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Graphical Abstract

Thermoresponsive membranes with good antifouling ability and rejection performance were
prepared via mussel inspired PNIPAm grafting.
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Commercial poly(ethylene terephthalate) (PET) microfiltration (MF) membranes have been
modified with thermo responsive poly(N-isopropylacrylamide) (PNIPAm) via polydopamine. At
first, dopamine was self-polymerized under wet conditions. Then, the amino-terminated PNIPAm
was grafted by its amino group on the reactive polydopamine layer in aqueous solution. X-ray
photoelectron spectroscopy (XPS) was used to study the chemical structure of the membrane
surface, which confirmed the successful introduction of polydopamine and immobilization of
PNIPAm molecules. Changes in surface morphologies after modification were investigated by
means of scanning electronic microscopy (SEM). The wetting behavior of membranes was
characterized by dynamic contact angle measurements. Finally the membranes were investigated
for pure water flux, rejection, antifouling behavior, and water flux recovery to assess suitability
for filtration and separation applications. Separation properties of these membranes depend on
temperature because of thermoresponsive behavior of PNIPAm. Flux strongly increases with
temperature, fouling is reduced and recovery from fouling is significantly improved.

Keywords: Track etched membrane, thermo responsive membrane, polydopamine, poly(N-

isopropylacrylamide), and protein separation.
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1. Introduction
In recent years, stimuli-responsive polymeric-based membranes have received a lot of interest
from various scientific field due to their potential applications in the fields of controlled drug
delivery, chiral separation, bioseparation, water treatment, chemical sensor or valve applications,
tissue engineering and so on.'” Stimuli responsive membranes can dramatically change flux or
rejection in response to small chemical or physical stimuli in their environments such as
temperature, pH, ionic strength, light, magnetic field and/or chemicals.*"! Among environmental
stimuli-responsive membranes, a special interest has been given to thermo-responsive membranes
since, in many cases, the temperature variation is important and it can easily be manipulated
artificially. Several techniques have been used to prepare temperature sensitive polymeric based
membranes such as the vacuum filtration method,'? the adsorption method,” the coating
method,"* by the introduction of nanosized thermoresponsive particles into the membranes, '
polymerization of monomers within pores,l’16 or by simply grafting thermoresponsive polymers
onto porous membranes substrates by different grafting techniques.'”°

Poly(N-alkylacrylamide)s are some of the most studied responsive polymers with poly(N-
isopropylacrylamide) (PNIPAm) being the most studied one of the group of temperature-
responsive polymers. In aqueous solution, PNIPAm has a lower critical solution temperature
(LCST) of 31-32 °C. At this temperature in water PNIPAm undergoes a phase transition,
reversibly precipitating above this LCST and dissolving below this LCST. The volume-phase
transition property of PNIPAm in membrane pores can be used to make the pore size tunable and
the convective flow or solute diffusion through membrane pores can be controlled or switched.
The temperature responsive tunability of PNIPAm based surfaces also lead to the switching of
hydrophilic-hydrophobic properties. Surface grafted PNIPAm causes temperature-dependent

changes in the physicochemical surface properties toward higher hydrophobicity above the
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LCST.*' In protein adsorption studies of systems consisting of PNIPAm, in general more
adsorption was observed above the LCST because of the higher hydrophobicity of the PNIPAm
chains.”” This property is highly beneficial for membranes in protein separation technology.

A variety of strategies have been studied to generate thermoresponsive membranes by
grafting PNIPAm or PNIPAm-based polymers onto membrane surfaces. The main strategies for
grafting of PNIPAm on polymeric supports are based on free radical polymerization,” plasma-

19,25

induced pol merization,24 hotografting, corona dischar e,26 and so on. In recent years,
poly p g g g y

several reports deal with atom transfer radical polymerization or photo-induced reversible

addition-fragmentation chain transfer graft copolymerizations.'®*"**

Recently, the attachment
strategy based on catecholic chemistry has gained renewed interest because of the work on
polymerized catecholic amine (polydopamine).”’ This strategy has received considerable

30-32

attention to develop antifouling membranes by surface modification. Polydopamine also used

33-38 .
These results motivated our

for grafting of polymers, biomolecules, ATRP processes, etc.
interest to modify the polydopamine modified surface by grafting of thermo responsive units and
study the separation and fouling properties. Membranes modified with polydopamine enhance the
water flux due to the increased hydrophilicity caused by the hydroxyl groups on their surfaces.*’
Post modifications of polydopamine surfaces are possible via Schiff base or Michael addition
reactions which offer the opportunity to attach amine or thiol containing compounds.®® The self-
assembly of dopamine and subsequent grafting of functionalized polymers in aqueous media
makes the process environmentally friendly.

