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ABSTRACT

This manuscript investigates the modification of an ultra-filtration (UF) membrane support with polyelec-
trolyte multilayers (PEMs) consisting of the weak polyelectrolytes poly(allyl amine) hydrochloride (PAH)
and poly(acrylic acid) (PAA). These prepared polyelectrolyte multilayer membranes have a dual function:
They act as nanofiltration (NF) membranes and as sacrificial layers to allow easy cleaning of the membranes.
In order to optimize the conditions for PEM coating and removal, adsorption and desorption of these layers
on a model surface (silica) was first studied via optical reflectometry. Subsequently, a charged UF mem-
brane support was coated with a PEM and after each deposited layer, a clear increase in membrane resis-
tance against pure water permeation and a switch of the zeta potential were observed. Moreover these
polyelectrolyte multilayer membranes, exhibited rejection of solutes in a range typical for NF membranes.
Monovalent ions (NaCl) were hardly rejected (<24%), while rejections of >60% were observed for a neutral
organic molecule sulfamethoxazole (SMX) and for the divalent ion SO3 ™. The rejection mechanism of these
membranes seems to be dominated by size-exclusion. To investigate the role of these PEMs as sacrificial
layers for the cleaning of fouled membranes, the prepared polyelectrolyte multilayers were fouled with sil-
ica nano particles. Subsequent removal of the coating using a rinse and a low pressure backwash with pH 3,
3 M NaNOj; allowed for a drop in membrane resistance from 1.7-10'¥m™! (fouled membrane) to
9.9-10'2> m~! (clean membrane), which is nearly equal to that of the pristine membrane (9.7 - 10’2 m™1).
Recoating of the support membrane with the same PEMs resulted in a resistance equal to the resistance
of the original polyelectrolyte multilayer membrane. Interestingly, less layers were needed to obtain com-
plete foulant removal from the membrane surface, than was the case for the model surface. The possibility
for backwashing allows for an even more successful use of the sacrificial layer approach in membrane tech-
nology than on model surfaces. Moreover, these PEMs can be used to provide a dual function, as NF mem-
branes and as a Sacrificial coating to allow easy membrane cleaning.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

for all of these membrane processes, causing fluxes to decline and
thus leading to a decrease in productivity and/or an increase in

Fouling of surfaces and interfaces is a well-known and often
studied problem in colloid and interface science. Irrespective of
the anti-fouling strategies employed, all surfaces will eventually
become fouled under adverse conditions [1]. Fouling is an espe-
cially crucial issue in membrane technology [2]. Separation pro-
cesses such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) are used widely for
numerous commercial applications in various fields such as water
and wastewater treatment, desalination, the food industry, bio-
technology and others [3]. However, fouling is an inherent problem
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energy demand. While the removal of foulants can be performed
using various cleaning techniques, cleaning is often found to be
incomplete (irreversible fouling) and cleaning can damage the
membrane itself. In both cases, the membrane will need to be
replaced, which increases the operational cost of the process. Over
the years much research has been devoted to develop methods to
make the cleaning easier, such as the use of surfactants [4], super-
hydrophobic coatings with self-cleaning properties [5], nanobub-
bles [1] and antifouling layers such as polymer brushes [6]. A
very different approach to cleaning was proposed a few years
ago and was denoted as the “sacrificial layer” approach [7,8]. This
sacrificial layer approach involves the precoating of a surface with
a nanometer thick polymer layer that upon fouling can be des-
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orbed/sacrificed from the surface along with any attached foulants.
Sacrificing the layer is based on a simple trigger i.e. a change in pH,
salt concentration or by the addition of a surfactant. The cleaned
surface can subsequently be recoated with a new polymer layer
to use it again. As this polymer layer inhibits the contact between
foulant and the interface, the success of the approach should be
independent of the type of foulant. Additionally when polymers
are coated on an interface, it results in a change in the surface
properties of the interface. The sacrificial layer coating could thus
have additional benefits such as antifouling or anti adhesive prop-
erties. We strongly believe that the sacrificial layer approach is also
ideally suited for membrane applications. Especially as for mem-
branes, the sacrificial layer coating could not only be used for easy
cleaning, but could even function as the active separation layer. A
schematic representation of this concept on membranes is illus-
trated in Fig. 1.

To modify the surface of the materials to provide them with the
desired properties, a simple and versatile approach is the use of
polyelectrolyte layer-by-layer assembly (LbL) [9,10]. This approach
involves alternatingly dipping of a substrate in a polycation solu-
tion and a polyanion solution, typically with an intermediate rins-
ing step with solvent to remove loosely bound electrolytes from
the surface. This LbL approach allows to prepare polyelectrolyte
multilayers (PEMs) of just a few nanometers in thickness on an
interface. The possibility to use a wide range of water soluble poly-
electrolytes, its easy application, and the ability to apply it on sur-
faces of any shape and size are the key strengths of this technique.
Since its discovery [10], this technique has been proposed for many
applications, including drug delivery, solar sensors, lenses, cell
engineering, fuel cells, and membrane processes [11]. For mem-
brane processes the PEMs are always coated onto a membrane sup-
port, and have been employed for the preparation of both gas [12]
and liquid separating membranes [13]. The key strength of the
PEM membranes is the large variety of membrane properties that
can be achieved by building in a LbL fashion. As such PEM mem-
branes with a wide variety of properties have been produced for
use as reverse osmosis membranes [ 14], nanofiltration membranes
[14-18], solvent resistant nanofiltration (SRNF) membranes [19],
forward osmosis membranes [20], low fouling membranes [21-
26|, antiseptic/antibacterial membranes [22,26-28], stimuli
responsive membranes [8,29-32] and ion selective membranes
[33-36]. Selection of the right combination of polyelectrolytes
can also make the membrane sensitive to a certain trigger (such
as a change in pH or salt concentration) that leads to a controlled
destruction of these PEMs when required [7,37-39]. The above
shows that PEMs hold much promise for membrane technology,
especially in combination with its use as sacrificial layers. For the
polymers to be used as sacrificial layers we need to tune the inter-
action between the polymers.

