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This manuscript encompasses the investigation into the solvent resistant nanofiltration (SRNF) perfor-
mance of multilayer membranes prepared from weak polyelectrolytes. These weak polyelectrolytes are
unique in that the charge density is not fixed and depends on the coating pH, adding an extra variable as
tuning parameter for SRNF performance. The weak polyelectrolyte based multilayers (PEMs) were pre-
pared on a hydrolyzed PAN support membrane from poly(allylamine hydrochloride) (PAH) as polycation
and poly(acrylic acid) (PAA) as polyanion. Detailed investigations on the role of the pH of the coating
solution on the performance of the prepared SRNF-membranes were carried out with organic dyes of
different size (�300–1000 Da) and charge. Variation in pH of the coating solutions was found to lead to a
large degree of control over the separation performance of the prepared SRNF-membranes for the dif-
ferent dyes. The solvent permeabilities and the dye retentions were measured and correlated to varia-
tions in the PEMmembrane structures, with more dye adsorption being found for membranes with more
free acid and amine groups. The membranes were also found to be stable for long term-filtrations in
solvents such as isopropyl alcohol (IPA), acetonitrile (ACN), tetrahydrofuran (THF) and in the challenging
polar aprotic solvent, N,N-dimethylformamide (DMF). Results of this study clearly demonstrate the po-
tential of using pH as tuning parameter for weak PEMs to prepare SRNF-membranes optimized for
specific applications.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanofiltration (NF) is among the pressure-driven membrane
processes which have gained a lot of attention recently, with se-
paration characteristics falling in the range between RO and UF
membranes. This makes the technology especially promising for
separations on a molecular level. One of the key current challenges
for NF is to broaden the range of applications from aqueous to
organic feeds in the form of solvent-resistant nanofiltration (SRNF)
membranes [1]. As SRNF separation does not involve an energy
demanding phase transition, it has drawn considerable attention
as an alternative separation technique to alleviate the energy costs
and related environmental problems caused by conventional se-
paration methods such as distillation [2,3]. SRNF has potential
Vos).
applications in strategic fields, such as the petrochemical industry,
pharmaceutical industry and food industry to separate desired
molecules from solvents and/or to recover solvents and solutes
from waste streams [4–8]. However, there is lack of membranes
that are thermally and chemically stable, that have a high per-
meability and that provide effective separation of molecules in the
range of 200–1000 g mol�1 in various organic solvents over long
time-scales [1,3,9–11]. Polymers are an interesting material for
SRNF related applications but very few polymeric membranes are
stable: swelling and/or dissolution of the polymeric matrix often
results in a loss of membrane selectivity.

In membrane technology, layer by layer (LbL) based self-as-
sembly of charged polyelectrolytes (PEs) on an oppositely charged
porous support has recently emerged as one of the simplest, most
versatile, and most environmentally benign techniques to fabricate
membranes with selective top-layers [12]. Fig. 1 shows schemati-
cally the LbL process to create membranes with a polyelectrolyte
multilayer (PEM) top layer. A key strength of the PEM membranes
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Fig. 1. Overview of the LbL assembly of PEMs of PAH/PAA on a charged membrane support.

Table 1
Properties of solutes used in this study.

Solute Mol. weight
(Dalton)

Charge Molar volume
(cm3 mol�1)

Rose Bengal (RB) 1017 �2 273
Methyl Orange (MO) 327 �1 160
Bromothymol Blue
(BTB)

624 0 281

Methylene Blue (MB) 320 þ1 242
Acid Fuchsin (AF) 585 �2 247
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is their versatility as the layer properties, and thus the separation
properties, can be controlled via the types of PEs used, the number
of deposited layers and the pH and ionic strength during coating
[13]. PEMs have already been used to make different kinds of
membranes such as reverse osmosis [14,15], ion selective [13,16–
19], nanofiltration [14,20–26] and SRNF membranes [27–32].

Tetrahydrofuran (THF), N,N-dimethylformamide (DMF), acet-
onitrile (ACN), dimethyl sulfoxide (DMSO), N-methyl-2-pyrroli-
done (NMP) and dichloromethane (DCM) are some of the im-
portant industrial solvents that are still problematic for most of
the currently available SRNF membranes [1]. These aprotic sol-
vents demand an extremely high chemical stability from any
membrane they come into contact with. Recently, PEM-based
SRNF-membranes were reported to have promising and stable
performance for some of these solvents [27–31]. Furthermore,
PEM-based membranes typically possess a highly charged top
layer allowing the possibility for Donnan based exclusion of si-
milarly charged molecules [33]. However, all previous studies
utilized at least one strong PE, making their systems relatively
insensitive to the pH at which the layers are formed. With such a
combination of PEs, salt addition to the PE dipping solutions best
controls the thickness and morphology of the adsorbed layer. With
the addition of salt the polymer chains become more coiled due to
the screening of the charges along the polyelectrolyte chain. Fur-
thermore, the ionic strength can determine the structure of the
formed polyelectrolyte complex. To describe this, Schlenoff et al.,
[34] defined two types of charge compensations in polyelectrolyte
complexation, intrinsic and extrinsic. In the former, a polymeric
charge is balanced by an opposite charge of the other polyelec-
trolyte, while in the later most the polymeric charge is balanced by
a counter ion. Increasing the ionic strength shifts the equilibrium
from intrinsic to extrinsic charge compensation which leads to
thicker, more mobile and more swollen layers [34]. Thicker layers
on a membrane lead to lower membrane permeabilities, whereas
more open layers can increase the permeability [35]. However, the
effectiveness of this parameter is often limited to a small range of
salt concentrations because of either solubility problems or de-
composition of the multilayer films when increasing the ionic
strength [36,37].

