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This study aimed to enhance the anti-biofouling property of the polyaniline (PANI) based ultrafiltration (UF)
membrane by utilizing its self-acid doping ability. A naturally derived biodegradable agent, citric acid, was
doped to the membrane by filtering at 1 bar. Acid doping increased the hydrophilicity, made the surface nearly
electroneutral, and imparted biocidal characteristics to the membrane. Biofouling was simulated by filtering a
suspension of E.coli and S.aureus through the membranes. Most fouling on the doped membrane was reversible
and easily removed by simple washing, leading to a high flux recovery ratio. The SEM images taken after
filtration and washing steps showed that the modified membrane surface was free of bacteria while many
bacteria accumulated on the pristine membrane surface. The doped membrane was stored in 1 M NaCl solution
for up to five months. A tiny amount of citric acid was lost from the membrane, and at the end of storage, the
flux, rejection, and antibacterial activity values did not change, demonstrating the antibacterial agent’s stability.
The protocol proposed in this study is fast, simple, facile, and easily scalable for large-scale production. Using a
green antibacterial agent and its loading with a one-step process without consuming chemicals or functionalizing

the support makes the proposed method environmentally friendly.

1. Introduction

Biofouling is a commonly encountered problem in the environmental
applications of membrane technology. Biological fouling, which ac-
counts for more than 45% of all membrane fouling [1], results from
bacterial colonization on the membrane surface [2,3]. Severe adverse
effects such as reduction in fluxes, increase in energy consumption,
decrease in permeate water quality, and eventually, premature
replacement of membranes are some of the consequences of biofouling.
Currently, pretreatment of feed or aggressive cleaning procedures to
reduce and remove biofouling are not preferred solutions due to the self-
replicating nature of biofouling organisms and damage to the mem-
brane. Unlike these options, new membrane development or modifica-
tion of existing membranes is accepted as the primary strategy towards
reducing biofouling.

Membrane modification is carried out to achieve anti-biofouling
activity through enhancing anti-adhesion and antibacterial properties.
Electrostatic repulsion between the membrane surface and foulant both
carrying the same charge prevents the adhesion of the foulant on the
membrane surface. However, not all foulants in water are completely
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negatively or positively charged [4-6]. A negatively charged membrane
surface becomes unsuitable for treating water containing positively
charged foulants or vice versa. To achieve high anti-adhesion properties
against both positively and negatively charged foulant molecules,
neutrally charged surfaces are highly preferred [7]. Additionally, hy-
drophilic, and smooth surfaces have less fouling tendency. Zwitterionic
polymers combine charge neutrality and high hydrophilicity to obtain
an anti-adhesive membrane surface. Researchers have made efforts to
use different zwitterionic polymers to improve the anti-biofouling
properties of membranes [8-19]. To date, zwitterionic polymer-based
membranes have been prepared by using redox-initiated graft poly-
merization [8], UV graft polymerization [9], photografting [10], and
surface initiated atomic transfer radical polymerization [11,19]. These
methods require high energy; besides, zwitterionic monomers are
expensive, resulting in a significant increase in membrane fabrication
cost. Furthermore, achieving uniform polymerization on a large surface
area is highly challenging. The anti-adhesive membranes can only
control the bacteria attachment and the rate of early biofilm formation.
Mitigating bacteria growth and proliferation for a while is only possible
with antibacterial membranes since these membranes can attack,
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Scheme 1. Rearrangement reaction mechanism between the emeraldine base (EB) and emeraldine salt (ES) polymers through citric acid doping and dedoping in

alkaline medium.

disperse, or suppress the activity of attached organisms. Antibacterial
functionalization of the membranes was commonly carried out with
nanoparticles (e.g., silver, copper, TiO2, ZnO, MgO). The modified
membranes showed their antibacterial action through the continuous
release of the nanoparticles [20-24]. This release-killing mechanism
causes a shorter lasting period for antibacterial action and raises concern
about environmental health. Recently metal-organic frameworks and
carbon-based nanomaterials (carbon nanotubes, graphene oxide (GO),
and carbon dots) have been used to impart antibacterial activity to the
membranes [25-32]. Among these materials, GO has especially received
significant attention due to its physicochemical properties, including
sheet morphology, size/size distribution, oxygen-containing group
density, electronic mobility, and carbon radicals which can substantially
impact its antimicrobial activity. Nevertheless, despite its favorable
antibacterial property with contact-killing properties, for the moment,
procedures for graphene synthesis are time-consuming. They cannot
readily produce defect-free samples in large quantities with high yields
[33]. In many studies, functionalization of membrane surfaces with
positively charged quaternary ammonium compounds (QACs) has been
shown to produce stable and long-lasting antibacterial activities [2,3,34-
40]. Different QACs have been introduced into membranes through
blending during fabrication [2,3,34,35,41], graft polymerization
[27,36-40] and coating on the membrane surface [42]. Grafting and
coating methods require abundant chemical usage, extensive procedures
[27,36-40,42] and may cause a change in the bulk and surface proper-
ties [27,39]. In a recent study, we proposed a facile approach for pre-
paring antibacterial polysulfone-sulfonated polyethersulfone (SPES)
based ultrafiltration membrane [43]. QAC, added in the coagulation
bath, made strong electrostatic interaction with the negatively charged
functional groups of the SPES at the membrane surface, hence, provided
high antibacterial activity. The only drawback of the QACs is their hy-
drophobic nature. Although progress has been made, there is still a need
for alternative methods/materials which are scalable and cost-effective
for large-scale industrial production of ultrafiltration (UF) membranes
possessing both anti-adhesion and antibacterial properties. Also, sus-
tainable development goals impose demands on new, innovative, and
green solutions for membrane production.