Membrane with desired
characteristics:

* NF/RO

* Low fouling

* Responsive membrane

- -

UF support membrane

[

Coating with polymers

The use of one or more polymers bearing weak acid/base func-
tionality affords the possibility of controlling the average charge
per repeat unit and thus the extent of interaction between charged
polymers [38]. Bruening and co-workers [8] have successfully used
a PEMs as both a sacrificial layer and as the separating layer of an
NF membrane. However, they chose to use the combination of
poly(styrene sulfonate) (PSS) and PAH to create their PEM based
NF membranes, a combination of polyelectrolytes that is known
to give extremely stable layers. They could only remove or sacrifice
their multilayer by physical means, e.g. backwashing at high pres-
sure. To make the sacrificial layer concept work it is key to have a
system that is easy to apply, but also easy to remove. For our sac-
rificial layer approach, we propose to use a system of weak poly
electrolytes of which the charge can be easily controlled by the
pH [7]. For this study a model system of weak polyelectrolytes
PAH and PAA was selected (Fig. 2). In the PAH/PAA system (pKa
9.3 and 5.4 respectively), the dissociation of PAH increases under
acidic conditions while the dissociation of PAA increases under
basic conditions. Both these sensitivities could be used as triggers
to induce PEM desorption.

In this work, we prepare a PEM membrane, where the PEM
functions as a selective NF separation layer and as a sacrificial layer
for easy membrane cleaning. Initially the growth of PAA/PAH mul-
tilayers on model surfaces is studied by optical fixed angle reflec-
tometry under various amounts of added poly electrolyte to
determine the optimal growth conditions for the PEMs. Subse-
quently different triggers were applied to sacrifice these layers,
with and without foulants. This allowed us to understand the
buildup and removal of the multilayer systems at different condi-
tions, something that cannot be precisely monitored on the mem-
brane itself. Then tight hollow fiber UF membranes were coated
with PEMs under identical coating conditions. The membranes
were characterized after deposition of each subsequent layer in
terms of membrane resistance to pure water permeation and
change in zeta potential of membranes. Furthermore, rejection of
different solutes was studied to investigate the performance of

NH;*CI-

PAA PAH

Fig. 2. Polyelectrolytes used for this study PAA poly(acrylic acid) and PAH poly(allyl
amine) hydrochloride.

Trigger
—

Fouling Sacrificial effect

Fig. 1. Schematic representation of the application of a thin polymer film onto a UF support membrane and its subsequent use as a “sacrificial layer” to remove fouling. For
membranes the sacrificial layer could act double as the effective separating layer to create NF, RO membranes, and/or to create low-fouling and responsive membranes.
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the layer as a nanofiltration membrane. Then membranes ware
subjected to foul with Ludox and when the membranes became
fouled, membranes were cleaned with a trigger to release the sac-
rificial layer, indeed leading to full removal of all foulants. The
membrane could then be recoated in a simple manner.

2. Materials and methods
2.1. Materials

Polyelectrolytes used in this study were poly(allyl amine)
hydrochloride (PAH; M,, = 15,000 g mol~!) and poly(acrylic acid)
(PAA; M, =15,000g mol'). Silica particles (Ludox SM, radius
approximately 9 nm) were used as a model fouling agent. Sodium
nitrate (NaNOs) was used as a background electrolyte in all solu-
tions. All chemicals were obtained from Sigma-Aldrich (The Neth-
erlands) and were used as received without any further
purification. Polyelectrolyte solutions always contained 0.1 gl™!
of polymer at a pH of 6, but with various amounts of background
electrolyte (5 mM, 50 mM or 500 mM NaNOs). Deionized water
(Milli Q, 18.2 MQ cm) was used to rinse the membranes and to pre-
pare polyelectrolyte and feed solutions. All solutions were used
within eight days after preparation.

2.2. Reflectometry studies of PEMs

The adsorption and desorption of PEMs and model foulants (sil-
ica particles) onto a silica surface was monitored with fixed-angle
optical reflectometry. In reflectometry, measurements are per-
formed under well-defined hydrodynamic conditions using a stag-
nation point flow cell [40]. It is a sensitive tool to study the
alternating adsorption of different polyelectrolytes on flat, reflec-
tive surfaces [41]. The reflectometer is equipped with a He-Ne laser
(monochromatic light, 2 =632.8 nm) with linearly polarized light.
When this monochromatic light hits the wafer around the Brew-
ster angle (71°), it is reflected toward a detector, where the
reflected light is split into its parallel (R,) and perpendicular (R;)
polarized components. The ratio between these two components
(Rp/Rs) is defined as the signal S (-) and the change in this ratio
(As) is directly proportional to the amount of mass adsorbed on
the wafer, according to Eq. (1):

' = Q(AS/S0) (1)

where I' is the amount of mass adsorbed on the silicon wafer
(mg m~2), and where Q is a sensitivity factor, which depends on
the angle of incidence of the laser (), the refractive indices (n),
the thicknesses (d) of the layers on the silicon wafer in nanometer,
and the refractive index increment (dn/dc) of the adsorbate. To cal-
culate the Q-factor an optical model was used based upon values as
used in our previous study [7]. The Q-factor thus obtained to calcu-
late the actual mass adsorption is 30 mg m~2 for all of our experi-
ments. Sy is the starting output signal of the bare silicon wafer
immersed in solvent (—). All experiments were performed on a sil-
icon wafer with a 85 nm SiO, top layer. Before the experiment the
silicon surface was cleaned by O, plasma treatment.