Herein we report a simple approach for the fabrication of thermoresponsive membranes
by surface and pore medication via mussel inspired surface chemistry. Dopamine was first self-

polymerized on the surface and pore walls of PET track etched membranes and amino terminated

PNIPAm were grafted on polydopamine layer to introduce the thermoresponsive properties. The
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prepared membranes were thoroughly characterized for their chemical structure, microscopic and
surface properties, thermoresponsive character, water permeation, protein rejection, and
antifouling ability.

2. Experimental section

2.1. Materials

Commercial PET track-etched membranes (diameter: 47 mm, pore size: 0.3-0.4 um, pore density:
1.5 x 10® pores/cm?) were obtained from it4ip (Seneffe, Belgium). Amino-terminated poly(N-
isopropylacrylamide) (molecular weight: 6400; PDI: 1.51) was purchased from Polymer Source
Inc. (Quebec, Canada). All other chemicals were obtained from Sigma-Aldrich, Inc. (St. Louis,
Missouri, USA) and used as received. For all purpose Millipore water was used.

2.2 Preparation of membranes

PET track-etched membranes were soaked in water-ethanol and washed several time to remove
impurities and contaminations. To obtain a dopamine solution of 2.0 mg mL"', dopamine [4-(2-
aminoethyl)benzene-1,2-diol] was dissolved in a mixed solvent made from 10 mmol L tris-HCI
buffer solution (pH 8.5, tris = 2-amino-2-hydroxymethyl-propane-1,3-diol) and ethanol
(Viris: Vethanol = 9:1). Cleaned and wet PET membranes were immersed in dopamine solution. The
reaction vessel containing the reaction mixture was placed on a shaker and kept there at room
temperature for 4 h. The polydopamine-coated membranes were carefully washed with ethanol
and deionized water. Finally they were dried at 60 °C in vacuum.

Polydopamine-coated membranes were immersed into a solution of amino-terminated
PNIPAm (2.0 mg mL™) dissolved in 15 mmol L™ tris-HCI buffer (pH 8.5). The grafting reaction
took place under slight shaking at 60 °C for 3 h. After cooling down to room temperature, the
membranes were further kept on shaker for 12 and 24 h. The modified membranes were

thoroughly washed with deionized water and dried in vacuum at 60 °C to constant mass. The
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polydopamine and PNIPAm modified membranes were denoted as PET-D and PET-NX,
respectively, where X is the time (12 and 24h) allowed for PNIPAm grafting.

The amounts of dopamine and PNIPAm grafted to the PET membrane substrates were
determined by weighing the membranes before and after the surface modification process. The
degree of immobilization () was calculated according to equation (1)

yzw‘loo% (1)

0
where W and W, represents the weight of the membrane after and before modification with
dopamine and PNIPAm.

2.3. Characterization methods

2.3.1. X-Ray photoelectron spectroscopy (XPS)

XPS is a very surface-sensitive analytical method. Hence, XPS seemed to be a suitable analytical
technique to study chemical changes on the differently treated membrane surfaces. XPS analysis
was performed using an Axis Ultra spectrometer (Kratos Analytical, Manchester, U.K.) equipped
with a monochromatic Al Ka X-ray source of 300 W at 20 mA. The kinetic energy of the
photoelectrons was determined with a hemispheric analyzer set to pass energy of 160 eV for the
survey spectra and of 20 eV for high-resolution spectra. During all measurements electrostatic
charging of the sample was avoided by means of a low-energy electron source working in
combination with a magnetic immersion lens. Later, all recorded peaks were shifted by the same
amount which was necessary to set the C 1s peak to 284.70 eV for unsaturated hydrocarbon
atoms of the phenyl rings. During all measurements the base pressure in the analysis chamber
was less than 10~® mbar. Quantitative elemental compositions were determined from peak areas
using experimentally determined sensitivity factors and the spectrometer transmission function.
Spectrum background was subtracted according to Shirley.*” The high-resolution spectra were

5
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deconvoluted by means of a computer routine (Kratos Analytical, Manchester, UK). Free
parameters of component peaks were their binding energy (BE), height, full width at half
maximum and the Gaussian-Lorentzian ratio.

2.3.2. Dynamic contact angle measurements

The wetting behavior of the membranes was studied employing the optical contact angle
measurement system OCA40 (Data Physics, Bad Vilbel, Germany). Contact angles were
measured by sessile drop experiments as advancing (é,4y) and receding (6..) contact angles.
Deionized water droplets having a surface tension of 72.8 mN m™ were placed on the sample
surface by a motor-driven syringe.*' After gradual increases of the droplet volume (the droplet
volume was varied between 2 and 8 puL advancing contact angle values (é,4y) were measured.
The variation in the measured values was within +2°, and the values reported are averages of at
least three measurements. These contact angle values reflect the wetting behavior of the sample
surface. Receding contact angle values (6..) measured after gradual decreases of the droplet
volume characterize the dewetting behavior. The difference between advancing and receding
contact angle values gives the contact angle hysteresis (40 = Gy — Geo).>* The free energy

values of the solid-liquid interface (-4Gy) were calculated from the advancing contact angle
values using a water surface tension value of 72.8 mJ m™=.*""*

2.3.4. Scanning electron microscopy (SEM)

Surface and cross-section morphologies were obtained by scanning electron microscopy (SEM)
using a NEON 40 FIB-SEM workstation (Carl Zeiss AG, Oberkochen, Germany) operated at 3
kV, after 3 nm thick sputter coating of platinum. Cross-section images were obtained after

breaking the membranes in liquid nitrogen.