The use of two weak PEs (both the polycation and the poly-
anion) can provide the opportunity to use the pH during coating to
allow a large degree of control over membrane performance [38].
Unlike strong PEs, which remains charged over the entire pH
range, the degree of ionization of weak PEs depends greatly on the
deposition solution pH. So the resulting charge density of PEs and
the thickness of deposited PEMs can be affected by both the pH
and the salt concentration of the PE solutions [39–42]. SRNF-
membranes fabricated by the LbL deposition of weak PEs thus
have an obvious advantage: the molecular structure inside of the
PEM and the charge on the outside of the PEM can be controlled
by an additional parameter, the pH. An added advantage of using
weak PEs based membranes is that after fouling their cleaning can
be made very easy using a sacrificial layer approach [43,44].
In this work, the first example of a PEM-based SRNF-membrane
is presented prepared from weak PEs, a system where variation in
pH can be used to tailor the membrane performance for specific
solutes. More specifically, poly(acrylic acid) (PAA) and poly(ally-
lamine hydrochloride) (PAH) based PEMs were used, as this sys-
tem has already shown itself promising in traditional NF-applica-
tions [38,43]. The pH of the coating solution was used as a para-
meter to control the layer thickness and the molecular organiza-
tion of the multilayers, which in turn leads to different separation
behavior for different solutes. PEMs were prepared under three pH
combinations (PAH/PAA: 7.5/7.5, 7.5/3.5 and 3.5/3.5) and were
characterized on model surfaces in order to understand the effect
of coating pH on their resulting multilayer composition. The PEMs
were then prepared on a hydrolyzed PAN support membrane
under the same coating conditions and were characterized in
terms of surface roughness, contact angle and IPA permeance. The
performance of these multilayered membranes was characterized
in terms of their ability to retain different organic solutes of
varying size and charge from IPA in order to understand the effect
of coating pH on membrane performance. Finally, the multilayered
membranes were tested for their stability towards aprotic solvents
such as acetonitrile (ACN), dimethylformamide (DMF) and tetra-
hydrofuran (THF) for long periods of time (450 h).
2. Experimental

2.1. Chemicals

Polyacrylonitrile (PAN, MW¼150,000 Da) was purchased from
Scientific Polymer Products Inc., Ontario, New York. Isopropyl al-
cohol (IPA), acetonitrile (ACN), tetrahydrofuran (THF), N,N-di-
methylformamide (DMF) and dimethyl sulfoxide (DMSO) were
obtained from VWR, Leuven, Belgium, and were used as solvents.
Rose bengal (RB), acid fuchsin (AF), bromothymol blue (BTB),
methylene blue (MB) and methyl orange (MO) were purchased
from Sigma–Aldrich and used as solutes (see Table 1 for more
details). The PEs used in this study were poly(allyl amine) hy-
drochloride (PAH; Mw¼15,000 g mol�1) and poly(acrylic acid)
(PAA; Mw¼15,000 g mol�1). Sodium nitrate (NaNO3) was used to
adjust the ionic strength in all solutions. Sodium hydroxide
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(NaOH) and hydrochloric acid (HCl) were used to adjust the pH.
PE solutions always contained 0.1 g l�1 of polymer at various

pH conditions and always with 50 mM of background electrolyte.
Deionized water (Milli Q, 18.2 MΩ cm) was used to rinse the
membranes and to prepare polyelectrolyte solutions. All solutions
were used within eight days after preparation.

