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Abstract

Fouling of membrane filters is the key performance limiting factor in mem-
brane filtration. Thus fouling and anti-fouling have received much attention
in recent years, covering topics from fouling mechanisms and characteristics
to anti-fouling surface modifications. This paper presents a method to achieve
controlled grafting of an anti-fouling poly(ethylene glycol) (PEG) brush poly-
mer layer onto a sintered alumina membrane filter surface without reduction
of the filter permeability. The obtained PEG layers were characterized using
a broad range of surface techniques including Fourier transformed infrared
spectroscopy, ellipsometry, atomic force microscopy, and contact angle mea-
surements. Dead-end filtration experiments with PEG-brush modified filters
showed improved fouling reversibility for the filtration of a BSA solution
and significantly slowed down the fouling rate during filtration of a lysozyme
solution. The cross-flow filtration of model lake-water demonstrated improved
foulant removal for the PEG modified filters during backflush cleaning and

Journal of Self-Assembly and Molecular Electronics, Vol. 1, 19-38.
doi: 10.13052/jsame2245-4551.2016.002
(© 2016 River Publishers. All rights reserved.



20 D. A. Nielsen et al.

thereby increased the overall throughput during a filtration cycle as compared
to the bare membrane filters.

Keywords: Membrane filtration, fouling, surface modification, poly(ethylene
glycol).

1 Introduction

Membrane fouling is the main performance limiting factor in water treat-
ment [1]. Generally, fouling refers to the material build-up on membrane
filters during filtration, which leads to deterioration of filter permeability and
throughput [2]. This increases the need for frequent chemical cleaning and
replacement of filters, hence increasing operation costs, and is an impeding
factor for further implementation of membrane filtration systems in water
treatment [3]. Fouling is usually divided into reversible and irreversible.
Pore blocking and pore narrowing tends to be irreversible, while cake layer
formation is, to a higher extent, reversible [4].

Anti-fouling measures have received much attention in the past decades
[5, 6]. One main objective has been to modify the membrane filter surface
in order to slow down irreversible fouling [7]. Different mechanisms can be
used to lower the fouling rate or to make fouling more reversible. This can
be achieved by increasing the hydrophilicity, altering the surface charge, or
decreasing the surface roughness [8]. Microsieves [9], plasma treatment [10],
hydrophilic coating and grafting [11] have all been applied to improve the
anti-fouling capabilities of membrane surfaces.

Protein adsorption to membranes is a specific case of biofouling. Inert
surfaces are able to resist this adsorption, making them a candidate for antifoul-
ing membranes [12-15]. Inert surfaces share some common characteristics:
they should be charge neutral, contain hydrogen-bond acceptors, and be
hydrophilic [16]. One material that fulfills all these criteria is PEG [17].

PEG films can be formed on a surface in different ways. The fact that the
surface of interest is porous complicates traditional methods such as spin-,
dip-, and spray-coating, since they are likely to clog the pores. To maintain
the permeability of a membrane filter, the PEG layer should be of nanometer-
thickness and covalently attached to the surface of a membrane filter. This
can be achieved by grafting PEG onto a membrane by surface initiated
polymerisation as has been proposed by Kahn and Huck [18]. Advantages
of this method are that the polymer can be grown directly on the surface,
the resulting film is durable, forms a dense brush, and is covalently bound to
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the surface. Moreover, the process only requires hydroxyl (O-H) terminated
surfaces.

In this work, we present an approach to improve fouling reversibility
of ceramic filters by applying surface-initiated PEG layer growth. In the
present manuscript we demonstrated that such modification could drastically
improve the fouling resistance of a filter without loss in filter permeability.
The modification procedure was first established on sapphire wafers, where
surface analysis techniques could be easily applied as a proof of concept.
Afterwards the modification procedure was transferred to alumina membrane
filter surfaces. We have shown the successful modification of commercial
ceramic membrane filters with a few nanometer thick PEG film and its impact
on the anti-fouling properties of the membrane filter during filtration of protein
solutions and model lake-water.