In this study, a new type of anti-biofouling polyaniline (PANI) UF
membrane was developed via a facile, simple, and fast route with citric
acid doping under dynamic conditions. The most attractive feature of
PANI comes from its self-doping ability by protonic acids [44]. Among
various acids, citric acid was chosen due to its well-known antibacterial
activity [45-47]. It was doped to the membrane through a simple

filtration step at low pressure. Citric acid doping protonates the imine
groups of PANI and produces positively charged nitrogen [48]. The
protonated groups are ionically bound to the negatively charged
counter-ion, CgH;O7;~, [49]; thus, the polymer backbone becomes
electroneutral (Scheme 1). Also, the integration of carboxyl and hy-
droxyl functional groups to the structure through acid doping increases
the hydrophilicity of the resulting membrane. Thus, the PANI membrane
modified with citric acid acts like a zwitterion displaying anti-adhesive
and antibacterial properties. To date, only a few studies reported the
usage of PANI in the development of antibacterial water treatment
membranes. In these studies, PANI was used either as a filler in the
membrane casting solution [50] or a grafting layer on the commercial
reverse osmosis membrane [51]. The antibacterial property was
imparted through in situ silver reduction after dopamine coating [50] or
copper nanoparticle coating [51]. Both studies utilized many steps and
long procedures to prepare the membranes which limit the application
of protocols in large scale. The scalability of a membrane production
protocol depends on factors such as availability of all materials in large
quantities, energy consumption, number of steps, necessity for post
treatment or pretreatment, need for harsh chemicals/conditions etc.
These factors are closely related with economic considerations where
the main motivation is to minimize unit production cost. Herein, we
used the PANI as the main membrane polymer that can be synthesized
using low-cost monomers and has high thermal, chemical stability, and a
hydrophilic structure [52]. We enhanced its anti-biofouling property
through citric acid doping. The proposed doping method is a green so-
lution since the citric acid is a naturally derived, water-soluble anti-
bacterial agent and it also has a low cost. Additionally, there is no need
either for the post-treatment of the pristine membrane or crosslinking
agent for acid doping. Membrane modification by filtration of citric acid
can be implemented in large-scale using commercially available dead
end or cross flow filtration units (manufactured by Pall Corporation,
Fluence Corporation, Salher etc). Overall, the proposed membrane
fabrication technique is fast, simple, facile, and can easily be scaled up
for large-scale production.

2. Materials and methods
2.1. Materials
The most commonly used form of PANI, the emeraldine base (EB)

form, was synthesized using aniline (Sigma-Aldrich, ACS reagent,
>99.5% purity), ammonium persulfate ((NH4)2S20g, Sigma-Aldrich,
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Fig. 1. ATR-FTIR spectra of EB membrane* and citric acid doped ES mem-
brane. *Reprinted from Chemical Engineering Journal, Vol. 389, E. Gungormus,
S.A. Altinkaya, “A high-performance acid-resistant polyaniline based ultrafil-
tration membrane: Application in the production of aluminium sulfate powder
from alumina sol”. Page 124393, Copyright (2020), with permission
from Elsevier.

ACS reagent, >98% purity), HCl fuming 37% (Merck), 25% ammonia
solution (NH40H, Merck), and methanol (Sigma-Aldrich, ACS reagent,
>99.8% purity). Triethylamine (Riedel-de Haén) and N-methyl-2-pyr-
rolidone (NMP, Merck, anhydrous, greater than 99.5%) used as gel in-
hibitor and solvent were utilized in the preparation of membrane casting
solution. Molecular weight cut-off (MWCO) of the membranes were
determined by using polyethylene glycol (PEG) 1000, 4000, 6000,
10000, and 20000 Da (Sigma Aldrich). The citric acid (ACS reagent,
>99.5% purity) was purchased from Sigma-Aldrich for the membrane
doping process. Gram-negative (Escherichia coli, ATCC 25922) and
Gram-positive (Staphylococcus aureus, RSKK 1009) bacteria were used
for antibacterial and anti-biofouling tests. NaCl for stability test and
phosphate-buffered saline for the antibacterial and anti-biofouling test
were purchased from Sigma-Aldrich.

2.2. Polymer synthesis

The EB form of PANI was prepared by chemical oxidative polymer-
ization of aniline. The procedure was adapted from the studies con-
ducted by Ibrahim [53] and Gomes and Oliveira [54]. The oxidizing
agent and monomer were separately dissolved in a 1 M HCl aqueous
solution, and the resulting solutions were mixed at 0°C. The mixture was
first stirred at 0°C for 4 hr and then at 25°C for 20 hr. After 24 hr of
reaction, the emeraldine hydrochloride precipitate was collected,
washed, and filtered to remove unreacted chemicals. The filtered pre-
cipitate was treated with 1 M NH4OH solution to form EB, washed with
DI water, and then DI water: methanol mixture and refiltered. Finally,
the EB powder was collected and vacuum dried. The detailed procedure
was described in our previous study [55].