2.3. LbL coating of membranes

Polyelectrolyte layers were deposited on hollow fiber dense
ultrafiltration membranes prepared from poly(ether sulfone) with
a sulfonated poly(ether sulfone) separation layer. These so-called
Hollow Fiber membranes intended for colloidal silica removal were
kindly supplied by Pentair X-Flow The Netherlands and have a
molecular weight cut-off of 10,000 Da. PEMs were coated on mem-
branes via a dip coating method. For this purpose, fibers were cut

into specific lengths (to make bundles) and kept in 15 wt.% ethanol
in water overnight to wet the fibers. After wetting, fibers were
rinsed with deionized water three times followed by three times
rinsing in the chosen background electrolyte solution (5, 50 or
500 mM NaNOs). For coating, the fibers were completely immersed
in 0.1 g1~! polycation solution with the same background electro-
lyte solution, for 30 min, followed by rinsing three times with the
used background electrolyte solution. The rinsing step removes
any loosely bound or excess polyelectrolyte from the membrane
surface. In the same fashion, the polyanion (PAA) layer was
adsorbed to give a single bilayer of PAH and PAA. The dipping pro-
cedure was then repeated to give the desired number of layers. By
dipping the membranes in the coating solution, PE deposition is
not only limited to the inner surface of the membrane but also
whole the porous structure can be coated. In theory this approach
of also coating the inner structure could lead to problems when
backflushing, as the polymer released from the inner structure
would need to be flushed through the membrane top layer. While
we did not observe such problems in our experiments, we still
believe that for the real application dynamic coating from the inner
side of the hollow fiber is the preferred option. After each coating
step a membrane sample was taken for analysis. Membranes
coated with the desired number of layers were immersed in a glyc-
erol/water (15 wt.%/85 wt.%) solution for at least 4 h, followed by a
drying step under ambient conditions for at least 8 h. For filtration
experiments, PEM coated membrane fibers were potted in a mod-
ule with a fiber length of approximately 10 cm.

2.4. Membrane characterization

For each prepared membrane, the pure water flux was mea-
sured at 20 °C with demineralized water in a dead-end mode at a
trans-membrane pressure of 2.5 bar. From the obtained clear water
flux the membrane resistance was calculated using Eq. (2):
R=P @

wxJ
where R is membrane resistance in m~!, J the membrane flux in
ms~!, u the dynamic viscosity of the feed in Pas and P the trans-
membrane pressure in Pa. The membrane resistance was measured
for two separate coating conditions (5 mM and 50 mM), each mea-
surement was performed in triplet.

The membrane performance was investigated by performing
retention experiments on salts (NaCl and Na,SO4) and on a small
organic pollutant, sulfamethoxazole (SMX) M,, =253.28 g mol ™!
with neutral charge. These retention experiments were carried
out in a cross-flow mode with a cross flow velocity of 4ms~' in
order to limit the effect of concentration polarization. The trans-
membrane pressure during filtration was 2 bar. This corresponds
to a Reynolds number of approximately 3500, and is well in the
turbulent regime. The salt concentration was measured with a
WTW cond 3210 conductivity meter, while the concentration of
the organic molecule was measured using a Dionex Ultimate
3000 U-HPLC system equipped with a RS variable wavelength
detector. For the organic molecule, the permeate sample was col-
lected after a minimum of 24 h to ensure steady state rejections.
The retention was based on the one minus ratio between the per-
meate and concentrate concentrations.

The zeta potential measurements were performed with an elec-
trokinetic analyzer SurPASS system (Anton Paar, Graz Austria). The
zeta potential was calculated by measuring the streaming current
versus the pressure in a 5 mM KCI solution at room temperature
using Eq. (3):

d n L

= dp a0 A )
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where ({ is the zeta potential (V), I is the streaming current (A), P is
the pressure (Pa), # is the dynamic viscosity of the electrolyte solu-
tion (Pas), ¢ is the dielectric constant of the electrolyte, ¢ is the
vacuum permittivity (Fm™!), and A, is the cross section of the
streaming channel (m?).

2.5. Membrane fouling, cleaning and regeneration

To test the suitability of the PEM as a sacrificial layer, the coated
membrane was rinsed with a trigger (pH 3, 3 M) solution for
20 min in a cross flow mode with 2 bar pressure. Removal of the
coating was investigated by comparing the resistance before and
after rinsing. For experiments with a fouled membrane, a feed
solution containing Ludox particles (300 mg1~') was filtered in
dead end mode for 20 h at a pressure of 2.5 bar. Subsequently,
the membrane resistance was determined again. After the mem-
brane fouling, the membrane was rinsed with the trigger solution
to see if the resistance could be restored to that of the pristine
membrane. The rinsing was performed for approximately 20 min
in a cross flow mode. In a subsequent experiment the membrane
was also cleaned with the trigger solution in a back flush mode
for about 30 min. After these cleaning steps, the PEM coating was
regenerated with fresh polyelectrolyte solutions in a cross flow
mode.

3. Results and discussion

Our results and discussion section is split into three major parts.
In the first part, the adsorption and desorption of PAH and PAA
multilayers on model surfaces is studied, with and without fouling
agents, to determine the optimal coating and cleaning conditions.
The second part encompasses the growth of PEM layers on the
membrane surface, and describes the performance of the created
membranes. In the third and final part we test the PEM as a sacri-
ficial layer for easy membrane cleaning. We stress that the abbre-
viation PEM refers to Polyelectrolyte Multilayer and not to another
common term Polymer Electrolyte Membrane.