2 Materials and Methods

Glycidol (96%), anhydrous methanol (99.8%), and sodium methoxide (97%)
were obtained from Sigma Aldrich. Sapphire wafers were obtained from
Edmund Optics and aluminium oxide membrane filters with a nominal average
pore diameter of 200 nm were obtained from Kerafol.

Prior to polymerisation, the substrate (sapphire wafer or filter) was son-
icated sequentially for 2 minutes each in acetone, water, and ethanol and
dried under a nitrogen steam. This was followed by treatment in a UV-ozone
cleaner (Bioforce Nanosciences) for 5 minutes after which the substrate was
transferred to demineralised water and rinsed with ethanol.

The surface of the substrate was activated by placing it in a reaction vessel
containing a 0.18 M solution of sodium methoxide in anhydrous methanol at
75°C. This procedure substitutes the hydroxy-terminations on the aluminium
oxide surface with an O~ Na™ termination. This termination acts as an initiator
for the polymerisation. After activation the sample was rinsed twice using
methanol and twice using ethanol. Furthermore, the filters were sonicated in
ethanol for 10 minutes to remove sodium methoxide from the pores.

Polymerisation on the activated substrate was carried out in a different
reaction vessel. Glycidol was added and the vessel was placed in a 110°C oil
bath. The oxygen ion in the O~ Na™ termination reacts with the epoxide in
glycidol, which opens the epoxide ring. This creates two new reaction sites
for further polymerisation, and eventually causes the branched structure of
the polymer [18]. The full reaction sequence is shown in Figure 1. Finally, the
sample was rinsed twice with ethanol, sonicated 10 minutes each in acetone
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Figure 1 Reaction scheme for surface-initiated ring-opening polymerisation of glycidol on
alumina surface.

and ethanol, and dried under a nitrogen steam. This polymerisation procedure
has successfully been carried out on silicon surfaces [18] and on aluminium
surfaces [19].

Atomic force microscopy (AFM) measurements were performed on the
PEG films grown on sapphire wafers as well as on a clean sapphire wafer
used as reference in order to investigate the roughness of the PEG films. Both
samples were sonicated for 5 minutes in ethanol prior to characterization.
The AFM measurements were carried out on an NTEGRA Aura Nanolab-
oratory (NT-MDT) using standard silicon AC160TS cantilevers (Olympus).
The samples were scanned across an area of 40x40 pm. The results were
analysed using the WSxM [20] software package. From the topography, the
root-mean-square surface roughness, Rrass, was determined as

N
1
Rrus = N E (z — 2)%, )]
=1

where N is the total number of scan points, z; is the height measured at point
1, and Z is the mean sample height.
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In order to verify the presence of PEG film on sapphire wafers, three
different investigation techniques were applied. Initially, ellipsometry was
used to determine the thickness of the grown film. Then transmission infrared
spectroscopy was performed to determine the chemical bond present in the
film. Finally, contact angle analysis was carried out in order to confirm an
increased surface hydrophilicity. In combination, the obtained information
combined with the knowledge of the growth process and chemical properties
of PEG enables verification of the presence of a PEG film.

Ellipsometry measurements were carried out on a Sentech SE850 ellip-
someter using the wavelength range from 300 nm to 800 nm. The refractive
index of sapphire was described by the Tauc-Lorentz model. The real part
of the refractive index of PEG was described by the Cauchy model in
the form

ni n2
X e
where ¢; = 10% and ¢y = 107 are the factors used in the ellipsometry software
and ) is the wavelength in nanometers. The Cauchy coefficients used in these
measurements were ng = 1.4581, n; = 39.41 nm?, and ny = 5.39 nm*
as experimentally determined by Ford et al. [21] for linear PEG molecules.
The sapphire wafer used for ellipsometry measurements was polished into a
wedge shape in order to direct the reflection from the bottom of the sample
away from the detector. This was necessary, because sapphire is transparent
and the reflection from the bottom surface would disturb the measurement to
the extent that the PEG film thickness could not be obtained.