2.2. Membrane support preparation and LbL coating

The charged PAN-H support was prepared using a procedure
reported earlier [27], but a short summary is given here. 15 wt%
PAN in DMSO was cast on a polypropylene/polyethylene support
(FO 2471, Viledon) and then immersed in deionized water. The
PAN film was subsequently immersed in 10 wt% NaOH at 50 °C for
45 min for hydrolysis. The remaining NaOH was removed by co-
pious rinsing with water. The PEM-based membranes were pre-
pared by means of an automated dip-coater (HTML, Belgium). The
dip-coater comprises four separate compartments, two for PE so-
lutions and two for background electrolyte solutions for rinsing.
PEs were dissolved in background electrolyte solutions at a con-
centration of 0.1 g l�1. To adsorb the PEs, the PAN-H support was
first immersed in the solution of the cationic PE (PAH) for 15 min,
followed by rinsing with background electrolyte of same ionic
strength and pH as that of the PAH solution for 10 min, then im-
mersed in the solution of the anionic PE (PAA) and rinsed with
background electrolyte of same ionic strength and pH as that of
the PAA solution. Three different pH combinations for PAH/PAA
were used to coat the membranes and resulting membranes are
[7.5/7.5], [7.5/3.5] and [3.5/3.5]. For example, [7.5/3.5] represents
membranes with multilayer films (PAH/PAA) alternately as-
sembled with the PAH layers deposited at pH 7.5 and the PAA
layers at pH 3.5. The rinsing step removes any loosely bound or
excess polyelectrolyte from the membrane surface and prevents
complex formation in bulk solution. The described procedure was
repeated to deposit the desired number of bilayers. The final
membranes were then stored in Milli Q water for further use.

2.3. Preparation of PEMs on glass slides and silicon wafers

For ellipsometry studies, the PEMs were assembled on silicon
wafers using a similar procedure as for the membrane support. For
MB adsorption studies, PEMs were assembled on glass slides. Be-
fore assembly, the silicon wafers and glass slides were pre-treated
with piranha solution (3:1 mixture of 98% H2SO4 and 30% H2O2;
caution: piranha is a strong oxidizer and should not be stored in
closed containers) for 2 h and rinsed in de-ionized water. Wafers
and glass slides were used within 1 h after piranha treatment.
PEMs were then deposited on wafers and glass slides [32,45], and
were dried with a nitrogen stream and stored at ambient condi-
tions for characterization.

2.4. Characterization

2.4.1. Thickness of PEMs by ellipsometry
The dry thickness of PEMs deposited on polished silicon wafers

under different pH conditions were measured using an ellips-
ometer (Woolam EC-400, M-2000V) at ambient conditions. All
samples were dried at room temperature with a nitrogen stream
prior to measurements.

2.4.2. Methylene blue adsorption on PEMs
Methylene blue (MB) staining technique was used to gain in-

formation on the charge of the surface layer (terminal layer) of
PEMs. PEMs were assembled on glass slides, dried with a nitrogen
stream, and subsequently immersed in aqueous 10�3 M, pH
7.0 MB aqueous solutions for 10 min. With an immersion time of
15 min or less the dye can only diffuse into the outer most layers,
making the results independent of the layer thickness [39,40].
After immersion in the dye solution, the multilayer films were
soaked in demi-water for 1 min to remove unbound dye and dried
with a mild air flow. UV/Vis spectroscopy was used to determine
the amount of MB adsorption on multilayer films. Absorbance was
measured at a wavelength of 600 nm.

2.4.3. Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of membranes were acquired using a spectrometer

(Varian 670-IR, Varian Inc., USA) in absorbance mode. The samples
were dried at room temperature for 24 h prior to FTIR measure-
ment to minimize the influence of water.

2.4.4. Scanning electron microscopy (SEM)
SEM (Philips XL FEG30) was used to study the surface structure

and cross section of the membranes. Before use, the SEM samples
were first gold coated.

2.4.5. Atomic force microscopy (AFM)
The surface morphology and roughness of dry membranes

were measured by AFM (Agilent 5500) operating in tapping mode
at ambient conditions (relative humidity �30%). Commercial AFM
cantilevers (PPP-NCSTR AFM probes from NanoAndMore GmbH)
made of Si with a nominal spring constant of 7.4 N m�1 and with a
typical tip radius of less than 7 nm were used. AFM measurements
were performed with scan areas of 1�1 mm2 at 3 different loca-
tions for each of the samples. The average roughness (Ra) and the
root-mean-square roughness (Rrms), which is given by the stan-
dard deviation of the topography height measurement data (Z
values), were calculated using Eq. (1)
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where ̅Z is the average of the height values within the given area,
Zi is the current height, and N is the number of data points taken
within the given area.

2.4.6. Contact angle
Optical contact angle measurements of a DI water droplet on

the membrane surface were performed using a Krüss goniometer
(drop shape analysis system DSA 10 Mk2). For contact angle
measurements, the membranes were dried overnight at room
temperature. The contact angle of the sessile drop of 3 μL of water
on the membrane was measured three times for each membrane
at 20 °C in static mode, and the average value and standard de-
viation are reported. The contact angles were measured 5 s after
the droplet was placed on the surface.

2.5. Membrane performance

2.5.1. Filtration and rejection
Five dyes (Fig. 2) were selected for the rejection experiments.

The dye molecular weight range was chosen to be between 319
and 1100 Da. The selection of dyes was made such that it covers
neutral, positive, negative, but also small and large molecular si-
zes. Filtration of membranes with dye solutions was performed
using a stainless steel dead-end high-throughput apparatus
(HTML, Belgium) [45] with 8 filtration cells, all with a membrane
surface area of 1.77 cm2. The filtration setup was pressurized with
nitrogen to 25 bar. To minimize concentration polarization during
filtration, the feed solution was constantly stirred at 500 rpm. Dye
rejections were calculated based on the differences between
permeate and concentrate concentrations. The retention values
were calculated from concentrations of the permeate and of the
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Fig. 2. Chemical structures of solutes used for rejection experiments.