3.1. Layer by layer coating and layer removal on model surfaces

3.1.1. Polyelectrolyte multilayer growth

The preparation of a polyelectrolyte multilayer on a silica sur-
face was measured over time using optical fixed-angle reflectome-
try. This technique enables the real time continuous monitoring of
the adsorbed amount of polymer (in mg m~2) during exposure to
various solutions. Fig. 3(a) shows typical reflectometry data with
step by step growth of a PAA and PAH PEMs on a silica surface.
The measurement starts by exposure of the silica surface to a sol-
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vent solution (pH 6, 50 mM NaNOs) and provides the measurement
baseline (Sp). Then switching to a solution containing the weak cat-
ionic polymer PAH (denoted with +, 0.1 g1~!, pH 6, 50 mM NaNOs)
leads to a small adsorption to the negatively charged silica. Subse-
quent exposure to the weak negative polymer PAA (denoted with a
—,0.1gl", pH 6, 50 mM NaNOs) leads to an increased adsorbed
amount, with the negative PAA adsorbing to the positive PAH. Con-
tinued switching between PAH and PAA exposure leads to a step-
wise building of the multilayer. In our system, the pH was kept
constant at 6 because at this pH both polyelectrolytes have a sim-
ilar degree of dissociation and will adsorb in roughly similar
amounts [42].

In Fig. 3(b), we show the plateau adsorbed amounts as a func-
tion of the adsorbed number of layers. The experiments were done
for three different ionic strengths: 5 mM, 50 mM and 500 mM. It is
well established that PEM growth and the properties of the result-
ing layer depend on the ionic strength of the deposition solution
and its pH [42-44]. In our work, we thus regard the ionic strength
as a control parameter to optimize membrane performance and
sacrificial layer properties. Indeed, we find large differences in
growth behavior for different ionic strengths. At low ionic strength
(5 mM), PEMs grow linearly as compared to 50 mM where the
layer growth is exponential. Linear growth of PEMs is associated
with a low mobility of chains in the layer, while exponential
growth is due to the presence of highly mobile chains [45]. How-
ever, at the fairly high ionic strength of 500 mM we can see a dis-
tinctly different growth feature of these layers. Initially the growth
rate is higher than at 5 mM and 50 mM but after a certain number
of steps the growth stops. During PAH injection, quite some poly-
mer adsorbs, but this is then followed by desorption with the intro-
duction of the next polymer (PAA). At this high salt concentration,
it seems that PAA is able to complex with PAH, but then desorbs as
a (quasi) soluble complex. These effects were also observed for
other PEM systems [39].

These initial experiments would indicate that the optimal
membrane coating conditions would be around 50 mM NaNOs.
At this ionic strength the growth is exponential, resulting in much
thicker films in a smaller number of coating steps than is the case
with linearly grown LbL thin films (at 5 mM NaNOs). Higher ionic
strengths, however, lead to unstable PEMs. Still, the ionic strength
could also affect the eventual membrane performance [46] and
possibly the performance as sacrificial layer. As such both 5 and
50 mM NaNOs; are studied in coming sections.

3.1.2. Study of triggers for sacrificing PEMs

For the sacrificial layer approach to be successful, it is key to
have a good trigger mechanism to completely desorb the layer.
PEMs, depending on the used polyelectrolytes, can be erased by

Number of layers

Fig. 3. (a) A typical refelectometry graph showing step by step growth of PEMs from PAH (+) and PAA (—) at 0.1 gl~! in 50 mM NaNOs and at pH 6. (b) Effect of salt
concentration on the growth of PEMs monitored with reflectometry; subsequent adsorption of PAH (+) and PAA (—) at 0.1 g1 ! in 5mM, 50 mM and 500 mM NaNOs.
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applying external stimuli such as a change in pH [7,45,47] or an
increase in ionic strength [38,39]. However, the stimuli that will
completely remove the fouled PEMs from the membrane surface
should not damage the polymeric membrane surface. In previous
work [7], PAH/PAA multilayers were desorbed by switching to a
pH of 1, a trigger unsuitable for membranes. Here we propose to
apply, for the first time, the combination of low pH and high ionic
strength to desorb polyelectrolyte multilayers. For this study we
did not go below pH 3 because lower pH might damage the poly-
mer membrane surface. Simultaneously we increased the salt con-
centration from 0.05 M to 3 M, with the results shown in Fig. 4. As
a reference, we also applied high ionic strength solutions at pH 6.
Only the combination of pH 3 and 3 M of NaNOj; resulted in the
complete layer removal desired for our application. From these
experiments it follows that it is indeed the combination of low
pH and high ionic strength that leads to the complete removal of
the layer. At low pH, PAA becomes significantly uncharged, the
high ionic strength then further weakens the ionic interactions
leading to disintegration of the layer.

3.1.3. Effect of layer mass on the performance as sacrificial layer

In Fig. 5(a) we show a reflectometry experiment to study PAH/
PAA multilayers as a sacrificial layer for easy cleaning. By subse-
quent adsorption of PAH and PAA we built up the PEMs, ending
in this case with a (cationic) PAH layer. Subsequently, we applied
a solution containing our model fouling agent, Ludox silica parti-

% Residual mass

0.05M M 3M 0.05M M 3M

Trigger

Fig. 4. Effect of different triggers on layer mass removal. The investigated layer was
(PAH/PAA)s prepared at 50 mM, pH 6.