Transmission infrared spectroscopy measurements were carried out using
a Varian 660 infrared spectrometer. Wavenumbers corresponding to vibra-
tional excitation energies in PEG are 3600-3200 cm™! for O-H stretching,
2960-2850 cm ™! for C-H stretching, and 1150-1070 for C-O-C scissoring. If
unpolymerised glycidol should be present in the PEG film it can be detected
through vibrational excitation of the epoxide at 3050-3030 cm ™! [22]. Infrared
spectroscopy was carried out on a sapphire wafer with a grown PEG film and
a clean sapphire wafer as a reference.

Changes in the surface hydrophilicity were determined using contact angle
measurements. The equilibrium contact angle, 6, of a sessile water drop on
a planar surface is related to the interface surface energies through Young’s
equation [23]

n ()\) =ng -+ 2

vsr + vrv cos(bo) = vsv, 3)
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where vs1., 71V, and gy are the interfacial tension between the solid surface
and the liquid, liquid and vapor, and solid surface and vapor, respectively.
Due to the surface inhomogeneities the contact angle is usually characterised
by a spectrum of angles varying from the advancing contact angle, 8 4, to the
receding contact angle, #r. The equilibrium contact angle can be calculated
from the advancing and receding angle as [23]

1 (Tacos(04) 4+ T'rcos(Or)
_ 114 A R R
0y = cos ( P ; 4)
where )
Sing(ex) 3
I'xy = - = .
X (2 —3cos(fx) + 6053(9x)> , X=AR ®)

In the experiments, the advancing angle was obtained by feeding water to the
water drop on the substrate surface with a rate of 6 wL/min. Afterwards, the
receding angle was obtained by letting the drop evaporate. A camera (Imaging
Source) was used to record an image series of the drop shape development.
As water was added to the droplet an image of the droplet was taken every
second. As the droplet was left to evaporate, an image was recorded every
three seconds. The image series were analysed using the ImageJ plug-in
DropSnake, which performs contact angle measurements on image series.
It should be noted that initially, as the drop was left to evaporate, the contact
angle decreased over time, because the contact area to the surface remained
unchanged. As the contact area began decreasing the contact angle in this
period remained constant and was recorded as the receding angle.

Fouling tests were carried out at Grundfos’ test facilities. Two types of
flow tests, dead-end and cross-flow configuration, were conducted in order to
investigate the influence of the PEG film on the fouling process and whether
it increased the ease of fouling removal.

BSA and lysozyme solutions were used in the dead-end filtration exper-
iments. Six modified and four reference filters were investigated, one half
for each protein solution type. An AMICON 8050 cell (Merck Millipore)
with a filtration area of 13.4 cm? was used in the dead-end filtration tests.
BSA and lysozyme solutions were prepared by diluting 1 g/L of protein in
10 mM sodium phosphate buffer at pH 7.2. The iso-electric points of BSA
and lysozyme are 4.7 and 10.9, respectively [24]. This means that BSA
is negatively charged in the sodium phosphate buffer, while lysozyme is
positively charged.

Initially, the flux of clean water, ®, through all the filters was measured
by forcing reverse-osmosis cleaned water (RO-water) through the filter by
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an applied trans-membrane pressure (TMP) of 0.6 Bar. The permeate was
collected in a small container located on a scale, where the weight was recorded
every 15 seconds. The protein solutions were filtered, using the same TMP
as the clean water flux tests, and the permeate weight was logged. Finally the
used filters were rinsed with 2x5 ml of RO-water and stored in RO-water.
The filters used in BSA filtration were stored for 24 hours and the filters used
in lysozyme filtration were stored for 4 hours. After rinsing and storage in
RO-water the clean water flux, ®,,, was measured again. From the clean water
flux measurements the relative flux reduction (RFR)

o -9,

> (6)
was derived in order to detect changes in the fouling reversibility due to the
presence of the PEG layer.