2.4. Membrane filtration experiment and pore size determination
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Permeability and rejection test were conducted in a stirred cell filtration device (Catalogue
number XFUF04701, Millipore, effective membrane area 15.18 cm?) connected with a nitrogen
gas cylinder and solution reservoir. Pure water flux was determined for each membrane at
pressures ranging from 0.1 to 1 bar. Before actual flux measurements, the membranes were

pressurized at 3 bar for 15 min to open any blocked pores. The water flux is defined as:
Jo=— 2)

where V' (L) was the volume of permeated water, 4 (m”) was the membrane area and A¢ (h) was
the permeation time. Temperature-dependent flux was measured from 20 to 60 °C. The
temperature was controlled by a water bath.

Water flux data were also used to estimate the effective pore radius of the prepared

membranes using the Hagen—Poiseuille equation:**
2
e-r
J =—— A

where Jy, is the volume flux, ¢ is the porosity, » is the average pore radius, # is the dynamic
viscosity of water, D is the thickness of the membrane, 7 is the membrane tortuosity, and AP is

the pressure drop through the membrane. For uniform cylindrical pores, & can be calculated with

the help of following equation:***’
n -mr’
A @

where n, is the number of pores and 4y, is the external membrane area.

Bovine serum albumin (BSA) protein was used to evaluate the membrane separation
performance with the filtration setup, which was used for water flux measurements. The
experiment was carried out at room temperature and 45 °C. The BSA concentration in feed (Cy)

and permeate (C,) was obtained by UV-vis spectroscopy. Concentration polarization on the

Page 8 of 40



Page 9 of 40

RSC Advances

membrane surface was minimized by vigorous stirring to the solution over membrane. The
experiment was repeated three times and permeates, 5.0 mL each, was collected. The BSA

rejection (R) was calculated using following equation:

R:[ -g—:’jxm% )
2.5. Fouling and flux recovery studies

The fouling behavior of the modified membrane was assessed by quantitative protein adsorption
experiment. Piece of membrane with known area was dipped into the BSA aqueous solution (1
mg-mL"; pH 7). under constant shaking for 4 h. The difference in BSA concentration was
estimated by UV-vis spectroscopy. The apparent amount of BSA adsorbed on the membranes

surface (BSA adsorption capacity yssa [pg cm™]) was calculated using the following equation:

C,-C
Vesa = OA L (6)

where Cy and Cr are the BSA concentration in the original and final solution, 4 is the area of the
membrane used for the adsorption process.

Ultrafiltration (UF) experiments were conducted at room temperature with a stirring speed
of 300 rpm to evaluate the antifouling behavior of developed membranes by passing 100 ml of 1
mg ml”' BSA solution at pH 7 and 1 bar pressure. After the UF of BSA solution, the membranes
in UF cell were cleaned thoroughly by deionized water for 30 min. Then, under similar
conditions pure water flux was measured again on the fouled membrane. The flux recovery
percentage (FR [%]) of the membranes was calculated according to the following equation:48

FR:JV
J

100 % (7)

where Jy, is the pure water flux of sample membrane before fouling and J, is the pure water flux

after fouling. The higher value of FR is an indicator for the better antifouling property of the
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membranes. To examine the antifouling properties of prepared membranes in detail, several sets
of equations were employed to describe the different parameters (Egs. 8-10). The total fouling

ratio (Ry), reversible fouling ratio (R;), and irreversible fouling ratio (R;;) were determined using

following equations:**°
Jo =7, .
R, = -100 % (8)
J, -]
R, = ] 2.100 % 9)
R, = JWJ_J -100 % (10)

w

where J,, is the protein flux.
3. Results and Discussion

3.1. Membrane preparation

In this work, PET track etched membranes were used as micro porous support to anchor thermo
responsive PNIPAm on the surface and inside the pores via mussel inspired surface chemistry.
The detail membrane preparation steps and grafting reaction are depicted in Fig. 1. Firstly,
dopamine was polymerized by pH-induced oxidation at room temperature. It is reported that
dopamine is more effective in improving the surface hydrophilicity and water permeability when
it is utilized for surface modification of polymeric membranes.”’ Also, polydopamine allows
further covalent immobilization of molecules and polymers containing free amine groups. Thus
the polydopamine was used as surface modifier of PET track etched membrane and as
intermediate active layer to graft PNIPAm for achieving thermo responsive membranes. We
believe that the attachment of polydopamine to the membrane was by physical interactions. An