Table 3
Average thickness of PEMs with 5 bilayers of PAH/PAA (prepared at three pH
combinations with 0.1 g l�1 polymer and 50 mM salt).

pH [PAH/PAA]

PEMs [7.5/7.5] [7.5/3.5] [3.5/3.5]
Thickness (nm) 1071 8371 6172

S. Ilyas et al. / Journal of Membrane Science 514 (2016) 322–331 325
original feed solutions according to Eq. (2):
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where Cp and Cf are solute concentration in the permeate and the
feed, respectively. The permeation was stopped when the reten-
tion reached a constant value. All measurements were based on at
least three samples, and the average values were used. The stan-
dard deviation on the measurements was about 5%. All were used
in a 35 mM concentration, with most experiments performed in
IPA.

2.5.2. Long term filtration studies
To further demonstrate the chemical stability of these weak

PEM-membranes for different solvents and for longer time-scales,
ACN, THF and DMF were selected for long-term filtrations. Table 2
gives the physico-chemical properties of these solvents. Mem-
branes prepared with 5 bilayers [7.5/3.5] were subjected to fil-
tration with RB in IPA, THF, ACN and DMF separately for more than
50 h.
3. Results and discussion

The results and discussion section is divided into three major
parts. The first part deals with the characterization of PEMs by
Table 2
Physico-chemical properties of solvents used [46].

Solvent Molar volume
(cm3 mol�1)

Viscosity (cP) Molar volume/visc-
osity
(cm3 mol�1 cP�1)

Dielectric
constant

IPA 76.92 2.00 38.46 18.30
DMF 77.43 0.82 94.43 36.70
ACN 52.86 0.38 139.10 37.50
THF 81.08 0.55 147.42 7.60
ellipsometry and MB absorption to study their structure and
composition. In the second part, the characterization of the sup-
port and the prepared multilayered membranes is given. The third
part reports on the SRNF-membrane performance, with mem-
branes prepared under different pH conditions, being tested for
their retention of different organic molecules.

3.1. Properties of PEMs

3.1.1. Thickness
The thickness of multilayer films of PAH/PAA deposited under

different pH combinations (7.5/7.5, 7.5/3.5 and 3.5/3.5 for PAH/
PAA) at a polymer concentration of 0.1 g l�1 in a 50 mM NaNO3

aqueous solution was determined by ellipsometry. The used salt
concentration was selected based on a previous study where op-
timal growth of these PEMs was achieved at 50 mM [43]. The
measured average thickness for 5 bilayer thick multilayers is re-
ported in Table 3. Clearly, the thickness of the layers is influenced
by the pH of the coating solution of the polycation and the poly-
anion. For weak polyelectrolyte pairs such as PAH/PAA, the thick-
ness, composition and organization of the multilayers can be
systematically tuned by varying the pH of each PE solution
[39,40,47]. The pH controls the charge density of the weak PEs by
controlling the degree of dissociation of the basic and acidic
groups on the polymer chains. PAA with pKa of 6.5 and PAH with
pKa 8–9 [47], are nearly fully charged (80–90% charged groups) at
a pH condition of [7.5/7.5] and thus form thin layers upon de-
position, requiring just a small amount of material to compensate
for all charges from a previously deposited layer, most likely with a
high degree of intrinsic charge compensation inside the bulk of
the layers. The thickest layers are formed when one of the PEs is
only partially charged (PAA at pH 3.5) and other is fully or nearly
fully charged (PAH at pH 3.5 and 7.5 respectively). The partially
charged polymer segments lead to a more coiled conformation
and favor diffusion of counter ions of the employed salt into the
multilayer, forming more swollen layers with more mobile chains
leading to more extrinsic charge compensation of the polymeric
charges.

3.1.2. Adsorption of the cationic dye methylene blue (MB)
A dye test was performed on PEMs on glass surfaces to de-

termine the excess of free carboxylic acid groups available as
binding sites (for positively charged solutes) on the surface of
PEMs. Fig. 3 shows the results of the MB test performed with 5
(ending with PAA) and 5.5 (ending with PAH) bilayers of PEMs
deposited on glass slides. A higher absorbance of MB indicates the
presence of more free carboxylic acid groups. At pH condition [7.5/
7.5] for PAH/PAA, both PEs have a high charge density (fully io-
nized) producing polycation-polyanion contact pairs and leaving
only little free carboxylic acid groups for the adsorption of positive
dye. Thus, regardless whether PAH (þ) or PAA (-) is the last layer,
few free functional sites will be left on the surface with most of the
polyions bound with an oppositely charged group. As can be seen
from these results, just a small difference in MB absorbance exists
for PAH (þ) or PAA (-) terminated layers, and these values are
always low.