Trigger

Adsorption (mg-m”)

Residual mass

L

0 1000 2000 3000 4000 5000 6000
Time (s)

cles (0.1 g17! Ludox, pH 6, 50 mM NaNOs3), which are spherical sil-
ica particles approximately 9 nm in radius, on top of the PAH layer.
As can be seen, these particles lead to a large increase in the
adsorbed amount. However, when rinsed with a pH 3, 3 M solution
the adsorbed PEMs, along with the fouling agent, are desorbed
from the silicon wafer surface again, demonstrating the potential
of these PEMs as a sacrificial coating. We applied this trigger for
a different number of layers having fouling agent adsorbed on
top and after applying the trigger solution we investigated the
remaining layer mass. Fig. 5(b) shows the effect of the number of
PAH and PAA layers on the residual adsorbed amount, for two dif-
ferent coating conditions, 5 mM NaNO3 and 50 mM NaNOs. At both
coating conditions the residual adsorption decreases with an
increasing number of layers. For polyelectrolyte layers built at
low salt concentration, 5.5 bilayers (PAH/PAA) are sufficient to
obtain complete desorption.

Here the role of the number of layers (layer mass) on the perfor-
mance as a sacrificial layer is important to consider because the
polyelectrolytes that are released into the solution upon destruc-
tion of the layers are expected to act as so-called anti-redeposition
agents. By adsorbing to the released fouling agents they act to pre-
vent possible re-adsorption of the fouling agents on the surface [7].
However other than layer mass, we can also see the role of the
layer structure on the sacrificial layer performance. For an ionic
strength of 50 mM the residual adsorbed amount decreases with
increasing layer mass but complete desorption is never obtained.
A very small amount (0.1 mgm™2) is left on the surface. We
hypothesize that this is because of the high mobility of the polymer
chains in this layer, connected to the exponential growth regime at
this ionic strength. Such mobility would allow some of the highly
charged silica particles to penetrate into the layer and to reach
the interface. Still, the remaining adsorbed amount is very low.
Our results indicate that both the 5 and the 50 mM grown PAA/
PAH PEMs have the potential to function as a sacrificial layer coat-
ing on membranes.

3.2. Formation and properties of a polyelectrolyte multilayer
membrane

After optimizing the coating and release conditions for PEMs
with reflectometery, negatively charged UF membranes were
coated with PAH/PAA multilayers via a dip coating method. Change
in water permeance (1 m 2 h~! bar ') through the membrane after
deposition of the layer is one of the ways to see if the PEMs are
being deposited. Reduction in permeability with every deposited
layer (mass) corresponds to an increase in the membrane hydraulic
resistance (Eq. (1)). To confirm the deposition of PEMs on mem-
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Fig. 5. (a) Adsorption and desorption of PAH, PAA and Ludox particles (0.1 gl~!, pH 6, 5mM NaNOs) on model surfaces as studied with reflectometry. (b) The residual
adsorption of Ludox particles after desorption of the sacrificial PEMs as a function of the number of layers.
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Fig. 6. Membrane resistance against pure water permeation for PEMs coated on a
UF membrane support as a function of the number of deposited layers. All data are
for a polyelectrolyte concentration of 0.1 g1-!, pH 6, and at a salt concentration of
either 5 mM or 50 mM; as indicated.

branes the hydraulic resistance of the membrane was measured
after every deposited layer. In Fig. 6 we show the effect of coating
the HFS membranes at different ionic strengths on the membrane
resistance. Here we can observe increase in resistance with each
increment in PEM. Based upon the results of the reflectometry data
we coated the membranes under two salt concentrations 5 mM
and 50 mM. A significant effect of the ionic strength on the mem-
brane resistance can be observed. At higher ionic strength of the
coating solution, the membrane resistance per bilayer increases
much stronger than the resistance at the lower ionic strength. This
is completely in line with the reflectometry data in Fig. 3(b). At
higher ionic strengths, thicker layers are formed on the membrane
due to increased extrinsic charge compensation within the multi-
layers. These thicker layers result a higher membrane resistance
[46]. Here we also observe a zig-zag behavior which is related to
the odd-even effect. Other than coating conditions, the properties
of the total PEM are also dependent on the terminating-layer. The
changes with respect to the different terminating layers are often
referred to as odd-even effects. One well established odd-even
effect is that the hydration of a PEM depends on the final layer
being either the polycation or the polyanion. As shown by de Gro-
oth et al. [46] the observed odd-even effect in resistance can give
information on the structure of the layer. If the PEM is predomi-
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nately coated inside of the pores (pore dominated regime), swell-
ing of the PEM layer will narrow the pore and lead to a clear
increase in resistance. However, if the PEM forms a dense layer
on top of the membrane (layer dominated regime), an increase in
hydration (swelling) will actually lead to a more permeable layer
and thus a lower resistance.

For the membrane formed at 5 mM, we always observed an
increase in the resistance upon PAH adsorption and a decrease in
the resistance upon adsorption of PAA. This would indicate that
this membrane is always in the pore dominated regime. However
for 50 mM, much thicker PEM layers are formed. Here we observed
a clear transition (at layer 5) from PAH giving the highest resis-
tance, to PAA giving the highest resistance. This would indicate a
transition from the pore dominated regime to the layer dominated
regime, as also observed by de Grooth et al. [46]| for PDADMAC/PSS
multilayers. For potential use as a sacrificial layer, it is likely to be
beneficial to be in the layer dominated regime, as it would prevent
any potential fouling agents from entering the membrane pores.
Based on our reflectometry data (Fig. 3a), we know that we have
about 1.7 mg/m? of polymer after 5 coating steps. With a typical
PEM hydration of 50%, this would correspond to a layer thickness
of roughly 3 nm. For our dense UF membranes, a layer of such a
thickness could indeed fully fill its pores, with subsequent coating
being only possible on top of the membrane.

