (d) adsorptionedesorption isotherms of
the sample, (e) pore size distribution calculated by BJH model, (f) SAXS pattern of the sample, (g), (h) TEM images of the sample, and (i) FTIR spectra of mesoporous carbon from
carbonization to activation. (A colour version of this figure can be viewed online.)
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Fig. 3. SEM images of top, cross-section and bottom layer of composite membranes. (A colour version of this figure can be viewed online.)
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Fig. 4. Surface AFM three-dimensional images of control and nanocomposite membranes. (A colour version of this figure can be viewed online.)
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faces the hydrophobic region, this may delay the separation and
results in a lower roughness. In addition, the MCN particles
themselves also could act as physical barriers for counter diffusion
of solvent and no solvent resulting in more bumpy structure.

3.2.2. TGA/DSC analysis
The thermogravimetric analysis (TGA) test was carried out to

investigate the effect of the addition ofMCN into polymermatrix on
the thermal resistance improvement. As can be seen in Fig. 5, the
TGA curves are identical for all of the samples. However, at around
600 �C a right shift was observed for PES-MCN0.10, which shows a
marginal thermal resistance enhancement. According to the liter-
ature [26,40], the TGA data can also be used to provide an insight
into the effect of the addition of inorganic fillers into polymer
matrix on the total porosity. The weight loss below 300 �C is due to
the evaporation of trapped liquid (40% glycerol solution) inside
pores, which is indirectly related to the porosity of membranes. As
shown in the figure, the weight loss of the PES (Control), PES-
MCN0.05, PES-MCN0.10, PES-MCN0.20, PES-MCN0.50, PES-
MCN1.00 and PES-MCN2.00 were 10.0%, 9.5%, 7.5%, 7.0%, 7.0%,
8.0%, and 7.0%, respectively [5]. The higher the weight loss below
300 �C is, the higher the percentage of volatile residues including
water, solvent and glycerol is, and thus the higher the porosity is.
The results show that the addition of MCN into membrane matrix
can slightly change the total porosity of membranes such that the
highest porosity belongs to PES (Control), see inset in Fig. 5.

Differential scanning calorimetry (DSC) was used tomeasure the
glass transition temperature (Tg). The repulsive or attractive in-
teractions between the polymer molecules and inorganic MCN
could affect the chain mobility and region of free volume, which
result in the reduction or increase of Tg [41]. Since the MCN and PES
molecules are hydrophilic and hydrophobic respectively, there is a
repulsive interaction during phase inversion which resulted in an
increase in the region of free volume and a higher chain mobility.
Therefore, the Tg would be expected to decrease especially for
nanocomposites with higher MCN contents. The glass transition
temperature (Tg) for PES(Control), PES-MCN0.05, PES-MCN0.10,
PES-MCN0.20, PES-MCN0.50, PES-MCN1.00 and PES-MCN2.00
were determined 227 �C, 229 �C, 229.1 �C, 229.4 �C, 230.2 �C,
231.5 �C, and 234.1 �C, respectively. Unexpectedly, the Tg increased
with higher MCN loading in the membranes indicating a stronger
interaction between MCN and PES polymer, due to the p-p
conjugation [42,43]. The strong interaction leads to the polymer
chain rigidification and increase in Tg. Also, as TEM images (Fig. 2g
and h) show, the mesoporous structure of carbon nanoparticles
causes a better interaction of PES within the pores of MCN in



Fig. 5. TGA analysis of control and nanocomposite membranes. (A colour version of this figure can be viewed online.)
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Fig. 6. The overall porosity of the nanocomposite membranes.
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molecular scale, which could increase physical interaction and
decrease the chain mobility that consequently resulted in the
increased Tg.