After the dead-end filtration of BSA, the modified and reference filters were
rinsed with RO-water and the protein surface concentration was determined
using the CBQCA protein quantification kit (C-6667) (Molecular Probes).
Staining of BSA on the filters was carried out according to the manual.
Briefly, a 40 mM ATTO-TAG CBQCA (3-(4-Carboxybenzoyl)quinoline-2-
Carboxaldehyde)) solution in DMSO was prepared along with a 20 mM KCN
solution. The KCN solution was applied to the filter surface, followed by
the ATTO-TAG CBQCA solution. The filters were left to incubate at room
temperature for one hour and then investigated by fluorescent microscopy for
protein quantification. The excitation and emission wavelengths were 465 nm
and 550 nm, respectively.

Cross-flow filtration experiments were carried out on equipment that
allowed for back-flush cleaning, variable cross-flow velocities, and variable
TMP. The filtration area in this setup was 28.8 cm?. In this experimental series,
model lake-water at pH 8 was used in order to simulate real-life application,
where both salts and biological matter are to be filtered. The artificial lake-
water contained 39.69 mg/L sodium sulphate, 57.69 mg/L sodium hydrogen
carbonate, 124.19 mg/L sodium chloride, 0.11 mg/L kaolite, 50.00 mg/L
Ng-alignate, 62.50 mg/L. BSA, and 10.80 mg/L humic acid [25].

Two modified filters and two reference filters were investigated in the
cross-flow filtration tests. As previously, the fluxes of clean water were
determined before the filtration experiments. This was performed using the
dead-end configuration, meaning that it was carried out with zero cross-flow
at TMP = 0.5, 1, 2, 3 and again 0.5 Bar. Next, the fouling experiments were
carried out with constant TMP and varying cross-flow. Back-flush steps were

RFR =
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added to the procedure to investigate change in fouling reversibility. The
74 minute filtration procedure consisted of three cycles of 24 minutes with
1,2,3,and 1 m3/h cross-flow volume flux for 6 minutes each. One minute back-
flush was performed between each 24 minute cycle. These cross-filtration tests
served two purposes: To determine if the PEG film did affect the fouling pro-
cess during the filtration and to monitor its impact on the fouling reversibility.

3 Results and Discussion

Hyperbranched PEG films were successfully grown on sapphire wafers and
membrane filter surfaces by surface-initiated polymerisation of glycidol. The
thickness of a PEG film resulting from a single polymerisation run was found
to yield a layer of 4—-6 nm thickness. In order to increase the infrared signal
from the PEG layer on the surface, this particular sample underwent four
polymerisation rounds, resulting in a 55 nm PEG film. All other samples
prepared for the study were subjected to a single polymerisation round. The
increase in polymer growth rate per round of polymerisations corresponds to
the findings of Khan and Huck, who reported a linear polymer brush increase
for reinitiated polymerisation [18].

Topography measurements by AFM on a clean and a modified sapphire
wafer, respectively, are shown in Figure 2. The AFM image of the clear
sapphire wafer did, as expected, showed a very smooth surface with a low
number of impurities on the surface. The image of the PEG film on top of a

50 nm

Figure 2 AFM image of a clean sapphire surface (left) and of a PEG film grown on top of a
sapphire wafer (right). The inserts in both images have a z-range of 10 nm.
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sapphire wafer revealed that the PEG film contained small beads. However,
the RMS roughness of the PEG film was measured to be 2.5 nm compared to
0.4 nm for the clean sapphire wafer, meaning that the growth of the PEG film
only led to a minor increase in surface roughness.