To test the stability and compressibility of our PEM membranes,
we measured the resistance of a 10 layer PEM (deposited at 50 mM
NaNOs, pH 6) at multiple pressures (5, 10, 15, 20, 25 and 30 bar).
We did not find any significant changes in resistance even at the
highest pressures, and from that conclude that the layers are stable
and not compressible at this range of pressures.

The zeta potential of the surface of the membranes was investi-
gated after each coating step (Fig. 7a). As expected, charge reversal
of the negatively charged membrane was observed after coating
with a positively charged PAH (layer 1). Subsequently, after each
additional layer the charge shifts from positive to negative and back.
These results are exactly what was expected for the formation of a
PEM on the membrane and is another clear indication of a success-
fully applied coating. As we also want to desorb these PEMs made
from weak polyelectrolytes by changing the pH, we also investigated
the effect of the surrounding pH after coating on the zeta potential of
the 14th layer (Fig. 7(b)). As expected, for the set of weak polyelec-
trolytes, also the zeta potential of the layer depends strongly on
the solution pH. At a pH of 2-3 the zeta potential becomes 0, indicat-
ing that the final PAA layer is becoming uncharged.

InFig. 8 we show the rejection performance of PAA/PAH polyelec-
trolyte multilayer membranes prepared under two coating condi-
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Fig. 7. (a) The membrane zeta potential as measured after every deposited layer. The membrane was coated with 0.1 g1~! PAH and PAA at pH 6, 50 mM NaNOs, the
experiment was performed at pH 6, 5 mM KCI. (b) Zeta potential as a function of the surrounding pH for a PEM of (PAH/PAA),, prepared at 50 mM NaNOs, pH 6, experiment

performed at 5 mM KCl.
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Fig. 8. Solute rejection by (PAH/PAA)4PAH polyelectrolyte multilayer membranes
prepared under different coating conditions, as indicated.

tions, 5 mM and 50 mM of NaNOs. The membranes were coated with
9 layers (4.5 bi-layers). The membrane thus has a small positive zeta
potential (Fig. 7a) as the final layer is the cationic PAH. We investi-
gated the rejection of monovalent ions (NaCl), a divalent ion (Na,.
SO,4) ion and an uncharged small organic molecule, the
pharmaceutically active compound SMX (Mw =253.28 Da). We
observe that monovalentions can relatively easily pass the prepared
membranes, while the divalent ion and SMX show a much higher
rejection. The prepared membranes thus perform as typical nanofil-
tration membranes, allowing the passage of monovalent ions, while
rejecting divalent ions and small organics. The rejection perfor-
mance for the membranes prepared under different coating condi-
tions are quite similar. Still, the rejection of the membranes
prepared at 5 mM is somewhat higher for all solutes. Polyelectrolyte
multilayers prepared at lower ionic strength are known to have
lower hydrations [45], leading to thinner and less open layers that
can provide better retention behavior [46]. The rejection of the sol-
utes by NF membranes is typically described by taking size, charge,
valence and dielectric exclusion into account [48]. For a positively
charged membrane a lower retention would be expected for Na,SO4
compared to NaCl when charge exlusion (Donnan) would be preva-
lent. As this is not the case here, we believe the rejection mechanism
is mostly governed by size exclusion. Still, other separation mecha-
nisms can play a role as well.

3.3. The polyelectrolyte multilayer as a sacrificial layer for easy
membrane cleaning

In the previous section, we clearly demonstrated that one can
prepare PAH/PAA polyelectrolyte multilayer membranes with the
typical characteristics of a NF membrane. Here we will investigate
the possibility to use the same PEM coating as a sacrificial layer for
easy cleaning of fouled membranes. Initially it was investigated
whether the coating was fully removable by rinsing a coated mem-
brane ((PAH/PAA)sPAH, prepared at 50 mM NaNOs) with the cho-
sen trigger solution (pH 3, 3 M NaNOs) in a cross flow mode at
very low pressure (2 bar) for a short duration of time (20 min).
After this rinsing step the membrane resistance reached exactly
the level of an uncoated UF membrane confirming the complete
removal of the PEM from the membrane surface.

We subsequently investigated if the removal of our sacrificial
coating could indeed be used to remove foulants from the mem-
brane. In Fig. 9 we show the membrane resistance against pure
water permeation for several steps, including PEM coating, mem-
brane fouling by silica particles, membrane cleaning by sacrificing

2.5

14

Resistance (10" m™)

Fig. 9. Measured membrane resistance to pure water permeation after the
following steps (I) a clean UF support membrane; (II) UF membrane coated with
PEMs; (III) PEMs fouling with Ludox particles; (IV) rinsing of fouled PEMs with
cleaning solution for 20 min; (V) backwashing of fouled PEMs with cleaning
solution at 2 bar pressure for 30 min; (VI) regeneration of PEMs on cleaned UF
membrane support.

the PEM coating and subsequent re-coating. Here we applied the
same rinsing step for PEM removal, but only rinsing could not com-
pletely remove the fouled PEM and an additional backwashing step
with the same cleaning solution was incorporated. Backwashing
with the cleaning solution for 30 min resulted in a decrease in the
membrane resistance up to one that is nearly identical to the resis-
tance of the uncoated membrane. If we compare these results with
our reflectometry data (Fig. 5(b)), we find that for the same number
of coated layers (7), rinsing our model surface with a trigger solution
did not result in the complete removal of all foulants. On the mem-
brane, the application of shear forces aid to completely remove the
PEM along with any attached foulants. Interestingly, the sacrificial
layer approach is thus found to work better on the membrane inter-
face than on the model surfaces due to the added possibility of back-
washing. After backwashing a PEM re-coating was performed. As the
hollow fibers were already potted in a module, the recoating was
performed in a cross flow mode. After coating with the same number
of layers the original PEM layer resistance is obtained again.