2.3. Membrane fabrication and modification

The membrane casting solution was prepared by dissolving 15 wt%
EB in a mixture of 1.5 wt% trimethylamine and 83.5 wt% NMP. The
mixture was homogenized by stirring for one hr at 300 rpm (T = 25 °C),
degassed, then cast on a polyester nonwoven fabric (Type TH, Hirose
Paper Mfg. Co. Ltd.) with the help of an automated film applicator
(Sheen Instrument Ltd., model number: 1133 N). The casted solution
was immersed in a coagulation bath (DI water, 20°C) to induce phase
inversion and kept in DI water for 24 hr to complete phase separation.
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The prepared EB membranes were first compacted at 2 bar and then
doped with citric acid by filtering aqueous acid solution (pH = 3) at 1
bar for 4.5 hr until reaching a constant flux. The doped membrane will
be referred to as citric acid doped ES membrane.

2.4. Membrane performance tests and characterization

The chemical structures of the dried pristine and citric acid doped ES
membranes were determined with Attenuated Total Reflectance Fourier
Transform Infrared Spectrometer (ATR-FTIR, Perkin Elmer) at ambient
temperature over a scanning range of 650-4000 cm ! with a resolution
of4.00cm™ L. A scanning electron microscope (FEI Quanta 250 FEG) and
energy dispersive X-ray analysis (EDX) were used for characterizing the
surface and bulk morphology of the membranes and for determining the
elemental compositions on the membrane surface. The samples were
fractured in liquid nitrogen and coated with a thin layer of gold before
the analysis. Atomic force microscopy (AFM) images with a 2 ym x 2 ym
scanning area were taken in tapping mode to evaluate the surface
roughness of the membranes (AFM/SPM MMSPM Nanoscope 8 Bruker).
Membrane hydrophilicity was characterized by measuring dynamic
contact angles of dried membrane surfaces with a 5 pL of a deionized
water droplet (Attension Optical tensiometer). The zeta potentials of the
pristine and acid doped membranes were measured in 10 mM NaCl
solutions at the pH ranges from 3 to 9 at 25°C (NanoPlus Micromeritics).
Thermogravimetric analysis (TGA) was carried out by using a Setaram,
Labsys, TG-DTA/DSC to determine the amount of citric acid doped to the
membrane. The heating rate was adjusted to 10°C/min from 25°C to 900
°C under the nitrogen atmosphere.

Performances of the membranes were evaluated by measuring pure
water permeability (PWP) and rejection of different-sized PEGs (1000,
4000, 6000, 10000, and 20000 Da). Filtration experiments were carried
out by using a dead-end cell filtration system with an effective surface
area (A) of 13.4 cm? (Millipore, Amicon Stirred Cell 50 ml). The mem-
branes were first compacted until reaching steady-state condition.
Following compaction, the permeate volume (AV) was measured over a
specific time period (At) at the transmembrane pressure (AP) of 1 bar.
The PWP and water flux (Jy) were then calculated by using Eq. (1).

Ay
T AXAtx AP AP
The PEG rejection (R, %) was calculated from Eq. (2) using the PEG

concentrations of the feed (Cr:1 g/L), permeate (Cp) and retentate (Cg)
streams measured with Rudolph-J357 Automatic Refractometer.

PWP @

R(%) = <1 Cr )> x 100 2

T 05 x (Cr + Cg

The pore size distribution of the membranes was estimated from Eq.
(3) using the two-parameter log-normal distribution function [39,56-
58] with the assumptions of no interaction (steric and hydrodynamic)
between the neutral PEG molecules and pores of the membranes
[39,58]:

dR(r,) 1 N In(ry/u,)\’
a, ‘r,,znw,,wz—n”’[ () } ®

where the geometrical mean radius of the solute (1,) was obtained at R
= 50% and the geometrical standard deviation of the solute (cp) was
defined as the ratio of r;, of R = 84.13% to that of R = 50%. The radii of
PEG were predicted from Eq. (4), which was derived from Stokes-
Einstein law by assuming a spherical particle [59].

r, =16.73 x 10712 x MW"’ 4

where the unit of molecular weight (MW) is Da.



E. Gungormus and S. Alsoy Altinkaya Separation and Purification Technology 279 (2021) 119756

Citric acid doped
ES membrane

EB membrane

Atomic %
Atomic % 80.03
79.65 15.68

20.35

Fig. 2. SEM cross-sectional images, surface images, and EDX elemental analysis of the EB membrane and the citric acid doped ES membranes.
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Fig. 3. AFM images of the a) EB membrane* and b) citric acid doped ES membrane. *Reprinted from Chemical Engineering Journal, Vol. 389, E. Gungormus, S.A.
Altinkaya, “A high-performance acid-resistant polyaniline based ultrafiltration membrane: Application in the production of aluminium sulfate powder from alumina
sol”. Page 124393, Copyright (2020), with permission from Elsevier.
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Table 1
Properties of the prepared membranes.
EB Citric acid doped ES
membrane membrane

R, (nm) 2.67 4.59
R, (nm) 3.36 5.74
Contact Angle (°) 76.22 + 0.85 59.41 + 0.85
PWP (Lm*hr'bar ™) 97.57 + 1.53 52.62 + 0.74
MWCO (Da) 7500 6600
Pore radius(95th percentile, 2.89 2.52
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Fig. 4. Zeta potential as a function of pH for the EB membrane and citric acid
doped ES membrane.