However, at the pH combinations [7.5/3.5] and [3.5/3.5], an



Fig. 3. Methylene blue absorbance measured at 600 nm of 5 and 5.5 bilayers of
PAH/PAA prepared at three different pH combinations with polymer concentration
at 0.1 g l�1 and 50 mM salt.
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unbalanced ionization state (PAA only partly charged during de-
position at pH 3.5) results in many free acidic groups. For [7.5/3.5],
this result in a very high absorbance for the PAA (-) terminated
layer, indicating a highly charged layer. Still for the PAH (þ) ter-
minated [7.5/3.5] layer, the absorbance drops strongly, which in-
dicates just a small amount of free unbound acid groups. This is an
indication of the normal charge inversion leaving just a small
amount of free unbound acid groups. For [3.5/3.5], absorbance is
always rather high. This is an indication that this layer has many
extrinsically compensated ion pairs (free NH2 and COOH groups).

The results so far show at the chosen pH conditions, three
entirely different PEMs are created. For [7.5/7.5], a very thin layer
with a high degree of intrinsic charge compensation is found. For
[7.5/3.5], the thickest layer is created that is especially highly
charged when terminated with PAA (-). Finally, for [3.5/3.5] a thick
layer is obtained that always has many free acid groups available,
likely an indication of very high extrinsic charge compensation
and thus presence of free amine and acid groups.

3.2. Characterization of support and PEMs based membranes

3.2.1. ATR-FTIR
ATR-FTIR was used to confirm the hydrolysis of the PAN sup-

port. Fig. S1 presents the ATR-FTIR spectra of a PAN and a hydro-
lyzed PAN membrane. The peaks at 2243 and 1451 cm�1 are due
to stretching vibrations of the CN moiety of the PAN membrane
support [48]. For hydrolyzed PAN, most of the CN groups convert
to COO� groups, leading to a peak reduction at 2243 cm�1 and the
emergence of a new peak at approximately 1674 cm�1, which
corresponds to the C¼O bond in the COO� groups. FTIR results
thus confirm the hydrolyzation of PAN into a negatively charged
membrane support.

3.2.2. SEM
Surface images of the PAN-H support and PEMs based SRNF

membranes [7.5/7.5], [7.5/3.5] and [3.5/3.5] showed no significant
difference in the surface morphology and are given in the sup-
porting information (Fig. S2). A cross section of the PAN-H support
shows a very open pore structure with fingerlike pores (Fig. S3),
while the thickness of the support layer used is in the range of
150 μm.

3.2.3. Surface morphology and surface roughness
AFM images presenting the surface morphology of the
membrane support and the multilayered membranes are dis-
played in Fig. 4. The surface structure seems to become smooth
with the deposition of polyelectrolyte multilayers. These images
thus suggest that the applied polyelectrolytes form an even layer
on top of the support. In images b and c, some small cracks can be
observed but as they are much shallower than the thickness of the
PEM films these are not believed to be true defects.

Average surface roughness values of the membranes on
1�1 μm2 scans in root mean square (Rrms) and average roughness
(Ra) are presented in Table 4. When the charge density of both PAH
and PAA is high (at pH 7.5/7.5), smooth layers are formed due to a
flattened conformation of the polyelectrolytes. The layers formed
seem to be somewhat more rougher when one of the polymers is
only partially charged [40] as at pH 7./5/3.5 and 3.5/3.5, since these
thicker layers will have more coiled polymers.

3.2.4. Contact angle with water
Determining the contact angle with water is a useful method to

observe changes in the hydrophilicity of the membranes. For PAN
and PAN-H, contact angles of 47.071.0 and 15.072.0 respectively,
confirm successful hydrolyzation of the PAN support. Contact an-
gle values measured for all three types of membranes with PAH
(þ) and PAA (-) terminated layers are given in Fig. 5. The coating
of PEMs on the hydrophilic membrane support in all cases leads to
higher contact angles. Little difference in the contact angle value
with the type of terminating layer is observed for [7.5/7.5] mem-
branes, while it is substantial for the [7.5/3.5] and [3.5/3.5]
membranes. Here, the PAA (-) terminated membrane is more hy-
drophilic as compared to the PAH (þ) terminated membrane,
likely because of the large excess of carboxylic groups. The [7.5/7.5]
prepared layer is relatively hydrophobic, as could be expected for a
PEM layer with a high degree of intrinsic charge compensation
(few free –NH2 and –COOH groups). On the other hand, the contact
angle is considerably lower for [3.5/3.5] and a very high degree of
extrinsic charge compensation can be expected. It is good to
mention that also roughness influences contact angle measure-
ments, however as the determined rough nesses were found to be
very low (Table 4) this effect could be neglected.