4. Conclusions

In this manuscript we demonstrate the preparation of a PAA/PAH
multilayer that, when coated on a UF membrane support, doubles as
ananofiltration membrane and a sacrificial layer to allow easy clean-
ing of the membrane. The optimal conditions for layer coating and
layer removal were first studied on model surfaces using optical
reflectometry. When coating with a background electrolyte concen-
tration of 5 mM NaNOs, a typical linear growth regime is observed
for the PAA/PAH multilayers. At a higher ionic strength of 50 mM,
thicker layers are formed per coating step and a typical exponential
growth regime is observed. However, at an even higher ionic
strength (500 mM), stable layers could not be coated. Complete
desorption of the formed PEM layers could be achieved by combin-
ing a high ionic strength (3 M NaNOs), with a low pH of 3. However,
in combination with model fouling agents (small silica particles) a
relatively large amount of polyelectrolyte layers (>10) is needed to
obtain complete or near complete fouling removal.

Upon coating of the PAA/PAH multilayers on a charged UF sup-
port membrane, a clear increase in the membrane resistance
against pure water permeation is observed. Coating at 50 mM
NaNOs3 leads to a much stronger increase in resistance compared
to coating at 5 mM, in line with the reflectometery experiments
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that showed much thicker layers to form at higher ionic strength.
Another proof of successful LbL coating of the membrane support
comes from zeta-potential measurements, which demonstrate a
clear switching between a positive and a negative zeta-potential
after coating of the respective negative and positive polyelectro-
lytes. The formed polyelectrolyte multilayer membranes, were
found to reject solutes in a way typical for nanofiltration mem-
branes: Monovalent ions (NaCl) are hardly rejected, while for a
neutral organic molecule such as SMX and for the divalent ion
SOZ rejections of around 60% were achieved. The basis for separa-
tion is expected to be size exclusion, as the investigated membrane
was positively charged and still rejected both the negatively
charged SO~ and an uncharged small organic molecule.

Finally, the prepared polyelectrolyte multilayer membrane was
fouled with silica nanoparticles. Subsequent release of the coating
using a rinse and a backwash with pH 3, 3 M NaNOs resulted in
almost all recovery of the membrane resistance nearly equal to
that of the pristine membrane. The support membrane could then
easily be recoated to give the resistance typical for the polyelectro-
lyte multilayer membrane. This is the first clear evidence that in
membrane technology a PEMs can be used to provide a double
function, as a nanofiltration membrane and as a sacrificial coating
to allow easy membrane cleaning. Interestingly, less layers were
needed to obtain complete foulant removal from the membrane,
than was the case for the model surface. The possibility for back-
washing and the resulting shear forces allow for an even more suc-
cessful use of the sacrificial layer approach.

Acknowledgments

Authors would like to thank Erasmus Mundus Doctorate in
Membrane Engineering (EUDIME) for funding this research and
Pentair X-Flow, The Netherlands, for kindly supplying the
membranes.

References

[1] Z. Wu, H. Chen, Y. Dong, H. Mao, J. Sun, S. Chen, V.S J. Craig, J. Hu, ] Colloid Interf
Sci 328 (2008) 10.

[2] C. Zhao, ]. Xue, F. Ran, S. Sun, Progr Mater Sci 58 (2013) 76.

[3] RW. Baker, John Wiley & Sons Ltd, West Sussex (2004).

[4] K. Holmberg, B. Jonsson, B. Kronberg, B. Lindman, Wiley, West Sussex (2002).

[5] E. Celia, T. Darmanin, E. Taffin de Givenchy, S. Amigoni, F. Guittard, J. Colloid
Interf. Sci. 402 (2013) 1.

[6] O. Azzaroni, J. Polym. Sci. Part A: Polym. Chem. 50 (2012) 3225.