As shown in Fig. 6, all the nanocomposite membranes had high
overall porosity in the range of 84e89%, which confirmed the re-
sults of calculated porosity by TGA test (Fig. 5). The addition of MCN
did not significantly alter the porosity of the membranes. The
highest porosity was observed for PES-MCN0.02 which was 89.1%.
Further increase in the MCN loading would lead to the loss of
porosity due to the aggregation of the nanofillers.
3.2.3. Contact angle and surface free energy measurement
The hydrophilic or hydrophobic level of a surface has a direct

relationship with its chemical make-up and its roughness. Gener-
ally, a hydrophilic surface is preferred as a role of thumb due to its
lower affinity to protein molecules. The change of surface wetta-
bility is originated from the change of surface structures and
chemical properties. For a polymer membrane, the water contact
angle and surface free energy are usually applied to investigate its
surface wettability and fouling resistance. The effects of surface
chemistry and morphology on the water droplet are described by
the following equation that has been introduced by Wenzel:

Cos qw ¼ r Cos qe (10)

where qw is apparent contact angle and qe is the contact angle on
the flat surface, and the roughness factor “r” is the ratio of the actual
surface area of a solid to its geometrical projection [44]. According
to Wenzel, an increase in roughness shifts the wettability of the
surface toward its intrinsic tendency. It denotes that the increase of
surface nano-scale roughness can make a hydrophilic surface
(contact angle <90�) to be superhydrophilic, and vice-versa.

In this work, the incorporation of MCN would introduce hier-
archical structures and its effect on the membrane surface wetta-
bility was investigated by water contact angle and surface free
energy tests. The results are presented in Fig. 7. The water contact
angle of the nanocomposite membrane was lower than that of
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Fig. 7. Surface water contact angle and free energy for different membrane samples.
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control PES membranes, and the lowest water contact angle was
observed with the membrane containing 0.2 wt % MCN (36�). A
further increase inMCNwould introduce aggregations and increase
in contact angle. These aggregations impacted the membrane
roughness and the trend in water contact angles are closely related
to themembrane roughness. As presented in AFM studies Fig. 4, the
addition of MCN into membrane matrix reduced the roughness of
the membrane, particularly for 0.2 wt % MCN. This significant
roughness reduction reduces the surface hydrophilicity according
to the Wenzel model. The improvement in hydrophilicity of the
nanocomposite membranes can also be attributed to the sponta-
neous migration of hydrophilic MCN to the membrane/water
interface (see Fig. 8) to decrease the interface energy during the
phase inversion process [45,46]. In terms of the free energy,
generally, the addition of MCN would increase the free energy for
the membranes, and the highest value was observed with PES-
MCN0.20 (Fig. 7). This is in good accordance with the water con-
tact angle results. During the filtration process, a membrane with
lower surface water contact angle and higher free energy would
have fewer interactions with the foulant. It should be noted that
MCN became hydrophilic by using concentrated sulfuric acid which
added carboxyl functional groups on the surface of MCN. Based on
the molecular dynamic studies which were carried out by Kubiak
et al., hydrophilic surfaces showed repulsive forces on the proteins
which led to a better anti-biofouling performance [47].

Fig. 8 compares the color of the bottom surface and the top
surface of the nanocomposite membranes. The darker color on the
top surface confirmed the migration of MCN to the top surface of
membranes. By increasing the amount of MCN in the casting so-
lution, the gray values which are an indication of the color differ-
ence between the top and the bottom surface increase, indicating
more significant concentration difference on each side [46].
3.2.4. Stability of the MCN within the membranes
The result in Table 3 shows that the amount of mesoporous

carbon in permeate water is less than 0.001 ppm (or 1 ppb) for all
membranes tested. The data confirms a good stability of MCN
within the membrane matrix. Therefore, secondary contamination
by MCN is negligible. One of the important characteristics of any
newmixedmatrix membrane is the stability of filler in the polymer
matrix. A complex feed solution (0.2 wt% BSA, 0.1 wt% Humic acid,
0.2 wt% NaCl and 0.1 CaSO4) which models the realistic feed solu-
tion were circulated through the PES-MCNs0.20 sample for 72 h.
Afterward, samples were physically and chemically washed
following the protocol introduced in our previous work [5]. TGA
tests were conducted to see whether any MCN particles are leached
out during long-term stability test. The residual weight difference
was found insignificant (0.0002 wt%) for samples before and after
the stability test, implying the fact that MCN particles are stables
and tightly bonded to the polymer matrix, as we expected.
3.3. Membrane performance