2.5. Antibacterial activity tests

The antibacterial activities of the membranes were determined ac-
cording to ASTM E2180 standard protocol. E.coli and S.aureus cells,
used as model Gram-negative and Gram-positive bacteria, were incu-
bated in nutrient agar and soy agar, respectively, for 24 hr at 37 °C up to
reaching exponential growth phase of bacteria. Bacterial suspensions
were prepared in 0.1% (w) peptone water with a concentration of 0.5
McFarland, then diluted with nutrient and soy broth to obtain final
concentrations of 3.5 x 10° and 4.2 x 10° CFU/mL for E.coli and S.
aureus, respectively. The membrane coupons (active surface area: 3 cm
x 3 cm) were sterilized with UV for 30 min and then placed into
Erlenmeyer flasks. Each membrane coupon was incubated in the bac-
terial solution (300 pL) for either 1 hr or 24 hr at 37 °C. Following in-
cubation, 50 ml phosphate-buffered saline solution (PBS, pH = 7.4) was
added to the Erlenmeyer flask, which was subjected to 10 min bath
sonication to remove bacteria attached to the membrane coupon. The
obtained E.coli and S.aureus suspensions were spread on plates
including nutrient agar and soy agar, respectively, incubated for 24 hr at
37 °C, and finally, the colonies on the plates were counted. All samples
were analyzed in quintuplicate.

The reduction rate of the bacteria was calculated from the following
equation by counting the number of colonies on the agar plate after
contacting with the pristine (Ngg) and citric acid doped (Ngs)
membranes.

NEB - NES
— X

EB

Reduction Rate (\%)) = 100 5)

2.6. Antibiofouling performance tests

Antibiofouling performance tests were carried out using a dead-end
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Fig. 5. TGA and dTG (derivative thermogravimetry) analysis of citric acid, EB
membrane, and citric acid doped ES membrane.

Table 2
The PWP of commercial membranes with comparable MWCO manufactured by
different companies.

Supplier Code MWCO Polymer Type Permeability(Lm"
2prlbar )
Millipore PLC5 5000Da  Regenerated 14.5
Ultracel Cellulose
PLCC 5000 Da  Regenerated 21.8
Cellulose
Sartorius RC 5000Da  Regenerated 20
Cellulose
PES 5000 Da  Regenerated 20
Cellulose
TriSep™ UF5 5000Da  Polyethersulfone 12
UF10 10000 Polyethersulfone 74
Da
Microdyn™ UP005 5000Da  Polyethersulfone 10
UP010 10000 Polyethersulfone 50
Da
Synder™ ST 10000 Polyethersulfone 65-83
Da

filtration cell (effective membrane area 13.4 cmz). The concentrations of
E.coli and S.aureus suspensions in PBS (pH = 7.4) were adjusted to
1.75x108 and 2.1x108 CFU/mL, respectively. Membranes were sterilized
with UV light for 20 min. Following compaction at 2 bar, the initial pure
water fluxes of both membranes (Jyw) were adjusted to similar values
(about 50 L/m?hr). Next, 250 ml of E.coli and S.aureus solutions were
filtered through pristine and acid-doped membranes. The treated
membranes were rinsed with PBS for 10 min, and pure water fluxes were
remeasured (Jg). This cycle was repeated for 5 times. The flux recovery
ratio (FRR) was then calculated from
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Fig. 6. The MWCO of the a) EB membrane and b) citric acid doped ES membrane.

FRR(%) = ;—R x 100 (6)
w

The antifouling property of the membrane was further evaluated by
determining reversible fouling (R,), and irreversible fouling (R;) re-
sistances, calculated in Eq. (7) and Eq. (8).
]R - .]p

w

R(%) = x 100 )

Tw —1J,
Ry (%) = % x 100 ®)

w
where Jp is the flux of bacteria suspension passing through the
membrane.
The surface images of unmodified and citric acid doped membranes
after 1st cycle bacteria filtrations were taken by using SEM (FEI Quanta
250 FEG).

2.7. Stability test for the citric acid doped ES membrane

The stability of the citric acid doped ES membrane was tested by
storing in 1 M NaCl solution (25 °C) for up to 5 months. To this end, the
concentration of citric acid in the solution was measured with Total
Organic Carbon (TOC) analyzer (Shimadzu TOC-Vcph (TNM-1/SSM-
5000A). The results were reported as % of citric acid released into
storage medium with respect to its initial amount loaded to the mem-
brane. Additionally, the PWP and rejection of the membrane (with PEG
6000 Da) were determined. Furthermore, the antibacterial activity of
the citric acid doped ES membrane at the end of 1-month storage in 1 M
NacCl solution (25 °C) was also determined according to ASTM E2180
standard protocol with the same antibacterial activity test conditions
mentioned in Section 2.5.