3.3. SRNF performance of PEM based membranes

3.3.1. Pure solvent permeability
After coating the support with PEMs, the pure solvent perme-

ability of the support and the prepared membranes was measured.
The pure IPA permeance values were: 127.077.0 l m�2 h�1 bar�1

for the PAN-H support, 7.070.5 l m�2 h�1 bar�1 for [7.5/7.5]
membranes, 4.071.0 l m�2 h�1 bar�1 for [7.5/3.5] membranes,
and 5.072.0 l m�2 h�1 bar�1 for [3.5/3.5] membranes. The [7.5/
7.5] membranes thus have a higher flux. However, when taking
into account the thickness, the [7.5/7.5] membranes have much
lower permeability as they are 8 times thinner (Table 3) than [7.5/
3.5] and 6 times thinner than [3.5/3.5] membranes. It seems that
not only is this layer quite thin, it is also quite dense, a typical
behavior expected for PEM membranes with a high degree of in-
trinsic charge compensation [35].

3.3.2. Influence of solute size and charge
Five different dyes with double negative charges (RB, Mw

1017 Da and AF, Mw 558 Da), single negative charge (MO, Mw
327 Da), positive charge (MB, Mw 320 Da) and without charge
(BTB, Mw 624 Da) were selected as solutes (Table 1). Filtrations
were performed with membranes coated from 50 mM salt solu-
tions and with different pH combinations for PAH/PAA [7.5/7.5, 7.5/
3.5 and 3.5/3.5]. PAN-H support used to prepare PEMs based SRNF
membranes has RB retention of 46% with a 2.2 l m�2 h�1 bar�1

permeance. It is important to mention that the retention of



Fig. 4. AFM images of (a) support; and multilayered SRNF membranes prepared with PAH/PAA pH of (b) [7.5/7.5] (c) [7.5/3.5] (d) [3.5/3.5] with polymer concentration of
0.1 g l�1 and 50 mM salt.

Table 4
Calculated surface roughness of membranes with 5 bilayers of PAH/PAA (prepared
at three pH combinations with 0.1 g l�1 polymer and 50 mM salt).

pH[PAH/PAA]

Roughness Support [7.5/7.5] [7.5/3.5] [3.5/3.5]

Rrms (nm) 2.670.4 0.570.1 2.170.2 3.570.7
Ra (nm) 2.470.4 0.470.1 1.470.1 1.570.1

Fig. 5. Sessile droplet water contact angle of 5 and 5.5 bilayer membranes [7.5/7.5,
7.5/3.5 and 3.5/3.5] prepared at a polymer concentration 0.1 g l�1 and 50 mM salt.
In the 5 bilayer membranes the terminating layer is of PAA and in 5.5, PAH is the
terminating layer.
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organic dyes in SRNF is a complex mixture of factors including
Donnan exclusion, size exclusion and the mutual affinities be-
tween the dye, the solvent and the membrane [1,49–51]. Fur-
thermore, the dye can potentially foul the SRNF-membrane, either
by adsorption on top of the PEM layer, adsorption in the PEM layer
or adsorption on the charged membrane support. Such fouling will
lead to lower permeance but can substantially increase the initial
rejection. This is the first investigation of the SRNF performance of
multilayered membranes prepared from weak PEs and because of
the mentioned complexity, focus is to show the easiness of the
approach in combination with its versatility and on comparing the
performance of the differently prepared PEM membranes, rather
than determining the exact rejection mechanism for all mem-
brane/dye combinations.

In Fig. 6, the filtration results of multilayered membranes with
5 bilayers of PAH/PAA, prepared from polymer solutions with
different pH combinations are given. The retention and permeance
results are given for negatively charged solutes (RB and AF) in IPA.
For all membranes, more than 90% retention for RB is observed but



Fig. 6. SRNF performance of membranes for large sized charged solutes by 5 bilayers of PAH/PAA (prepared at three pH combinations with 0.1 g l�1 polymer and 50 mM salt)
(a) retention and permeance of RB from IPA solution; (b) retention and permeance of AF from IPA solution.

Fig. 7. SRNF performance of membranes for BTB from IPA solution with 5 bilayers
of PAH/PAA (prepared at three pH combinations with 0.1 g l�1 polymer and 50 mM
salt).
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with a sharp drop in permeability (Fig. 6(a)). Possibly, a strong
solute adsorption in/on the membranes takes place which then
densifies (i.e. bivalent dyes can crosslink) the membranes [30].
However, the [7.5/7.5] membrane is more permeable than the
others with similar rejection. We hypothesize that the lower
amount of free –NH2 and –COOH groups in this layer, also leaves
less adsorption sites available for the dyes. Consequently, [3.5/3.5]
has the lowest permeability as compared to pure IPA filtration as it
has most free –COOH and –NH2 groups. AF is a smaller molecule
than RB and also carries two negative charges. Membranes show
slightly less rejection for AF as compared to RB (Fig. 6(b)), probably
because of the smaller size. Especially membrane [7.5/7.5] (Fig. 6
(b)) shows good rejection while retaining a high operational per-
meability, in agreement with the RB results. It is surprising that
the highly negative layer of the [7.5/3.5] membrane adsorbs so
many double negatively charged molecules. It is possible that the
molecules do not adsorb at the top of the layer, where the excess
of charge is localized, but rather deeper inside the layers.