indication of the polydopamine deposition on a substrate is given by the darkening color with
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growth time due to the strong UV-visible absorption.”' Polydopamine coated membranes were
thoroughly washed with water and ethanol to remove any non-reacted dopamine and dried in
vacuum at 60 °C overnight. The color of polydopamine coated membranes changes from deep
brown to gray with grafting of PNIPAm. Thus obtained dried polydopamine modified
membranes were kept in amino terminated PNIPAm aqueous solution (2 mg mL™" in tris-buffer)
for spontaneous grafting. Fig. 2 indicates the changes in physical appearance of PET membrane
with deposition of polydopamine and grafting of PNIPAm. The mass gain of each sample after
the dopamine polymerization and subsequent PNIPAm grafting was analyzed gravimetrically and
the degree of immobilization/grafting (DG) was calculated. The data are presented in Table 1,
and revealed that the PNIPAm grafting was time dependent. However, the relative PNIPAm
grafting was higher in the first 12 h (for PET-N12 membrane) as compared to the next 12 h (for
PET-N24 membrane).

3.2. Chemical structure of the modified membrane surfaces

In order to study the chemical structure of the modified PET membranes X-ray photoelectron
spectroscopy (XPS) was employed. The recording of high-resolution element spectra allowed
analyzing the different binding states of the elements forming the surface layer, which was in
contact to the fluid medium during the membrane separation process.”* The left column in Fig. 3
shows a series of wide-scan spectra recorded from the differently treated PET track-etched
membranes. As can be seen in Fig. 3a, beside the expected elements carbon (C 1s peak) and
oxygen (Ols, O 2s and O Auger series) the unmodified PET support surface also contains a
considerable amount of nitrogen (N 1s peak; [N]:[C] = 0.028). The nitrogen originates from a
commercially applied thin coating layer made from poly(N-vinylpyrrolidone) (PVP), which
increases the hydrophilicity of the PET material and the wettability of the membrane towards

polar liquids. The shape of the corresponding C 1s spectrum is very typical for PET (Fig. 3a,
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middle column). Clearly, it shows the three component peaks resulting from the PET structure.
Component peak Ph at 284.70 eV shows the carbon atoms of the phenyl rings (-HC=CH- <>
=HC-CH=) of the PET polymer. Saturated hydrocarbons (C,Hy) of the PVP polymer and non-
specifically adsorbed surface contaminations, which are usually present on surfaces, also
contribute to component peak Ph. The observation of shake-up peaks (at 291 eV and 295 eV),
which result from m-electron transitions between m and ©* orbitals, confirm the presence of the
conjugated m-electron system of the phenyl rings. Component peak £ at 288.68 eV arose from
carbonyl atoms of PET's carbonic ester groups (O=C—O—C). The corresponding alcohol-sided
carbon atoms of the carbonic ester groups were observed as a part of component peak C. The
presence of PVP molecules on the sample surface was detected by the two additional component
peaks B and D, which were necessary to fit the calculated cumulative curve (sum of all
component peaks) to the recorded C Is spectrum. Component peak D (287.21 eV) shows
carbonyl carbon atoms of the PVP's inner amide groups (O=C—N[—C],). Its intensity equalled the
[N]:[Cl|spec ratio, which was independently determined from the wide-scan spectrum. The
corresponding amine-sided carbon atoms (O=C—N[—C],) contributed (with the double intensity of
component peak D) to component peak C. Component peak B shows carbon atoms in a-position
to the carbonyl carbons of the amide groups (H,C—C[O]N[—C],). The intensity of component
peak B equalled the intensity of component peak D. The high-resolution N Is of the unmodified
PET track-etched membrane shows only one component peak K at 399.52 eV. The binding
energy of component peak K is typical for nitrogen atoms involved in amide groups (O=C-N|[—
C]l2). Since the amide groups of PVP cannot be protonated an additional component peak
showing protonated nitrogen species, which is usually observed for amino groups, was not

