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ABSTRACT: The aqueous phase separation (APS) technique
allows membrane fabrication without use of unsustainable organic
solvents, while at the same time, it provides extensive control over
membrane pore size and morphology. Herein, we investigate if
polyelectrolyte complexation-induced APS ultrafiltration mem-
branes can be the basis for different types of nanofiltration
membranes. We demonstrate that APS membranes can be used as
support membranes for functional surface coatings like thin
polyelectrolyte multilayer (PEMs) and interfacial polymerization
(IP) coatings. Three different PEMs were fabricated on poly-
(sodium 4-styrene sulfonate) (PSS) poly(allylamine hydrochlor-
ide) (PAH) APS ultrafiltration membranes, and only 4.5 bilayers were needed to create nanofiltration membranes with molecular
weight cut-off (MWCO) values of 210−390 Da while maintaining a roughly constant water permeability (∼1.7 L·m−2·h−1·bar−1).
The PEM-coated membranes showed excellent MgCl2 (∼98%), NaCl (∼70%), and organic micropollutant retention values (>90%).
Similarly, fabricating thin polyamide layers on the ultrafiltration PSS-PAH APS membranes by IP resulted in nanofiltration
membranes with MWCO values of ∼200 Da. This work shows for the first time that APS membranes can indeed be utilized as
excellent support membranes for the application of functional coatings without requiring any form of pretreatment.
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1. INTRODUCTION

Membrane technology is gradually moving toward greener and
more sustainable production techniques.1,2 In this regard,
aqueous phase separation (APS) has been introduced as one of
the more sustainable approaches to produce polymeric
membranes. This new approach eliminates the use of
reprotoxic organic solvents, such as N-methylpyrrolidone, the
most commonly used organic solvent in the nonsolvent-
induced phase separation (NIPS) process. Instead, APS makes
use of water as the solvent and nonsolvent to achieve phase
separation. Currently, there are two commonly applied APS
methods. The first makes use of water-soluble pH-responsive
polyelectrolytes where the phase separation is achieved by
simply changing the pH of the cast film containing only one
type of polyelectrolyte such as poly(4-vinylpyridine)3 or
polystyrene-alt-maleic acid copolymers.4 Membranes ranging
from the microfiltration type to dense nanofiltration type can
be successfully prepared using this method.
The second APS method uses a mixture of two

polyelectrolytes, i.e., a polyanion and a polycation, to obtain
a polyelectrolyte complex (PEC) membrane. Sadman et al.
utilized this method to produce porous PEC membranes using
coacervates of poly(styrene sulfonate) (PSS) and poly(N-
ethyl-4-vinylpyridinium) (QVP-C2).5 The PSS-QVP-C2 mem-

branes presented in their work demonstrated a good water flux,
organic solvent stability, and excellent rejection of polystyrene
beads of ∼100 nm in size. However, this polyelectrolyte system
had its own limitations as membrane fabrication protocols are
at times lengthy, while the control over the membrane pore
size was limited. In another instance, Durmaz et al. obtained
dense nanofiltration type PEC membranes having a molecular
weight cut-off of <300 Da using a solution of PSS and
poly(diallyldimethylammonium chloride) (PDADMAC) that
was prepared at high salt concentrations and precipitated in
deionized water.6 This method is also known as the “salinity
change-induced APS” because the phase separation is achieved
by lowering the salt concentration in the polyelectrolyte
solution, thereby forming a PEC membrane. A similar method
was also applied by Kamp et al. to produce ultrafiltration and
nanofiltration type PSS−PDADMAC membranes.7 However,

Received: April 13, 2021
Accepted: June 14, 2021
Published: June 18, 2021

Articlepubs.acs.org/acsapm

© 2021 The Authors. Published by
American Chemical Society

3560
https://doi.org/10.1021/acsapm.1c00457

ACS Appl. Polym. Mater. 2021, 3, 3560−3568

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 T

W
E

N
T

E
 o

n 
A

ug
us

t 1
2,

 2
02

1 
at

 0
8:

02
:2

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Irshad+Baig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+D.+Willott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wiebe+M.+de+Vos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.1c00457&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00457?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00457?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00457?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00457?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00457?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aapmcd/3/7?ref=pdf
https://pubs.acs.org/toc/aapmcd/3/7?ref=pdf
https://pubs.acs.org/toc/aapmcd/3/7?ref=pdf
https://pubs.acs.org/toc/aapmcd/3/7?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.1c00457?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


the downsides of these PSS-PDADMAC membranes in both
studies are the relatively lower water permeabilities, i.e., ∼0.1
to 1 L·m−2·h−1·bar−1 and the limited control over the
membrane pore size. Another interesting method is the “pH
shift-induced APS” where a polycation and polyanion solution
is prepared at high pH and precipitated in low pH conditions
(or vice versa) to achieve phase separation. In previous studies,
we have successfully employed this method to obtain PEC
membranes with tunable pore sizes ranging from micro-
filtration to nanofiltration using a mixture of PSS−poly-
(allylamine hydrochloride) (PAH) and also PSS−polyethyle-
neimine (PEI).8−10 While the pore size of the PSS-PAH
membranes could be controlled from ∼200 to ∼2 nm, dense
nanofiltration membranes were not obtained.8 The open
nanofiltration (or tight ultrafiltration) type PSS-PAH mem-
branes obtained in our earlier study did not show any
significant retention of salts and showed only ∼80% average
retention of a range of organic micropollutants. For most
nanofiltration applications, the membranes need to be able to
retain salts and organic micropollutants in excess of 90%.
Similarly, in another work by Durmaz et al. on “pH shift-
induced APS”, PSS and poly(acrylic acid) (PAA) were used to
obtain only microfiltration type PEC membranes.11

Traditionally, most dense membranes, such as nanofiltration
and reverse osmosis membranes, are based on porous support
membranes prepared by NIPS and subsequently coated with
thin layers of another material. In a similar fashion, it stands to
reason that porous APS membranes can and should be used as
support membranes in a similar fashion.
Numerous coating strategies are available in the literature to

improve the performance of polymeric membranes in terms of
their water flux, selectivity, chemical resistance, mechanical
properties, and antifouling ability.12 Among them, one of the
most commonly applied is interfacial polymerization (IP)
where a thin polyamide film is coated on the membrane
surface via a reaction of two or more monomers such as m-
phenylenediamine (MPD) in the aqueous phase and trimesoyl
chloride (TMC) in the organic phase.13 Over the years, IP has
been well-studied in terms of the types of monomers, the
concentrations of the monomers, and other reaction
conditions to obtain thin-film composite (TFC) and nano-
composite membranes.13−19 TFC membranes obtained via IP
typically have excellent salt retentions20,21 and chemical/
physical stability22 and are still the most preferred option for
commercial nanofiltration membranes.
In recent years, another interesting coating approach that

utilizes polyelectrolytes has gained significant attention. The
so-called layer-by-layer (LBL) approach was first described by
Decher to obtain self-assembled polyelectrolyte multilayers
(PEMs) by alternatively coating polycations and polyanions on
solid supports.23 This process can be used to prepare thin
layers (usually 10−50 nm) on the surface of charged porous
support membranes due to electrostatic interactions of the
oppositely charged polyelectrolytes.24 The PEM approach has
proven to be a very versatile method to obtain ultrathin and
dense coatings because of the ability to fine-tune their
properties through, for example, the number of bilayers, salt
concentration, and the pH of the coating solutions.25−27 In
addition, the PEM-coated membranes have also shown
excellent chemical stability and resistance against cleaning/
backwashing processes.28 Common and successful PEM
coatings include PSS-PDADMAC, PSS-PAH, PAA-PAH, and
PSS-PEI.25 Each polyelectrolyte pair has different properties