Figure 3 shows the infrared transmittance spectra of modified and sapphire
wafers. It was observed that O-H and C-H bonds were present in the film on
the modified sapphire wafer while absent on the reference wafer, indicating
successful formation of the PEG film. A cut-off was observed at around
2000 cm ™!, which meant that vibrational excitation of the C-O-C group could
not be observed. There was no evidence of un-reacted epoxides present in the
film. Finally, noise was observed around 3900-3600 cm ™! for both samples.
This was most likely due to water vapour in the air interfering with the infrared
light beam, since the measurements were carried out in ambient environment.

Contact angle analysis was performed on one PEG film grown on a
sapphire wafer and one clean sapphire wafer as reference. Images of the
process on both samples are shown in Figure 4, where the effect of the
PEG film can be clearly observed. It is seen that the surface hydrophilicity
of the PEG coated sapphire wafer had increased compared to the reference
sample. The receding angle on PEG was difficult to detect, because the
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Figure 3 Infrared transmittance spectra of a clean sapphire substrate (red dotted line) and
PEG on sapphire (black solid line). The wavenumber ranges corresponding to O-H bonds and
C-H bonds, respectively, are highlighted in the plot.
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Figure 4 PEG-modified sapphire (top row) and clean sapphire surfaces (bottom row). From
left to right: an initial droplet is deposited; droplet volume is increased; needle is retracted and
droplet is left for evaporation; droplet is partially evaporated.

droplet barely receded before it was fully evaporated. The results of these
experiments are listed in Table 1. It was observed that the equilibrium contact
angle was lowered due to the presence of the PEG film, meaning that the
surface hydrophilicity had increased on the modified sample compared to the
reference sample. It was shown in Figure 2 that the RMS surface roughness
only increased slightly due to the growth of the PEG film and the change in
contact angle was therefore not ascribed to changes in the surface structure.
The change in contact angle was therefore assumed solely to be caused by
the presence of the PEG film. The film is also expected to be charge neutral,
because excess O~ Na™ groups are protonated by water in the end of the
polymerisation process.

The decrease in contact angle is due to the high concentration of ether-
and alcohol groups in the film. Since only 5 nm PEG film was sufficient

Table 1 Advancing, receding, and equilibrium contact angles
Sample Advancing Angle Receding Angle  Young’s Contact Angle
PEG 16.1° £ 0.8° 5.1°£04° 11.5°
Reference 43.1° £ 1.7° 13.0° £0.7° 28.6°
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to increase the hydrophilicity, the process was transferable to nanoporous
membrane filters as it was not expected that it would clog the 200 nm pores.

The normalised and averaged fluxes for the modified and reference filters
during filtration of the BSA and lysozyme solutions are shown in Figure 5.
The figure shows that during BSA filtration the rate of flux reduction of the
modified and reference filters are quite similar. After 250 ml permeated volume
the flux through the modified filters, during BSA filtration, was on average
reduced by 9%, where the flux through the reference filters was reduced by
11%. Hence, the PEG film showed only moderate effect on the fouling rate
during BSA filtration. It was, however, observed that the PEG films on the
modified filters had a significant impact on the fouling rate during lysozyme
filtration. For the modified filters the flux was on average reduced by 70%
after 250 ml permeate, where the same reduction was reached already after
140 ml permeate on the reference filters. In general, the fouling rate was much
higher during lysozyme filtration than during BSA filtration.

For the filters used in BSA filtration, the clean-water flux measure-
ments revealed a lower relative flux reduction (RFR) for the modified filters
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Figure 5 Normalised average flux as a function of permeate volume during BSA and
lysozyme filtration through the modified (black solid line and red dotted line, respectively)
and reference filters (black dash-dot line and red dashed line, respectively).
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compared to the reference filters. The modified filters showed an average RFR
of 9.5%, whereas the reference filters showed an average RFR of 26.2%. The
measurements on the filters used in lysozyme filtration showed no significant
difference in RFR, which were 86.0% and 86.7%, respectively.