In Table 5, the comparison is given of the SRNF performance of
membranes from the present work with previously reported PEM
membranes prepared from two strong PEs or one strong and one
weak PE [27,31]. The data are given for 5 bilayer thick PEM
membranes for RB retention from IPA. It shows that PEM mem-
branes prepared from both weak PEs have a RB retention com-
parable to that of membranes prepared from both strong PEs or
from one of the weak PEs. Present work even shows the highest
observed retention for RB within this comparison.

To further explore the performance of these membranes, the
retention of the relatively large neutral dye molecule BTB (Mw
624 Da) was studied. For BTB, membranes [7.5/7.5] show decent
Table 5
Comparison of SRNF performance of PEMs based membranes for RB in IPA.

PEMs membrane Permeance
(l m�2 h�1 bar�1)

Retention (%) References

(PAH/PAA, pH 7.5/7.5)5
50 mM

0.2170.08 9574 Present work

(PAH pH 7.5/PAA pH
3.5)5 50 mM

0.0570.09 9971

(PDDA/PAA, pH 7/4)5
0 mM

0.03 9772 [27]

(PDDA/PAA, pH 7/4)5
100 mM

0.06 9275

(SPEEK/PDADMAC)5
0 mM

0.40 94 [31]

(SPEEK/PDADMAC)5
100 mM

0.08 98
performance both in terms of permeance and rejection (see Fig. 7).
Here, surprisingly, the membrane [3.5/3.5] also shows reasonable
performance, but the overall retention of BTB by all these three
membranes is lower than for the strongly charged AF and RB. Less
dye adsorption would lead to less densified films and a lower
retention.

Next, MO (with a single negative charge) and MB (with a single
positive charge) retentions are given as examples of smaller sized
dyes (Fig. 8(a) and (b)). For MO (-), the membrane [7.5/3.5] shows
good rejection and high permeance. This would be expected for
such a highly negatively charged layer, having Donnan exclusion as
the main separation mechanism. The other less negatively charged
layers show much lower retentions, while [3.5/3.5] again suffering
from very low permeabilities. For MB (þ), none of the membranes
show a good combination of retention and permeance. This is
expected as the membranes are all negatively charged. Especially
for [7.5/3.5] and [3.5/3.5], this leads to very low permeances, likely
because of adsorption and densification of the layers. So by vary-
ing the pH of coating PEs, PEM membranes can be prepared with
very different performances for different dyes in SRNF.

To see the role of the terminating layer charge on retention
performance of membranes in terms of electrostatic repulsion,
also filtrations were performed with membranes terminated with
positive polyelectrolyte PAH (5.5 bilayers). RB and AF retentions
for membranes with 5.5 bilayers of PAH/PAA at different pH
combinations with a terminating layer of PAH (þ) are given in



Fig. 8. SRNF performance of membranes for small sized charged solutes with 5 bilayers of PAH/PAA (prepared at three pH combinations with 0.1 g l�1 polymer and 50 mM
salt) (a) retention and permeance of MO (-) from IPA solution; (b) retention and permeance of MB (þ) from IPA solution.

Table 6
SRNF performance of PAH (þ) terminating multilayered membranes with 5.5 bilayers of PAH/PAA (prepared at three pH combinations with 0.1 g l�1 polymer and 50 mM
salt).

Retention (%) Permeance l m�2 h�1 bar�1

PEM membranes [7.5/7.5] [7.5/3.5] [3.5/3.5] [7.5/7.5] [7.5/3.5] [3.5/3.5]

RB 9372 9672 9172 0.2270.12 0.0770.01 0.0170.00
AF 8674 8678 9672 0.8870.22 0.4570.30 0.0270.00
MO 2371 3174 6078 1.0070.30 2.0070.22 0.1070.02
MB 2875 6273 2977 0.3070.10 0.2070.05 0.1070.02

Fig. 9. SRNF properties of weak PEM membranes for RB in different organic sol-
vents. Tested membranes are [7.5/3.5] with 5 bilayers of PAH/PAA prepared with
0.1 g l�1 polymer and 50 mM salt. (a) Short term (5 h) SRNF performance for polar
aprotic solvents.
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Table 6. For big dyes, retentions do not significantly change with
the type of terminating layer, except for RB and AF for [7.5/3.5],
where it is slightly less than compared to PAA (-) terminated
layers. Strong interactions of negatively charged solutes with the
polycation from the membrane layers might densify the mem-
branes [30] and make the membranes less positively charged,
which in turn increases the retention and reduces permeance for
these layers. The effect of the terminating layer charge is more
clear in the retention of small solutes. MO (-) is more rejected by
the membranes with PAA (-) terminating layer than by the PAH
(þ) terminating layers and vice versa for MB (þ) retention with
membranes prepared at pH 7.5/3.5 (Table 5). For membranes [3.5/
3.5], retention of MO (-) is more for a PAH (þ) terminating layer
than for a PAA (-) terminating layer, but the permeance is also
lower, indicating that the higher retention is the result of more
adsorption and more densification.