detected.
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After polymerizing dopamine on the PET track-etched membrane surface the relative
nitrogen content ([N]:[C]) is significantly increased, while the relative oxygen content remains
constant (Table 2). The C 1s spectrum of the PET-D sample is characterized by an intensive
shoulder at ca. 286 eV and an increased intensity of the shake-up peaks at ca. 291 eV (Fig. 3b,
middle column). The intensive shoulder at 286 eV results from the applied polydopamine layer
where the phenolic C-OH groups of the catechol rests contributed to component peak C (286.23
eV), and the cyclic amine bonds (C-NH-C and C-N=C) increased the intensity of component
peak B (285.63 eV). However, the intensity of component peak B was significantly smaller as the
double of the [N]:[C]|spec ratio, which was determined from the wide-scan spectrum of the PET-D
sample. Obviously, a considerable amount of nitrogen is involved in amide groups, which were
observed as component peak D (BE = 287.52 eV). The origin of the two component peaks Ph
and E was explained above. The wide and intensive shake-up peaks observed in the C 1s
spectrum of the PET-D sample corresponds to the chemical structure of the polydopamine layer,
which is characterized by a highly conjugated m-electron system. With increasing the number of
conjugated p-electrons the number of possible linear combinations (r and n* orbitals) is
increased, and each linear combination reduces the energy gap between m and ©* orbitals. Hence,
n — ©* electron transitions between m and n* orbitals will be more probable. Surprisingly, the
high-resolution N 1s spectrum of the PET-D sample clearly shows three component peaks X, K,
and L (Fig. 3b, right column). Component peak K (399.64 eV) results from C-N bonds of the
cyclic amino groups (C—NH-C) of the attached polydopamine. As mentioned above C—N bonds
of amide groups (O=C-NH-C) also contributed to component peak K. Component peak L
(401.46 eV) arose from nitrogen atoms of protonated amino groups (C—N'H,—C). It can be
considered as proof that amino groups are present on the sample surface because amide groups

did not show the protonation/deprotonation equilibrium as can be seen in the N Is spectrum
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recorded from the PET track-etched membrane (Fig. 3a, right column). The binding energy found
for component peak X (398.17 eV) seems to be small for organically bonded nitrogen. Obviously,
the double bond in the cyclic imine group (C-N=C) increases the electron density on the nitrogen
atom and shifts the binding energy to lower values.

After grafting the PNIPAm polymer on the polydopamine layer, the shape of the high-
resolution N 1s spectrum was not significantly changed (Fig. 3c, right column). Component peak
K shows the presence of cyclic amino groups and carbonic amides. Photoelectrons that escaped
from the nitrogen of protonated amino groups contributed to component peak L. The intensity of
component peak X is slightly decreased because the attached PNIPAm molecules cover the
sample surface. The grafting of PNIPAm introduced additional amide groups and increased the
relative nitrogen content [N]:[C] on the sample surface slightly (Table 2). In the high-resolution
C Is spectrum the amine-sided carbon atoms of the PNIPAm's amide groups (O=C-NH-
C[CHj3]») increased the intensity of component peak B (285.68 eV, Fig. 3¢, middle column). The
corresponding carbonyl atoms (O=C-NH-C[CHj3],) contributed with the same intensity to
component peak D (287.52 eV). Due to the covering the polydopamine surface by the PNIPAm
molecules the intensity of the shake-up peaks at 291 eV is slightly decreased. The origin of the
other component peaks is explained above.

3.3. Membrane morphology and contact angle measurements

Fig. 4 depicts the surface and cross-section SEM images of the PET membrane and the
membranes modified with polydopamine and PNIPAm. As expected the diameters of pores of the
modified membranes were reduced with modification. It can also be observed that the PET track-
etched membrane surface was relatively smooth and no cracks or deformations were observed.
However, for the polydopamine-coated membrane, the surface became rough and numerous

nano-scaled particles were observed. This roughness of polydopamine-coated membrane could be
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due to the polymerization process of dopamine.*> After the grafting of PNIPAm on
polydopamine-coated membrane, the surface again became smooth which indicates the
homogenous grafting and coverage of surface. The pore size of the membrane was reduced after
PNIPAm grafting and some of the pores were getting covered in PET-N24 membrane due to high
degree of grafting. Cross-section images of dopamine polymerized (Fig. 4E) and PNIPAm
grafted (Fig. 4 F) membranes indicate that the pores were intact and no blockage was observed.
The surface and cross-section images also indicate that the grafting of PNIPAm was much more
prominent than inside the pores. The blockage of some of the pores openings only on surface
proves this point. The high degree of PNIPAm grafting on the membrane surfaces as compared to
the pore walls give an anisotropic pore structure.