3. Results and discussion

3.1. Effect of citric acid doping on the structure, chemical composition,
and surface properties of the EB membrane

The FTIR spectra of EB membrane and citric acid doped ES mem-
brane are shown in Fig. 1. The typical peaks for nitrogen quinoid and
benzenoid were found at 1600 and 1500 cm’l, respectively [60]. The
C-N stretch of a secondary amine group was observed at 1300 cm ™}, and
the aromatic C-H in-plane bending modes were originated in the region
of 1010-1170 cm™! [61-63B-D]. A new peak appeared at the band of
1729 ecm ™! due to the C = O stretching [64,65] and increased band
width at 3400 cm™! due to the stretching frequencies of OH and NH
groups [66] proved citric acid doping to the membrane.

Fig. 2 shows the cross-section and surface images of the membranes,
including EDX-SEM mapping for carbon, nitrogen, and oxygen. Both
pristine and citric acid doped membranes showed a typical asymmetric
membrane structure consisting of a thin, dense skin top layer and a
porous sublayer with finger-like macrovoid morphology, as shown in
Fig. 2.a and 2.b. The acid doping in the porous sublayer did not change
the bulk structure due to the small size of the citric acid. Also, surface
structures of the pristine and doped membranes were found similar
(Fig. 2.c and 2.d). The EDX analysis confirmed the successful citric acid
doping by detecting oxygen only in the ES membrane (Fig. 2.f). In
addition, the C:N ratio (atomic-based) increased from 3.91 to 5.10 upon
doping (Fig. 2.e and Fig. 2.f).

The EB membrane exhibited a comparatively uniform ridge-and-
valley morphology (Fig. 3.a), while the ES membrane demonstrated a
plating structure with a relatively rough surface (Fig. 3.b). The rough-
ness parameters (R, and Ry) were determined as 2.67 nm and 3.36 nm
for the EB membrane [55]; 4.59 nm and 5.74 nm for the citric acid
doped ES membrane (Table 1). Citric acid doping enhanced the hydro-
philicity of the EB membrane as confirmed by the decrease of the contact
angle from 76.22 + 0.85° [55] to 59.41 + 0.85°. The enhanced hydro-
philicity is due to the hydrophilic carboxyl and hydroxyl functional
groups of citric acid attached to the polymer backbone.

The pristine EB membrane is positively charged at pH 3 and 5 and
becomes neutral at pH 7 and 9 [55]. The doped membrane is almost
neutral in all pH values, as shown in Fig. 4. The electroneutrality results
from the attachment of the negatively charged counter-ion C¢H;07 ™ to
the protonated imino functional groups of PANI (Scheme 1). The
deprotonation of the ES membrane at high pH causes the removal of
citric acid from the polymer backbone by the OH group, resulting in
returning the membrane to the EB form with a higher positive charge
density [55].

Fig. 5 shows the TGA curves of both membranes. The EB membrane
degraded between 400 °C and 585 °C; finally, the degraded products
became carbonized after 585 °C. On the other hand, a new degradation
step was detected for the modified membrane from 148 °C to 260 °C. By
comparing with the TGA curve of pure citric acid, the weight loss be-
tween 148 °C and 260 °C was attributed to the loss of citric acid and was
used to calculate citric acid loading in the membrane (16% where 1 m?
of the 200 um thick membrane contains 16.53 g of citric acid). The
molecular size of citric acid (192 Da) is much smaller than the pore size
of the membrane (MWCO of the unmodified membrane:7500 Da, see
Table 1). As a result, the carboxyl and hydroxyl functional groups of
citric acid are attached at the surface and the interior pore walls of the
membrane.

The PWP and MWCO values of the unmodified EB membrane
decreased from 97.57 + 1.53 Lm?hr"'bar ! and 7500 Da [55] to 52.62
+ 0.74 Lm?hr''bar ! and 6600 Da upon citric acid doping (Table 1).
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Fig. 7. Bactericidal rates within (a,b,c,d) 24 hr and (e,f,g,h) 1 hr incubation
times for the EB and citric acid doped ES membranes (Bacteria suspensions
were diluted 100-fold, before spreading on these plates).

Pore size of the membranes can be accurately estimated by choosing the
correct model to evaluate the solute rejection data. If the model solutes
used in rejection experiments and membrane surface are charged, then,
charge-charge interaction should be considered [67]. On the other hand,
Causserand et al. [67] reported that when neutral solutes are used and
membrane charge density is low, then, the energy of interaction be-
tween the solutes and the membrane can be assumed negligible. We used
neutral PEGs as model solutes and at the filtration pH, the membranes
are almost neutral (zeta potential value at pH = 7: 1.34 4 0.55 mV for EB
membrane and 0.24 + 0.13 mV for citric acid doped membrane).
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Therefore, the effect of membrane charge on the pore size calculation
was considered negligible. Both the pristine and doped membranes have
exhibited higher permeabilities than the commercial membranes with
comparable MWCO manufactured from different polymers (Table 2).
Although citric acid doping enhanced surface hydrophilicity and
roughness, the PWP decreased after modification. Hydrophilicity in-
creases membrane’s water uptake and wettability through enhanced
interaction between water molecules and pore wall. On the other hand,
since the pore size is on the sub nanometer scale (Table 1), water mol-
ecules interact stronger with pore walls resulting in increased friction
and reduced flow velocity [68]. Increased surface roughness positively
affects the PWP by increasing the effective surface area available for
permeation of water molecules [69], however, the results showed that
the roughness did not have a dominant effect on the permeability. The
decrease in the PWP was due to reduced pore radius from 2.89 nm to
2.52 nm (95th percentile), as shown in Fig. 6.