The above discussed is related to the effect of the PEG layer on the fouling
and anti-fouling properties. However, the observed difference between BSA
and lysozyme filtrations is caused by electrostatic interactions. BSA fouling,
in general, appeared to be predominantly reversible due to the low RFR.
Moreover, the presence of the PEG film further increased the reversibility
compared to the reference filters. On the other hand, lysozyme fouling seemed
to be mostly irreversible, because almost no protein was removed by external
cleaning. Thus, as BSA is negatively charged and lysozyme is positively
charged at pH 7.2, the results obtained in the dead-end filtration experiments
indicate that the filter surface is predominantly negatively charged.

The BSA quantification measurements on modified and reference filters
after filtration revealed a higher reversibility of BSA fouling on the modified
filter surface. The visualized protein concentration distribution present on
the filter surfaces was extracted from the images by pixel-wise intensity
analysis and the pixel intensities were calibrated with known protein concen-
trations. The resulting histograms were generated in ImageJ, and are shown in
Figure 6. This analysis revealed that the modified filter had an average protein
concentration of 136 pg/cm? and the reference filter had a concentration of
219 pg/cm?, indicating a significant reduction in the amount of irreversibly
adsorbed protein.

The clean water flux tests were performed on modified and reference
filters prior to cross-flow filtration of model lake-water. The tests revealed
no difference in filter permeability on the modified filters compared to the
reference filters. It was therefore concluded that the growth of PEG-brush
films on the filter surface does not affect the overall filter performance.

The normalised and averaged fluxes for the modified and reference filters
during cross-flow filtration are shown in Figure 7, where it is seen that the
PEG film does not seem to have any considerable effect on the permeability
behaviour, which seems similar for the two sets of filters. However, the
modification of the filter surfaces seems to have an impact on the fouling
reversibility. As can be seen in Figure 7 the modified filters recovered a
higher percentage of the original permeability after back-flush cleaning. This
indicates that the PEG film facilitates removal of foulant compared to the
reference samples.

After the first back-flush cleaning sequence, the modified filters, on
average, recovered 64% of the original flux whereas the reference filters
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recovered only 51%. After the second back-flush sequence the modified filters
regained 56%, where the reference filters regained 43%. This is despite the fact
that all the filters reached the same flux at the end of each filtration sequence.
This increase in flux recoverability also affects the overall throughput in such
a filtration sequence, as can be seen in Figure 7. During a full filtration
sequence, described in Section 2, the modified filters showed 12% higher
average throughput compared to the reference filters.

4 Conclusion

In this work, hyperbranched PEG films were grown on sapphire wafers
and sintered alumina membrane filter surfaces by surface initiated, ring-
opening polymerisation of glycidol. Initial characterisation of the PEG films
was carried out on sapphire wafers. AFM imaging revealed flat topography
without significant increase in roughness. The thickness of the film was
successfully controlled and kept at a few nanometers, which is required to
maintain the permeability of the membrane filters. The presence of an O-H
and C-H containing polymer film on a modified sapphire wafer surface was
confirmed using transmission infrared spectroscopy and ellipsometry. Finally,
contact angle analysis on modified and reference sapphire wafers showed
increased hydrophilicity of the modified sample. All in all the polymerisation
procedure was verified by ellipsometry, infrared spectroscopy, and contact
angle measurements. The resulting film was shown to possess the necessary
properties (nanometer thickness and high hydrophilicity) suitable to inhibit
the fouling layer on ceramic membrane filters.

The filtration tests on modified and reference filters generally revealed
an anti-fouling effect of the obtained PEG-brush film. The dead-end tests
showed a lower fouling rate as well as increased reversibility of the modified
filters. The protein adsorption quantification showed that the reference filter
contained about 50% more irreversibly adsorbed BSA than the modified
one. An increased fouling reversibility was also obtained in the cross-flow
filtration tests.

This relatively simple and easily up-scalable technique provides the means
for lowering the cleaning and replacement frequency of filters and results in
lower operation and maintenance costs.
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