The wetting behavior of the differently prepared membranes was characterized by
dynamic contact angle measurements using deionized water as test liquid. Table 1 summarizes
the advancing (6,4y) and receding contact angles (G..). In contrast to pure PET the PVP-coated
non-treated PET track-etched membrane has a hydrophilic surface. The hydrophilicity was
improved by the modification with polydopamine. The high number of polar surface groups, such
as phenolic OH-groups and cyclic amino groups lowered the advancing as well as receding
contact angle values. The additional grafting of the PNIPAm polymer did not significantly affect
the advancing contact angle but the receding contact angle value was significantly decreased.
While the advancing contact angle values characterize the wetting behavior of a dry surface, the
receding contact angle is the characteristic value to quantify the dewetting of surface, which was
in contact with a liquid. Differences in the advancing and receding contact angles, commonly
called contact angle hysteresis (A6), reflect the work of adhesion (modulus of the interaction free
energy AGg) resulting from interactions between the solid surface and the applied water

molecules. Dynamic effects taking place on the wetted surfaces, such as swelling and the

-
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reorganization of polymer chains increase the work of adhesion. In addition, surface roughness
resulting from the porous surface structure also contributes to the contact angle hysteresis.”®> The
increase of the contact angle hysteresis after grafting the PNIPAm indicates a high molecular
mobility of the PNIPAm sequences in presence of water. These findings seem to be important to
control the net water content of the membrane, which has high impact on its swelling, stability,
and fouling properties.

3.4. Water flux, temperature response, and pore size determination

The water flux for membranes with polydopamine modification and varied degree of PNIPAm
grafting was measured in a typical laboratory dead-end filtration device. The effect of pressure on
water permeation through the membrane is depicted in Fig 5. A linear increase of the flux in pure
water was observed with increasing trans-membrane pressure. However, the modified
membranes showed lower flux values compared to the normal PET membranes, which can be
explained due to the additional thickness imparted by the modification of film. The SEM pictures
also indicate intact pores of PET membranes with some surface coverage. It was also observed
that the decrease in water flux value in lower pressure range was less prominent compared to
higher pressure.

The effect of temperature on the flux of water through the temperature-sensitive
membrane is shown in Fig. 6. For comparison, the water flux of the nascent membrane is also
given in Fig. 6. It is clear that the water flux through the temperature-sensitive membrane
depends little on the temperature when the temperature is lower than 30 °C. However, when the
temperature was higher than 32 °C, due to the LCST of PNIPAm, water flux increases
significantly with the rise of temperature. The pure water flux was increased almost two fold
increasing the temperature from 20 °C to 45 °C. Meanwhile, as expected, the water flux through

the nascent PET membrane was not affected by temperature change because the structure of the
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membrane will remain unchanged in the range of temperature from 20 °C to 45 °C. A slight
increase in water flux for PET-D membrane was observed with increasing temperature, which
may be due to increased hydrophilicity of polydopamine layer on the membrane.*®

The net water flux for polydopamine coated membrane was slightly higher at 45 °C
compared to the base membrane. The change in grafted PNIPAm layer is also schematically
represented in Fig. 6. A pore opening and closing phenomenon can be postulated to be
responsible for the change in water flux with the change in temperature. The PNIPAm layer
absorbs large amount of water molecules below LCST which lead to extension of the polymer
chain. This shrinks the effective pore size of the PNIPAm grafted membrane. Whereas the
deswelling occurs above LCST which leads to the shrinkage in polymer chain length and the
increase in effective pore radius. Thus, the pores of PNIPAm grafted membranes can be regarded
as temperature switchable valves which can regulate the transport of water as well as small
molecules according to the temperature.

The hydrodynamic pore diameters at 20 °C (swollen state) and 45 °C (collapsed state)
were calculated with Hagen-Poiseuille’s law assuming that water flow through the swollen
grafted PNIPAm polymer layer can be ignored.” The calculation was based on pure water flux
and porosity data. The number of pores per unit of area was obtained by direct counting method
in SEM images of respective membranes. The number of pores per cm” was in close agreement
with supplier data and 1.75x10® pore/cm® was counted by averaging the numbers from 10
different places in SEM image. The data presented in Fig. 7 clearly indicate that the apparent
hydrodynamic pore size for both temperatures decreased with polydopamine coating and
PNIPAm grafting. The small change in pore size for PET and PET-D membranes can be
explained due to the increased water permeation at high temperature. The obtained pore size for

PET membrane was smaller than the supplier data. This difference can be explained due to
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different reasons such as pore counting and water flux data. The change in pore size for PNIPAm
grafted membranes was quite prominent with temperature. The pore size reduction with
increasing grafting time at 20 °C was observed but there was almost no difference at 45 °C.
Reduction in pore size of the PET track etched membrane to an appropriate value leads to the
fabrication of ultrafiltration membranes.

To examine the stability of the grafted PNIPAm layers in the membrane pores in long-
term operations, the repeatability of thermo-responsive “open-close” gating of grafted
membranes (PET-N24) was investigated and the results are shown in Fig. 8. The water flux was
measured at 20 and 45 °C alternatively for repeated five cycles. The flux values at both
temperatures for repeated cycles were almost constant. However, a small increase in water flux
was noticed with the progress of experiment, which may be due to the loss of some loosely
bonded PNIPAm molecules or opening of closed pores. Overall, the membrane showed good
thermo responsive repeatability and can be well regarded as a membrane with thermo switching
gates.