3.2. Antibacterial activity of the membranes

Fig. 7 shows the antibacterial activities of the pristine and acid-
doped membranes against E.coli and S.aureus. After 24 hr incubation,
the EB membrane did not demonstrate inactivation on both bacteria
(Fig. 7.a and 7.c). On the other hand, the citric acid doped membrane
exhibited excellent antibacterial activity and achieved 100% bacterial
inactivation rates (Fig. 7.b and 7.d). The doped membrane was effective
even at a short contact time, killed 99% E.coli and 70% S.aureus in 1 hr
(Fig. 7.f and 7.h). S.aureus has a thicker peptidoglycan layer (=30 nm)
consisting of a network of crosslinking carbohydrates and peptides [70].
This layer acts as a barrier to external stresses; thus, 1 hr contact time
was not enough for its disruption. Unlike S.aureus, the peptidoglycan
layer in E.coli is thinner (=~ 10 nm) [71], easily disrupted by the ES
membrane even in 1 hr contact. The number of bacteria on the EB
membrane increased with time (Fig. 7.a, 7.c, 7.e, and 7.g). Table 3
compares the antibacterial activities of different UF membranes against
E.coli and S.aureus. As seen in the table, the initial number of bacteria,
incubation time, and membrane area used in these studies vary signifi-
cantly. A fair comparison of the antibacterial activities is only possible
based on the number of bacteria exposed to a 1 cm? membrane area.
Wang et al. [72,73] reported 100% and 99.93% E.coli inactivation rates
at the end of 24 hr incubation. However, the initial number of bacteria
used in their study was 10 times lower (1.5 x 10* CFU/cm? [72] and 2.4
x 103 CFU/cm? [73]) than the amount used in our study (11.7 x 10*
CFU/cmZ). The inactivation rate of S.aureus by different membranes
within 24 hr contact varied between 92.6% and 100% [43,74-76].
However, the absence of some critical data such as membrane area or
initial bacteria concentration did not allow the comparison of these
membrane’s performances. We recently developed a polysulfone-
sulfonated polyethersulfone UF membrane containing cetyl-
trimethylammonium bromide (CTAB) as an antibacterial agent [43].
This membrane was tested under the same conditions as the current
study and exhibited 100% and 99.9% inactivation of E.coli and S.aureus.
Zeng et al. [27] observed a higher inactivation rate for S.aureus (77.9%)
within 1 hr incubation than ours (70%). However, their membrane
preparation protocol requires many steps and a large amount of chem-
ical consumption; thus, it cannot be easily scaled up.

3.3. Antibiofouling performance of the membranes

We evaluated the antibiofouling properties of the membranes with 5-
cycle dynamic bacteria filtration tests. As seen in Fig. 8, the unmodified
EB membrane displayed 70% and 61% flux declines after filtering 935
L/m? of E.coli and S.aureus solutions, respectively. The same filtration
scenario resulted in 12% and 21% flux declines for the citric acid doped
ES membrane, suggesting that the acid doping provided anti-biofouling
property. The flux of the EB membrane decreased continuously during
filtration with both bacteria solutions in each cycle. In contrast, the
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Table 3
Static antibacterial activity of the UF membranes in the literature.
Membranes Contact time Contact area (cm?) Volume of bacteria Bacteria concentration(CFU/mL) Antibacterialrate (%) Ref.
E.coli S.aureus E.coli S.aureus E.coli S.aureus
PEK-N-CI 30 min /1 hr 4 20 uL - 10° - 94.6/100 - [77]
GOQDs-PVDF 1 hr 2 1ml 1 ml 107 107 88.9 77.9 [271
MBHBA/AA-PSF 24 hr 4 100 L - 6 x 10° - 100 - [72]
PVDF/MWNTs-g-CDDAC 24 hr - 50 pL - 10° 10° 92.7 95.2 [74]
(PA-CuCl,)/PSf 4 hr 4 10 ml - 107 - 99 - [78]
PS-P4VP-Z 4 hr - - - 106 - 73.81 - [79]
GO-AgNPs 2 hr/4 hr - - - 10° - 86/100 - [80]
N-PPS,N-T-PPS 18 hr - 3 ml - 10° - 99 - [38]
PDA-b-PBA 48 hr - 120ml 120 ml 10° 10° 92.70 81.3 [81]
HPEI-GO/PES 24 hr - 5ml - 10° - 74.88 - [82]
GO-p-PES 3 hr 1.54 100 pL - 10° - 80 - [33]
Chitosan/BPPO 12 hr 9 10 ml - - - 70 - [83]
HNTs-CS@Ag/PES 24 hr - 5ml 5ml 10° 10° 94 92.6 [75]
MOF-199@PVDF 2 hr 6 100 pL 100 pL 10°-107 10°-107 100 100 [84]
PSf/PES-AM-VT 1.0 24 hr 3 - - - - 92.3 - [85]
PES/SPSf/GO 18 hr - 45 ml - - - 90 - [86]
PSF/GO-Ag 6 hr 6 - - 107 107 70.7 61.8 (871
1GO-ZnO/PES 3 hr 1.13 100 pL 100 pL 10° 10° 95 <10 [88]
PVDF-TiO,/oxine 3hr 1.77 - - 108 - greater than60 - [89]
PLA/TiO; nfs-15% 24 hr 0.3" 2 ml 2 ml - - 95 99.9 [76]
Fe-Al-Mn@chitosan-CA 12 hr 7.5 1 ml 1 ml 10° 10° P P [90]
Z-PAEO 8 hr 3.14 20 ml - 10° - <98 - [91]
PI-Ag/CM 24 hr 10° 99 - [92]
MIL-125(Ti)/PVDF 2 hr - 100 pL - - - 100 - [93]
MSH@UiO-66- NH,-TFN 3 hr - - - 3 x 10° - b - [94]
MQucmc 24 hr 9 300 uL 300 uL 3.5 x 10° 4.2 x 10° 99.84 100 [43]
PSf-g-pMBHBA 24 hr 25 0.1 ml 0.1 ml 6 x 10° - 99.93 - [73]
CA/LCNF 9 24 hr - 1 ml - 10° - 47 - [95]
ZGONH/PES (1.0 wt%) 6 hr 6 10 ml 10 ml 10° 10° 81.1 85.7 [96]
EB 24 hr 9 300 L. 300 uL 3.5x10° 4.2 x10° - - This Study
Citric acid doped ES 24 hr 9 300 pL 300 pL 3.5 x 10° 4.2 x 10° 100 100
 in the unit of gram
b antibacterial rates were not reported
a4, b)
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Fig. 8. Normalized flux of the EB membrane and citric acid doped ES membranes