3.3.1. Water flux
Fig. 9 shows all the fluxes at 100 kPa for control and other

membranes with different MCN percentages. As expected, the
addition of MCN into the casting solution of PES increased the
water flux. The highest purewater fluxof 257.8 L/m2hwas observed
for the PES-MCN0.20. The change of the water flux tendency was in
good agreement with the membrane surface hydrophilicity results:
higher hydrophilicity led to a higher pure water flux [26]. With the
increase of the MCN loading, the aggregates would increase the
membrane pore tortuosity or lead to pore blockage, which partially
explained the reduced water flux at high MCN loadings.

The antifouling property of the membranes was investigated
under the constant pressure operation. For each experiment, the
membrane was fouled by BSA followed by both physical and
chemical cleaning. Table 4 shows the fluxes, flux recovery, BSA
rejection and resistance of membranes. Equation (1)e(5) were used
to calculate membrane fouling performance, flux recovery (FR%),
intrinsic membrane resistance (Rm), reversible resistance (Rr), and
irreversible resistance (Rir). Rm, Rr and Rir are factors which are
related to the membrane properties, loose attachment of foulants
on the surface of the membrane (which could be removed by
simple hydraulic cleaning), and the adsorption of foulants on the
membrane pore wall or surface (which lead to strong adsorption or
entrapment of protein molecules on the surface or in the pores),
respectively. As shown in the table, PES-MCN0.20 shows the lowest
intrinsic membrane resistance, reversible, and total resistances, in
comparison with other samples. The low surface free energy and



Fig. 8. (a) Digital photographs of top and bottom surface of nanocomposite membranes with different concentration. (b) the difference between the gray value of top and bottom
surface images of each sample (for gray values the images were first filtered and thresholded at the predetermined level T, which corresponds to the gray value between 0 and 255
using ImageJ (http://imagej.nih.gov/ij/)). (A colour version of this figure can be viewed online.)



Table 3
The amount of MCN in permeate (ppm) for various membranes.

Sample Amount of MCN in membranes (%) Amount of carbon in permeate (ppm)

PES (Control) 0.00 <0.001
PES-MCN0.05 0.05 <0.001
PES-MCN0.10 0.10 <0.001
PES-MCN0.20 0.20 <0.001
PES-MCN0.50 0.50 <0.001
PES-MCN1.00 1.00 <0.001
PES-MCN2.00 2.00 <0.001
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Fig. 9. Fluxes of the control and PES-MCN nanocomposite membranes. JBF, JF, and JAF represent the before fouling (pure water) flux, fouling flux and after fouling flux, respectively.
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roughness of the nanocomposite membrane simultaneously could
have contributions to this result. Meanwhile, the aggregation of
MCN during the casting and phase inversion process could cause
pore plugging and provides extra hydraulic resistance which leads
to noticeable improvement in the irreversible resistance results for
membranes with higher MCN loading. The PES-MCN0.50 mem-
brane had the highest intrinsic resistance among all the samples.
Also, PES-MCN0.05 showed the highest flux recovery, while BSA
rejections for all the membranes were above 99.9%. The flux re-
covery decreased dramatically for PES-MCN0.10. The reversible
resistance over total resistance ratios (Rr/RT) did not vary much for
the nanocomposite membranes.

3.3.2. Protein adsorption resistance
In order to understand the effect of MCN on membrane anti-

fouling performance, static BSA adsorption test was conducted in
this work and the results are presented in Fig. 10. All the meso-
porous carbon nanocomposite membranes showed lower protein
adsorptions, and the lowest adsorption level was observed for PES-
Table 4
Fluxes, flux recovery, BSA rejection, and resistance of control and PES-MCN membranes.