3.5. Ultrafiltration of protein and antifouling performance

The significant change of effective pore size on the surface of the temperature-sensitive
membrane makes it possible to separate chemical species and biomolecules with different sizes.
To evaluate the effect of modification on protein separation behavior, BSA protein was filtered
through the membranes at RT and 45 °C, and the rejection data are plotted in Fig. 9. The
microscopic characterization, water flux, and pore size determination of membranes showed that
the pore size of the membranes was decreased with each modification step and also exhibited
thermal switchability. Thus the protein rejection tendency was increased for modified membranes
compared to PET. Although BSA molecular sizes (hydrodynamic radius about 8 nm) are far

smaller than the membrane pore size, many molecules are retained in the used membranes. The
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BSA rejection for unmodified membrane was quite low but it was more than 80% for PNIPAm
modified membranes in all conditions. The high rejection can be attributed to the BSA aggregate
formation in the suspension. Many BSA aggregates are retained by the membrane by the so-
called ‘‘sieving effect’’. The BSA rejection is therefore more as more aggregates are deposited
onto the membrane surfaces. The rejection for polydopamine modified membrane was slightly
higher than neat PET membrane which may be due to pore size reduction and attachment of BSA
molecules on the polydopamine layer. BSA molecules contain a large number of amine
functionality which could covalently attach on the membrane surface and in the pores, resulting
in the lowering the protein concentration in solution as well as a reduction of the pore size of the
membrane.>* PNIPAm modification ruled out the possibility of BSA attachment on membrane
surface via polydopamine layer. The protein rejection for PNIPAm modified membranes was
higher than neat and polydopamine modified PET membranes. It is well known that below
LCST, PNIPAm chains are in extended chain conformation condition with large number of water
molecules attached and repel protein.” The extension of PNIPAm chains reduces the size of the
membrane pores and also the presence of water in PNIPAm chains hinders the protein adsorption
and penetration. The property of hydrophilic PNIPAm layer to resist protein adsorption can be
attributed to high steric repulsion and water structuring/hydration forces. Thus very low
transmission of BSA was feasible with PNIPAm grafted membranes and more than 80% rejection
was observed for the PET-N24 membrane at RT. The rejection value at 45 °C was lower than at
RT for all membranes. This was due to the thermo switching behavior of pores of the PNIPAm
grafted membranes as well as due to the conformational changes of the BSA protein. At higher
temperature, PNIPAm adopts a more hydrophobic state because of structural changes above its

LCST.*'”® This allows the protein molecules to penetrate the surface PNIPAm layer and get
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transmitted through the pores. Thus a low rejection was reported for BSA at 45 °C operation
temperature.

In current separation and filtration membranes, the most important problem is organic and
biofouling. Adsorption of organic matter leads to the formation of layers on membrane surface
and blockage of pores, which further facilitates microorganism growth and biofilm formation.
Thus, for long term use of membranes, high antifouling properties are required. In this study,
fouling on membrane surface was studied by simple protein adsorption experiment. Membrane
coupons of definite area were kept in BSA protein solution under constant shaking for BSA
adsorption and the remaining concentration in bulk solution was obtained by UV-vis
measurements at 280 nm. The polydopamine modified membrane showed highest protein
adsorption in given environmental condition. The high adsorption can be explained due to
electrostatic interaction and the possibility of a reaction between dopamine and the protein. The
BSA adsorption on PNIPAm modified membranes was quite low as compared to PET and PET-
D membranes. PNIPAm surfaces are known for their protein resistive nature due to the presence
of large amounts of water molecules in the vicinity of hydrophilic part below LCST.*'*® Above
LCST, the PNIPAm chains collapse due to dissociation of water and the surface become
hydrophobic. PNIPAm surface adsorbed significantly more proteins above its LCST than below
it. Similar results were observed in this case also, where high protein adsorption above LCST and
low adsorption below LCST can be seen in Fig. 10. As discussed above, the unfolding of BSA
molecules occurs at high temperature, where the functional groups are exposed and aggregating
and accumulating on the surface starts. In addition, the unfolding of the BSA molecule at higher
temperature exposes the hydrophobic residues and increases the hydrophobic interactions
between BSA molecules that lead to higher rate of aggregation.”” The data in Fig. 10 revealed

that the BSA adsorption at 45 °C was similar for both PNIPAm containing membranes. Thus, the
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PNIPAm grafting on membrane surfaces is beneficial not only in thermal switching but also
provides high antifouling ability below LCST.