[7] WM. de Vos, A. de Keizer, M.A.C. Stuart, J.M. Kleijn, Colloids Surf. A:
Physicochem. Eng. Aspects 358 (2010) 6.
[8] W. Shan, P. Bacchin, P. Aimar, M.L. Bruening, V.V. Tarabara, J. Membr. Sci. 349
(2010) 268.
[9] G.Decher, M. Eckle, J. Schmitt, B. Struth, Curr. Opin. Colloid Interf. Sci. 3 (1998)
32.
[10] G. Decher, ].D. Hong, J. Schmitt, Part 2 (1992) 831.
[11] O. Sanyal, L. Lee, ]. Nanosci. Nanotechnol. 14 (2014) 2178.
[12] D.M. Sullivan, M.L. Bruening, Chem. Mater. 15 (2002) 281.
[13] N. Joseph, P. Ahmadiannamini, R. Hoogenboom, I.F.]. Vankelecom, Polym.
Chem. 5 (2014) 1817.
[14] W. Jin, A. Toutianoush, B. Tieke, Langmuir 19 (2003) 2550.
[15] B.W. Stanton, ].J. Harris, M.D. Miller, M.L. Bruening, Langmuir 19 (2003) 7038.
[16] M.D. Miller, M.L. Bruening, Langmuir: the ACS J. Surf. Colloids 20 (2004) 11545.
[17] S.U. Hong, M.D. Miller, M.L. Bruening, Indust. Eng. Chem. Res. 45 (2006) 6284.
[18] B. Su, T. Wang, Z. Wang, X. Gao, C. Gao, J. Membr. Sci. 423-424 (2012) 324.
[19] P. Ahmadiannamini, X. Li, W. Goyens, N. Joseph, B. Meesschaert, LF].
Vankelecom, ]. Membr. Sci. 394-395 (2012) 98.
[20] C.Qiu, S. Qi, C.Y. Tang, ]. Membr. Sci. 381 (2011) 74.
[21] C. Ba, D.A. Ladner, ]. Economy, J. Membr. Sci. 347 (2010) 250.
[22] B.P. Tripathi, N.C. Dubey, M. Stamm, J. Hazard. Mater. 252-253 (2013) 401.
[23] F. Diagne, R. Malaisamy, V. Boddie, R.D. Holbrook, B. Eribo, K.L. Jones, Environ.
Sci. Technol. 46 (2012) 4025.
[24] Y. Kouwonou, R. Malaisamy, K.L. Jones, Sep. Sci. Technol. 43 (2008) 4099.
[25] L. Tang, W. Gu, P. Yi, J.L. Bitter, ].Y. Hong, D.H. Fairbrother, K.L. Chen, J. Membr.
Sci. 446 (2013) 201.
[26] I. Sawada, R. Fachrul, T. Ito, Y. Ohmukai, T. Maruyama, H. Matsuyama, J.
Membr. Sci. 387-388 (2012) 1.
[27] M. Ben-Sasson, X. Lu, E. Bar-Zeev, K.R. Zodrow, S. Nejati, G. Qi, E.P. Giannelis, M.
Elimelech, Water Res. 62 (2014) 260.
[28] X. Zan, Z. Su, Thin Solid Films 518 (2010) 5478.
[29] N. Wang, G. Zhang, S. Ji, Z. Qin, Z. Liu, J. Membr. Sci. 354 (2010) 14.
[30] Y. Cho, J. Lim, K. Char, Soft Matter. 8 (2012) 10271.
[31] D. Wandera, S.R. Wickramasinghe, S.M. Husson, J. Membr. Sci. 357 (2010) 6.
[32] J. de Grooth, M. Dong, W.M. de Vos, K. Nijmeijer, Langmuir 30 (2014) 5152.
[33] L. Ouyang, R. Malaisamy, M.L. Bruening, ]. Membr. Sci. 310 (2008) 76.
[34] S.U. Hong, L. Ouyang, M.L. Bruening, J. Membr. Sci. 327 (2009) 2.
[35] C. Magnenet, F.E. Jurin, S. Lakard, C.C. Buron, B. Lakard, Colloids Surf. A:
Physicochem. Eng. Aspects 435 (2013) 170.
[36] C. Magnenet, S. Lakard, C.C. Buron, B. Lakard, J. Colloid Interf. Sci. 376 (2012)
202.
[37] D.M. Lynn, Adv. Mater. 19 (2007) 4118.
[38] S.T. Dubas, J.B. Schlenoff, Macromolecules 34 (2001) 3736.
[39] D. Kovacevic, S. van der Burgh, A. de Keizer, M.A. Cohen, Langmuir 18 (2002)
5607.
[40] ].C. Dijt, M.A.C. Stuart, J.E. Hofman, G.J. Fleer, Colloids Surf. 51 (1990) 141.
[41] ].C. Dijt, M.A.C. Stuart, G.J. Fleer, Adv. Colloid Interf. Sci. 50 (1994) 79.
[42] S.S. Shiratori, M.F. Rubner, Macromolecules 33 (2000) 4213.
[43] ].D.H.aJ.S. G. Decher, Thin Solid Films 210/21 1 (1992) 831.
[44] ].B. Schlenoff, H. Ly, M. Li, . Am. Chem. Soc. 120 (1998) 7626.
[45] R.v. Klitzing, Phys. Chem. Chem. Phys. 8 (2006) 5012.
[46] ]. de Grooth, R. Oborny, J. Potreck, K. Nijmeijer, W.M. de Vos, J. Membr. Sci. 475
(2015) 311.
[47] S.A. Sukhishvili, S. Granick, Macromolecules 35 (2001) 301.
[48] ]J. de Grooth, D.M. Reurink, J. Ploegmakers, W.M. de Vos, K. Nijmeijer, ACS Appl.
Mater. Interf. 6 (2014) 17009.


http://refhub.elsevier.com/S0021-9797(14)00963-1/h0005
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0005
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0010
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0025
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0025
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0030
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0035
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0035
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0040
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0040
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0045
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0045
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0050
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0055
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0060
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0065
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0065
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0070
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0075
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0080
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0085
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0090
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0095
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0095
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0100
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0105
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0110
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0115
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0115
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0120
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0125
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0125
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0130
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0130
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0135
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0135
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0140
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0145
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0150
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0155
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0160
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0165
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0170
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0175
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0175
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0180
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0180
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0185
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0190
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0195
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0195
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0200
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0205
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0210
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0220
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0225
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0230
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0230
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0235
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0240
http://refhub.elsevier.com/S0021-9797(14)00963-1/h0240

	Multifunctional polyelectrolyte multilayers as nanofiltration membranes and as sacrificial layers for easy membrane cleaning
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Reflectometry studies of PEMs
	2.3 LbL coating of membranes
	2.4 Membrane characterization
	2.5 Membrane fouling, cleaning and regeneration

	3 Results and discussion
	3.1 Layer by layer coating and layer removal on model surfaces
	3.1.1 Polyelectrolyte multilayer growth
	3.1.2 Study of triggers for sacrificing PEMs
	3.1.3 Effect of layer mass on the performance as sacrificial layer

	3.2 Formation and properties of a polyelectrolyte multilayer membrane
	3.3 The polyelectrolyte multilayer as a sacrificial layer for easy membrane cleaning

	4 Conclusions
	Acknowledgments
	References