filtrations. Initial water fluxes of the membranes: ~50 L/m?hr.

doped ES membrane displayed stable fluxes after the initial drop.

The flux recoveries of the pristine membrane after E.coli and S.aureus
filtration were 52.05 + 1.09 % and 52.19 + 1.03 % at the end of the fifth
cycle (Fig. 9). The irreversible biofouling on this membrane increased
gradually up to about 48% for both E.coli and S.aureus filtration. Hence,
the bacteria colonization on the surface and increased biofilm thickness
over time caused the continuous flux decline for the unmodified mem-
brane (Fig. 8). As seen in Fig. 9, the FRR for the ES membrane remained
constant over 5 filtration cycle. Most fouling on this membrane was
reversible and dead bacteria accumulated on the surface were quickly
removed after 10 min washing with PBS, resulting in high FRR (94.02 +
1.18% and 92.59 + 1.10 % at the end of the fifth cycle E.coli and S.aureus

as a function of volume filtered per unit area during a) E.coli and b) S.aureus

filtrations, respectively).

The accumulation of bacterial population on the pristine EB mem-
brane was clearly observed with SEM pictures, as shown in Fig. 10.a and
10.c. In contrast, the doped membrane surface was free of bacteria
(Fig. 10.b and 10.d). The citric acid doping enhanced the surface hy-
drophilicity, hence, weakened the interaction of bacteria with the sur-
face. Additionally, the nearly net-zero surface charge (Fig. 4) prevented
the electrostatic interaction of the bacteria with the surface. Hence, the
anti-adhesion property, combined with the high antibacterial activity,
improved the biofouling resistance of the doped membrane (Scheme 2).
Previous studies also reported higher resistance to cell attachment for
hydrophilic, uncharged surfaces [13,97,98].
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Fig. 9. Flux recovery ratio and biofouling resistances of the membranes during a) E.coli and b) S.aureus filtrations.

Although many studies tested the biofouling tendency of the mem-
branes with the E.coli and S.aureus filtration, a fair comparison of the
anti-biofouling performances is only possible if the initial fluxes of the
membranes are similar. Kim et al. [99] reported reduced flux declines
with the decreased initial flux of the silver-containing membrane during
the filtration of E.coli solution. Given this limitation, we only found one
study that used the cross-flow filtration and reported the same initial
flux as ours [33]. Although the E.coli concentration used in our study
was 100 times higher (1.3 x 107 CFU/cm?) than theirs (4.8 x 10° CFU/
em?) and we used dead-end filtration, the flux declines observed were
found similar (12% in this study and 11.5% in the study of Zhang et al.
[33]). In cross-flow, the permeate flux does not drop as fast when
compared to dead-end filtration [100]. Thus, our membrane will most
probably exhibit even lower flux decline under cross-flow filtration
conditions.

Biocidal nanomaterials including silver [21,22,24], copper [20],
TiO5 [101,102], and GO [86,103] are commonly attached to the surface
of UF membranes to eliminate biofouling. The synthesis of these nano-
materials requires long preparation steps and the use of harsh chemicals
[33,104]. Also, most membranes are first functionalized to attach these
antibacterial agents [105,106]. In contrast, the citric acid used in this
study can be easily doped through a simple, one-step filtration without
any need for the post treatment of the membrane. Furthermore, the
citric acid is from natural sources and there is no hazardous waste
generated during the doping process. In conclusion, we propose a green
+ green solution to the current membrane production due to the source
of the antibacterial agent and the simplicity of the doping method

(Scheme 3).