and performances, and this can be further fine-tuned by
controlling the coating process. For instance, PSS-PAH
multilayer coatings have a lower polyelectrolyte mobility and
typically show a higher water permeability with good salt
retentions.29 The PSS-PDADMAC multilayer coatings show
excellent physical and chemical stability against back flushing30

and show a particularly high anion selectivity toward sulfate
and phosphate.31,32 On the other hand, PSS-PEI multilayer
coatings form dense complexes and therefore show relatively
lower water permeabilities but with excellent salt and organic
molecule retentions.33 In addition, the PSS-PAH and PSS-
PDADMAC multilayer coatings have the polycation in excess
in bulk and therefore are more susceptible to swelling.33 In
comparison, the PSS-PEI coatings have significantly less excess
of polycation and therefore have less degree of swelling.
In this work, we use the advantages of PEM and IP coatings

and demonstrate that APS-based membranes can also act as
excellent supports for these functional coatings. One of the
major advantages of using APS membranes for PEM coatings is
the inherent charge of these membranes, which facilitates the
adsorption of charged polyelectrolytes. We have shown in our
earlier work that PSS-PAH-based APS membranes have
positive charge on their surface.8 As a result, these support
membranes can be directly coated with a layer of polyanions
without any pretreatment processes. Similarly, the excess
amount of PAH in the PSS-PAH support membranes provides
amine groups that can take part in the IP process by reacting
with the TMC, thereby improving the adhesion of the IP layer
to the support membrane. In this work, the support PSS-PAH-
based APS membranes are prepared following the protocols
extensively discussed in our earlier work.8 PEM coatings are
performed using three different polyelectrolyte pairs, i.e., PSS-
PAH, PSS-PDADMAC, and PSS-PEI. Figure 1 shows the
chemical structures of these polyelectrolytes. The multilayer
membranes are coated on the APS support membranes to

Figure 1. Chemical structures of the polyelectrolytes used for
performing PEM coatings on the APS membrane supports. (a)
Poly(sodium 4-styrene sulfonate) (PSS), (b) poly(allylamine hydro-
chloride) (PAH), (c) poly(diallyldimethylammonium chloride)
(PDADMAC), and (d) branched polyethyleneimine (PEI).
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densify the top surface structure and provide the membranes
with nanofiltration performance. Similarly, IP was performed
on porous (ultrafiltration) PSS-PAH membranes and the IP
reaction conditions were optimized to obtain stable TFC
membranes. Finally, all the coated membranes are tested for
their nanofiltration performance using a range of different salts
and organic micropollutants. This study showcases the
versatility of APS membranes by demonstrating that they can
function as support membranes for a multitude of surface
coatings without requiring any pretreatment.

2. EXPERIMENTAL SECTION
2.1. Materials. The chemicals PSS (30 wt % with Mw ∼ 200 kDa

and 25 wt % with Mw ∼ 1000 kDa), PDADMAC (20 wt %, Mw ∼
200−350 kDa), PEI (50 wt %, Mw ∼ 750 kDa), sodium hydroxide
(NaOH, >98%), sodium chloride (NaCl, >99.5%), hydrochloric acid
(HCl, 37%, ACS reagent), glutaraldehyde (GA, 50 wt %), glycerol
solution (86−89 wt %), MPD (99%), 1,3,5-benzenetricarbonyl
trichloride (98%, TMC), n-hexane (≥99%), magnesium sulfate
(MgSO4, >99.5%), sodium sulfate (Na2SO4, 99%), magnesium
chloride hexahydrate (MgCl2.6H2O, ≥99%), sodium chloride
(NaCl, >99.5%), polyethylene glycol (PEG) with different molecular
weights (Mw 200, 400, 600, 1500, and 2000 g·mol−1), atrazine
(analytical standard), atenolol (>98%), bezafibrate (>98%), bromo-
thymol blue (>95%), bisphenol-A (>99%), naproxen (analytical
standard), phenolphthalein (analytical standard), and sulfamethox-
azole (analytical standard) were purchased from Merck (The
Netherlands). PAH (40 wt %, Mw ∼ 150 kDa) was purchased from
Nittobo Medical Co. Ltd., Japan. Deionized water was obtained from
a Milli-Q Ultrapure water purification system.
2.2. Membrane Fabrication. The PEC membranes were