For all dyes, [7.5/7.5] membranes show relatively high per-
meances coupled with relatively good rejections compared to the
other membranes (Figs. 6–8). The low degree of extrinsic charge
compensation is expected to be responsible for this effect. For MO,
membrane [7.5/3.5] gives the best performance, likely due to the
high negative charge of this layer. Membrane [3.5/3.5] shows only
decent performance for the neutral dye BTB. Ionic dyes thus seem
to adsorb strongly to this layer, possibly because of a very high
degree of extrinsic charge compensation. The main point however,
is that by varying the pH, PEM membranes can be prepared with
very different performances for different dyes in SRNF. For this
system of multilayers, the pH can thus be used as a tuning para-
meter to optimize the performance for a specific application.

3.3.3. Influence of solvent type and long term stability
To evaluate the membrane performance over long time-scales,

filtrations were performed with RB in different solvents such as
THF, DMF and ACN. The membranes, coated with 5 bilayers of
PAH/PAA at pH [7.5/3.5] were used as they showed the highest RB
retention of all tested membranes (Fig. 6(a)). The membranes ex-
hibited very good performance in terms of RB retention (490%)
and permeance for all of these organic solvents (Fig. 9).

The maximum retention of RB is observed in IPA and DMF with
a value of 99% and 95% respectively. The permeability was found to
be in the following order of ACN4THF4DMF4 IPA. This variation
in permeation behavior for different solvents may be attributed to
solvent-membrane interactions and the physico-chemical prop-
erties of the solvents, like molar volume and viscosity. However, it
is also important to consider the effect of interactions between
membrane-solute, membrane-solvent, and solute-solvent [4]. A
part of the viscosity effect we can see in (Fig. 9) where IPA, with
the highest viscosity, shows the lowest permeance and ACN, with
the lowest viscosity, is the highest. The permeability trend ob-
served in the present study is similar to that observed in



Fig. 10. Long term SRNF performance of [7.5/3.5] membranes for (a) THF and (b) DMF and (c) ACN (tested membranes are with 5 bilayers of PAH/PAA prepared with 0.1 g l�1

polymer and 50 mM salt).
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previously reported SRNF membranes prepared with 20 bilayers of
PDDA/PAA [27].

To further evaluate the long term stability of these multilayered
membranes, filtrations were performed for extended periods of
time (about 50 h) with RB in different solvents (Fig. 10(a)–(c))
using the membranes [7.5/3.5] prepared with 5 bilayers of PAH/
PAA. The membranes show very stable performance in terms of RB
retention (490%) and permeance as a function of time. In the case
of DMF, the permeability decreased significantly in the first hour of
filtration indicating strong interactions between DMF and the
membrane, or RB and the membrane. The membrane seems to
take up RB over time, densify and become less permeable, while
the rejection shoots up (Fig. 10(b)).

In our investigation we have focused on pH as a tuning para-
meter. We stress that the membranes could be further improved
by including the ionic strength as a variable. For example, coating
at low ionic strength where intrinsic charge compensation be-
tween the layers is high and layers are thin [35,43] would lead to
less free charges being available for complexation with the dye
molecules, and could further reduce fouling of the PEM layers by
the dye molecules.
4. Conclusions

This manuscript encompasses the first investigation into the
use of weak polyelectrolyte multilayers for SRNF applications.
PEM-based SRNF-membranes of the weak polyelectrolytes PAH
and PAA were successfully prepared by the LbL method with
varying the pH of the coating solutions to tune the charge density
and structure of PEs, and thus further control the morphology and
performance of the resulting membranes for specific dyes from
organic media. Membranes [7.5/7.5] have high a permeance cou-
pled with a relatively good retention performance for all the dyes
because of a low degree of extrinsic charge compensation com-
bined with a dense structure and a thin layer. Membranes pre-
pared under pH conditions [7.5/3.5] and [3.5/3.5] have more free
acid and amine groups and were found to be much more sus-
ceptible to dye adsorption, leading to a pronounced film densifi-
cation, a low permeance, but in some case excellent dye reten-
tions. Specifically for the negative dye methyl orange, a PAA ter-
minated [7.5/3.5] membrane was found to have good performance
in terms of retention and permeance, likely due to the high ne-
gative charge of that multilayer film. The resulting membranes
also showed long term (more than 50 h) stable performance for
organic solvents, including troublesome aprotic solvents of in-
dustrial importance like THF, DMF and ACN. The results of this
study provide a versatile and simple way of using pH to tune
performance of weak PEs based multilayered SRNF-membranes for
specific applications.
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