JBF (L/m2h) JF (L/m2h) JAF (L/m2h) FR% Rm (�1011m

PES (Control) 218.9 ± 10 37.8 ± 5 142.1 ± 6 64.9 18.5
PES-MCN0.05 181.6 ± 15 31.9 ± 3 125.4 ± 4 69.1 22.3
PES-MCN0.10 194.4 ± 9 25.9 ± 2 108.6 ± 4 55.9 20.8
PES-MCN0.20 257.8 ± 16 30.4 ± 3 156.9 ± 3 60.9 15.7
PES-MCN0.50 205.7 ± 5 21.4 ± 2 127.7 ± 2 62.1 19.7
PES-MCN1.00 118.8 ± 11 23.2 ± 4 79.0 ± 5 66.5 34.0
PES-MCN2.00 149.2 ± 13 27.9 ± 5 92.0 ± 7 61.6 27.1

BSA rejections (%) for all of the samples were above 99.9%.
MCN0.20 nanocomposite membrane (7.8ìg/cm2 versus 40.3 ìg/cm2

for pure PES membrane), indicating a significant increase in the
fouling resistance. This can be explained by the increased hydro-
philicity due to the migration of hydrophilic activated MCN parti-
cles and lower surface micro-nano roughness. A further increase in
the MCN loading could reduce the hydrophilicity and increase the
membrane surface roughness, which led to the higher BSA
adsorption.

There is a consensus that introducingmicron scale roughness on
a surface could increase the protein adsorption due to increasing
the surface area and porosity, which provides more sites for protein
molecules to adsorb [19]. In membrane separation processes, the
sheltering effect also facilities the protein adsorption such that the
surface valleys act as a shelter for pores from the turbulent flow and
shear forces and provide more times for proteins to remain and
accumulate in the pores [48].

In the case of introducing the nano-scale roughness, two
different scenarios of increasing and reducing the protein adsorp-
tionmay occur. In the first scenario, if the nano roughness results in
�1) Rir (�1011m�1) Rr (�1011m�1) Rt (�1011m�1) Rir/Rt Rr/Rt

10.0 107.0 135.4 0.1 0.8
9.9 126.8 159.1 0.1 0.8
16.4 156.2 193.4 0.1 0.8
10.1 133.1 158.9 0.1 0.8
12.0 189.0 220.7 0.1 0.9
17.2 174.4 225.6 0.1 0.8
16.9 145.0 189.0 0.1 0.8
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Fig. 10. The amount of adsorbed BSA on the surface of the membranes measured by Bradford method.

Y. Orooji et al. / Carbon 111 (2017) 689e704 701
a significantly higher hydrophilicity, the protein adsorption is ex-
pected to be reduced due to the water barrier mechanism, which
forms a physical barrier to prevent direct contact between the
protein and the surface [49e52]. Previous molecular dynamic
studies revealed that the formed hydration layer on the hydrophilic
surface produces large repulsive forces on the proteins, which leads
to a lower protein adsorption [53]. In the second scenario, the
nanostructured surfaces with intermediate wettability promote
and generate the conditions for the formation of protein aggregates
and nucleation inside the created nanometric pores [54]. When
proteins enter a membrane pore with a dimension similar to their
sizes that its entrance width size is approximately the size of a few
proteins, they may remain trapped and spend a longer dwelling
time inside the pore. This will provide an opportunity for other
proteins to enter inside the pore and result in a crowding effect and
a significant reduction in the mean protein-protein distance.
Reduction in the distance will be continued until the formation of
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Fig. 11. Bacterial attachmen
local supersaturation of spikes and protein nucleation and crys-
tallization [55], which could lead to an increase in the protein
adsorption capacity of themembrane surface. In our case, reduction
in nano-scale roughness alongside the increase in the hydrophi-
licity makes the first scenario as the main mechanism, due to ~80%
lower protein adsorption for PES-MCN0.20. This lower protein
adsorption tendency could lead to a lower bacterial attachment,
which will be investigated in the next section.
3.3.3. Relative bacterial attachment
To study the attachment of bacteria that can adhere and form a