3.4. Antibacterial stability of citric acid doped ES membrane

Antibacterial membranes kill bacteria through release (release-
killing) or direct contact of antibacterial agents with bacteria (contact-
killing). We determined the killing mechanism of the citric acid doped
membrane in two steps by first determining the amount of citric acid
leached from the membrane and then by measuring the antibacterial
activity of the leached membrane against E.coli and S.aureus. The EB
membrane contains benzenoid amine and quinonoid imine groups.
During doping, the imine groups are preferentially protonated by citric
acid [49] resulting in positively charged nitrogen. The ionization
product of citric acid, CcH;07 ™, then ionically bonds to the positively
charged nitrogen as illustrated in Scheme 1. We evaluated the leaching
of citric acid by storing the membrane in 1 M NaCl solution which
represents a harsh environment since high salt concentration can
rupture ionic bond [107]. Fig. 11.a shows that after 5-month storage, a
tiny amount, only 1.97% of citric acid loaded to the membrane released
into NaCl solution. The leached citric acid consisted of the free acid
molecules physically adsorbed to the chains. The released amount did
not change between 30 and 150 days, demonstrating the strong bonding
of the citric acid to the ES membrane. As shown in Fig. 11.b, the same
PWP and the rejection values measured within 5 months of storage also
confirmed the stability of the doped membrane. After one-month storage
in 1 M NaCl solution, the antibacterial activity of the citric acid doped ES
membrane against E.coli and S.aureus did not change (Fig. 12), when
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Scheme 2. Anti-adhesive properties of the pristine EB and citric acid doped ES membranes.

compared with the fresh counterpart (Fig. 7.b and 7.d). Both the anti-
bacterial activity and leaching test results demonstrated that the citric
acid doped membrane Kkills bacteria through contact killing mode
(Scheme 4). This conclusion was further supported with the dynamic
bacteria filtration studies. The change in antibiofouling property of the
citric acid doped membrane during 5-cycle bacteria filtration (filtering
935 L/m? of E.coli and S.aureus solutions) was found negligible (Fig. 8).

In general, the inactivation of bacteria through contact-killing is
described in 4 steps: Binding of antibacterial agents to cell membranes
by ionic and/or hydrophobic interactions [3,108-110], damage of cell
membrane, degradation of DNA and damage of intracellular compart-
ment [111]. Although our data showed that the citric acid doped ES
membrane inactivates bacteria through contact-killing mechanism, the
exact bactericidal mechanism remains unclear and can be investigated
as a comprehensive study in the future.

The antibacterial nanoparticles are commonly used to mitigate the

10

biofilm formation on membrane surfaces through release-killing mech-
anism. However, their continuous release results in a shorter lasting
period of the membrane and may cause toxic effects on the environment
and human health. Citric acid has a favorable ecological profile with
very low aquatic toxicity and fast biodegradability [112]. Considering a
minimal amount of citric acid released into high salinity water, we can
conclude that the membrane developed in this study does not pose any
risk to the environment. Based on leaching and bacteria filtration tests, it
can also be suggested that the anti-biofouling properties of the citric acid
doped membrane can be stable in long-term filtration.”

4. Conclusion
The present study aimed to enhance the anti-biofouling performance

of the PANI-based UF membrane through citric acid doping. The doping
was carried out with a one-step, simple filtration of acid. The doped
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S.aureus,
100%

Ny

Fig. 12. Bactericidal rates within 24 hr incubation time for the citric acid
doped ES membranes after 1-month storage in 1 M NaCl solution (Bacteria
suspensions were diluted 100-fold, before spreading on these plates).

membrane exhibited excellent antibacterial activity against Gram-
negative and Gram-positive bacteria in comparison to the pristine
membrane. Improved biofouling resistance resulted from the

11

combination of anti-adhesion and antibacterial properties. Slight flux
decline observed for the doped membrane during filtration of bacteria
solution was almost fully recovered after washing with PBS. However,
the pristine PANI membrane could not inhibit the biofilm formation, and
an intense bacterial population remained on its surface at the end of
each filtration cycle followed by washing. Leaching experiments
demonstrated that the doped citric acid was stable in the structure. Also,
the antibacterial activity of the citric acid doped ES membrane against E.
coli and S.aureus did not change after one-month storage in 1 M NaCl
solution. The results suggest that the doped ES membrane has a great
potential for desalination applications where the biofouling resistance
and stability under high salinity are two important criteria for the
membrane selection.

Due to the growing concern of global environmental pollution, green
synthesis of membranes is needed to reach sustainable development
goals. In this respect, we aimed to reduce the number of preparation
steps by choosing the right antibacterial agent for the membrane poly-
mer. We used a naturally derived antibacterial agent, and its minor
release into the environment does not cause any toxic effect on the
aquatic environment. Also, neither the antibacterial agent nor the
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support membrane requires functionalization before loading. These
choices and the protocol adopted in this study contributed to sustainable
membrane development. In addition, the scale-up of the protocol is easy
for large-scale sustainable production.
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