The low BSA adsorption and thus low fouling tendency on modified membrane surfaces
was further confirmed by recording the water flux recovery after filtration of BSA solution at 20
and 45 °C. After BSA filtration, membranes were thoroughly cleaned with deionized water and
pure water fluxes (Jy) were measured again. From Jw and Jy, the flux recovery (FR) rates were
calculated and depicted in Fig. 11. The FR rates are an indicator for the reversing of fouling and
indicate that the adsorbed protein can be removed to a large extent by proper washing. PNIPAm
grafted membranes showed more than 80% flux recovery at both investigated temperatures. The
lowest FR was observed for polydopamine modified membranes, which indicates that the
adsorbed BSA was quite firmly bonded with the surface and removal by simple cleaning methods
was not possible. The temperature effect was also clearly visible and low recovery was observed
at 45 °C compared to 20 °C.

The fouling behavior of developed membranes was further evaluated in detail by
determining R, R;, and R;. values (Fig. 12). It is evident from the figure that the R, was
systematically reduced with PNIPAm grafting. The reversible protein fouling with PNIPAm
grafting was reduced which led to the decrease in percentage of the irreversible fouling ratio. The
lowest irreversible fouling was achieved for PET-N24 membranes due to protein resistive nature
of hydrophilic PNIPAm layer below LCST. Overall, the low total fouling and irreversible fouling
ratio for the membrane PET-N24 can be explained by assuming that the protein fouling layer
could be removed easily by simple cleaning with water what is highly beneficial for a more

effective UF process.

4. Conclusions
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We could show that our approach to functionalize membranes under mild conditions with the
temperature-responsive polymer, PNIPAm, leads to a temperature responsive membrane. A
porous base membrane from technical polymers can be functionalized in an easy and controlled
way by using polydopamine as mediating layer. Track-etched PET membranes were first
functionalized with polydopamine followed by grafting of amino terminated PNIPAm under mild
basic conditions. The self-polymerization of polydopamine on the membrane surface and further
grafting of PNIPAm on the polydopamine layer was confirmed by XPS, microscopic
characterization, and contact angle measurements. A reduction in pore size was observed with
each modification step but the pores remained intact. The thermo responsive character was
proved by determining the water permeability and protein rejection under varying solution
temperature. Protein adsorption and fouling tendency depends upon temperature due to
conformational changes of the PNIPAm layer. The membrane separation performance was
evaluated for the model protein BSA and more than 80% rejection was recorded. The water flux
recovery, reversible and irreversible fouling, and protein adsorption data indicate that the
prepared membranes exhibited good antifouling ability.

The results confirm that polydopamine can be used as a precursor layer to graft various
functionalized molecules and polymers to obtain smart and switchable membranes. The self-
polymerization tendency of dopamine under mild condition on various substrates makes an

interesting choice for surface modification and further grafting applications.
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Table 1: Degree of immobilization () of dopamine and PNIPAm, advancing (,4y) and receding
() contact angle values, contact angle hysteresis (46), and solid-liquid free energy (44G) of

prepared membranes.

Membrane y[wt.-%] Gy [°] Orec [°] A0[°] -AGy [mJ-m™]
PET 00.00 56 23 33 113.49
PET-D 06.72 45 12 33 124.26
PET-N12  08.05 47 08 39 122.43
PET-N24 11.49 49 06 43 120.54
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Table 2: Elemental surface composition of differently modified PET track-etched membranes.

The relative element ratios were determined from XPS wide-scan spectra.

Sample INJC) [0]:[C]
PET 0.028 0.280
PET-D 0.071 0.238
PET-N24 0.098 0.216
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(A) (B) (D)

Fig. 2 Visual appearance of modified membranes: (A) PET; (B) PET-D; (C) PET-N12; and (D)

PET-N24.
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Fig. 3 Wide-scan XPS spectra (left column), C 1s (middle Column) and N 1s (right column)
high-resolution XPS element spectra of a PET sample (a), a PET-D sample (b), and a PET-N24

sample (c).
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Size =30.00

Fig. 4 Surface and cross-section SEM images of: (A) PET; (B) PET-D; (C) PET-N12; (D) PET-

N24; (E) PET-D; and (F) PET-N24 membrane.
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Fig. 5 Pure water flux vs. pressure variations.
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Fig. 6 Pure water flux vs. temperature variations and switching of pores above and below LCST.

33



Page 35 of 40 RSC Advances

20 1 N Radius at 20 oC
O Radius at 45 oC
=

g S
g %
g N
(0]
5
(=W

70

PET PET-D PET-N12 PET-N24
Membranes

Fig. 7 Pore radius variation of membrane after the modification.
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Fig. 8 Temperature response and operational stability of PET-N24 membrane.
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Fig. 9 BSA protein rejection performances of membranes.
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Fig. 10. Protein adsorption on membrane surfaces at room temperature and at 45 °C.
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Fig. 11 Pure water flux recovery after fouling with BSA protein during ultrafiltration.
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Fig. 12. The summary of the total fouling ratio (R;), the reversible fouling ratio (R,) and the

irreversible fouling ratio (R;;) for all prepared membranes.
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