biofilm on the surface of the composite membranes, three strains
bacteria of Pseudomonas aeruginosa PAO1, staphylococcus aureus
ATCC 25923 and staphylococcus epidermidis ATCC 35984, were
applied. The relative bacterial attachment onto the nanocomposite
membrane samples after 24 h is reported in Fig. 11. The samples
show a strong potential to decrease biofilm formation according to
Pseudomonas aeruginosa

Staphylococcus epidermis

Staphylococcus aureus

t on the membranes.



Table 5
Comparison of related works in regards to antibacterial and antibiofilm properties, by blending different types of nanoparticles, with the current research.

Membrane
matrix

Filler Organism Protein adsorption/Bacterial attachment/Antibacterial property BSA
rejection

Ref.

PES 4 wt% MWCNT not reported � 58% and 72% reduction in BSA adsorption at pH 3 and 7 respectively. �95%. [46]
3, 5 & 10%wt. SiO2

eAg
E. coli and S. aureus (106 CFU/mL) � 100% antibacterial efficiencya >90% [61]

2 wt% AgNO3 E. coli and S. aureus (OD ¼ 0.3,
l ¼ 600 nm)

� 100% antibacterial efficiencya not
reported

[62]

2 wt% TiO2 Not reported � ~33% reduction in BSA adsorption >99% [26]
0.20 wt%
Mesoporous
carbon

S.epidermidis, P.aeruginosa and
S. aureus (z108 CFU/mL)

� 80% reduction in BSA adsorption.
� More than 90% reduction in bacterial attachmentsc

>99% This
work

PSF 2 wt% Ag (30 nm) E. coli (2.56 � 1012 CFU/mL) � No bacteria growth regions around the Ag-membranes in Petri dishes were
observeda

97% [63]

PVDF 4 wt% TiO2 E. Coli (6.6 � 107 CFU/mL) � 58% improvement in antibacterial property of composite membranesb not
reported

[64]

PVDF þ SPES 1 and 4 wt% TiO2 E. Coli � No bacteria growth regions around the TiO2-membranes in Petri dishes were
observedb

~94% [65,66]

Chitosan 6 wt % ZnO
(11.9 nm)

S. aureus, E. coli and B. subtilis � 50%, 75% and 84% reduction in the diameters of the bacteria colonies of
S. aureus, E. coli and B. subtilis, respectivelyb.

not
reported

[67]

Abbreviations: Staphylococcus aureus (S. aureus), Staphylococcus albus (S. albus), Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), staphylococcus epi-
dermidis (s. epidermidis) and bacillus subtilis (B. subtilis). Chitosan (CS) polyethersulfone (PES) polysulfone (PSf), sulfonated polyethersulfone (SPES), polyvinylpirrolidone
(PVP), CFU (colony-forming units) and triaminopyrimidine (TAP).
Biofilm formation inhibition mechanism.

a Protein membrane damage, production of superoxide radicals and ion release.
b Photocatalytic bactericidal effect.
c Resistance to protein adsorption and bacterial adhesion.
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its bacterial adhesion and protein adsorption resistance features.
The results indicate that the addition of MCN into PES membranes
could significantly reduce the bacterial attachment on the
membrane.

Interestingly, the results of relative bacterial attachment assay
aligned previous fouling results, which indicated the PES-MCN0.20
as the best composition due to its optimal antibiofouling and flux
properties. This could be attributed to the fact that the reduction in
roughness and contact angle could limit the level of contact be-
tween the substrate and the bacterium which resulted in the
reduction of anchor points and adhesion tendency. Although the
flux recovery did not improve for this sample, the high pure water
flux (257.8 L/m2h), low intrinsic membrane resistance, reversible,
and total resistances, good surface hydrophilicity (36�), surface free
energy (69.4%), and porosity (89.1%), notable resistance in bacterial
attachment and static protein adsorption make this sample a
promising composition for the new generation of anti-biofouling
membrane with stable long-term performance. Another finding
of this study is that the researchers have focused on water flux
recovery as an indication of membrane performance improvement
after the inclusion of nanostructured materials. However, in this
study, we showed that protein adsorption and bacterial attachment
are also important as much as flux recovery.

As summarized in Table 5, many researchers introduce the
nanomaterials that can kill bacteria into membranes to realize the
antibacterial functionality. These materials generally can be clas-
sified into two different types: the first type of materials can release
agents to damage the cellular structure, such as superoxide radicals
from the silver nanoparticle, and the second type of materials that
have a photocatalytic antibacterial effect (e.g. TiO2 nanoparticles).
Although the concept of both strategies has been extensively
investigated, they have not been considered for commercial
implementation due to the high cost, particle leaching issues (silver
particles) and difficulty of providing UV light inside the membrane
module (TiO2 nanoparticles). By the incorporation of the MCN, we
proposed a different strategy of inhibiting biomolecule adsorption
and bacterial attachment to the membrane surface, instead of
killing the bacteria which may lead to more severe membrane
fouling by the intracellular substance.
According to literature, some of the carbon-based nanoparticles

such as fullerenes [56], single-walled carbon nanotubes (SWCNT)
[57] and graphene oxide (GO) [58] nanoparticles can exhibit high
antimicrobial activity. Their possible antibacterial mechanisms
could be the inhibition of bacterial growth by impairing the res-
piratory chain, physical interaction with the cell membrane, the
formation of cell-CNT/cell-GO aggregates, inhibition of energy
metabolism and induction of the cell membrane disruption [59].
Our mesoporous activated carbon particles do not possess the
antibacterial features/functions that fullerenes, SWCNT or GO own
unless they are functionalized with antibacterial agents such as Ag
[60]. Incorporation of functionalized mesoporous activated carbon
particles into membrane matrix is certainly a good avenue to
investigate.
4. Conclusion

In this paper, six different compositions of PES-MCN nano-
composite UF membranes were prepared via wet phase inversion
technique. The addition of MCN to the PES casting solution
improved the membrane antifouling properties and changed the
membrane structure. The synthesized MCN had the surface area of
1396.8 m2/g and maximum pore size distribution at around 1 nm.
The membrane hydrophilicity was enhanced by adding MCN into
the membrane. The hydrophilic nature of MCN and their migration
to the membrane surface during the membrane formation process
enhanced the hydrophilicity of PES membrane. The most hydro-
philic membrane was the PES-MCN0.20 with a water contact angle
of 36�. The fabricated nanocomposite membranes showed a higher
flux compare with control PES membrane. Among all the nano-
composite membranes, the PES-MCN0.20 had the highest flux of
257.8 L/m2h, and the PES-MCN1.00 nanocomposite membrane
showed the highest flux recovery of 66.5%. Also, the BSA rejections
for all membrane samples were higher than 99%. The results of
static BSA adsorption test and the bacterial attachment test indi-
cated that the membranes with macro-roughness on their surface
showed better anti-biofouling resistance. The antifouling
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properties of the modified membranes were also improved due to
increased hydrophilicity. The incorporation of hydrophilic meso-
porous carbon into the PES membrane matrix increased the
membrane hydrophilicity. In this work, the PES-MCN0.20 showed
the lowest bacterial attachment. The stable entrapment of meso-
porous carbon within the membrane matrix did not lead to an in-
crease in secondary contamination for the effluent for all the
fabricated nanocomposite membranes. Generally, PES-MCN0.20
showed the optimal performance due to its high hydrophilicity,
high pure water flux, lowest protein adsorption, and lowest bac-
terial attachment.
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