prepared using recipes reported in our earlier work.8 Briefly, first, a
25 wt % PSS (Mw ∼ 1000 kDa) solution was diluted to 12 wt % using
deionized water. Second, 40 wt % PAH (Mw ∼ 150 kDa) was diluted
to 12 wt % by the addition of deionized water and 10 M NaOH
solution. The NaOH solution was added such that the ratio of wt %
NaOH to wt % PAH was constant at 0.5. The reason to add NaOH is
to increase the pH of the aqueous PAH solution to ∼14, thereby
making it uncharged so that it can be mixed with PSS without forming
a PEC. Finally, the 12 wt % PSS and PAH solutions were mixed in a
monomer mixing ratio of PSS to PAH of 1:2. The ratios are based on
the monomer weight of the polyelectrolytes, i.e., ∼206 g·mol−1 for
PSS and ∼93.5 g·mol−1 for PAH. This ratio of polyelectrolytes was
selected because it results in mechanically stable membranes.8 The
casting solution was constantly stirred until it became homogeneous.
The solution was then cast as a thin film on a glass plate using a

casting bar having a gap of 0.6 mm. To obtain the open nanofiltration
type membrane supports for multilayer coatings, the cast solution was
immediately immersed in a coagulation bath at pH 1 (adjusted using
HCl) containing 0.05 wt % GA and 4 M NaCl. This composition of
the coagulation bath was chosen because it results in open
nanofiltration type PSS-PAH membranes as mentioned in our
previous work.8 Here, GA is used as a cross-linking agent for the
amines of PAH, while NaCl facilitates the polyelectrolyte chain
rearrangement resulting in a denser complex. On the other hand, the
ultrafiltration type membrane supports for IP were obtained by
immersing the PSS-PAH cast films in a coagulation bath at pH 1
(adjusted using HCl) containing 0.05 wt % GA without any NaCl.
The cast films immediately precipitated at low pH and turned opaque.
The films were then removed from the bath after 24 h and kept in
deionized water for further use.
2.3. Multilayer Coatings. Three different types of multilayer

coatings were applied in this work, i.e., PSS-PAH, PSS-PDADMAC,
and PSS-PEI. The coating solutions contained 1 g·L−1 of
polyelectrolyte (polyanion or polycation) in 500 mM NaCl solution.
This concentration of NaCl was chosen because thicker multilayer
coatings are obtained at higher salt concentrations because of the
increased extrinsic charge compensation within the multilayers.34 The

pH of all the polyelectrolyte solutions was set to 6 by adding 0.1 M
NaOH/HCl. PSS and PDADMAC are strong polyelectrolytes,
meaning that the pH of the solution has no impact on their charge.
On the other hand, PAH and PEI are weak polyelectrolytes whose
charge is dependent on the pH of the solution. It is known from the
literature that PSS-PAH multilayer membranes when coated at pH 6
form dense PEMs that show high retention of organic micro-
pollutants.35 Therefore, pH 6 was chosen as the coating solution pH
for performing multilayer coatings. The multilayers were built using
the following protocol. The support membranes were first soaked in
500 mM NaCl solution for 15 min followed by a 15 min dip coat in 1
g·L−1 PSS (polyanion, Mw ∼ 200 kDa) solution. Afterward, the
membranes were taken out and immediately washed in three steps
with 500 mM NaCl solution for 15 min each. The membranes were
then dipped in 1 g·L−1 polycation (either PAH, PDADMAC, or PEI)
solution for 15 min followed by a three-step wash in 500 mM NaCl
solution for 15 min each. This process produced one bilayer. The
procedure was repeated to obtain 4.5 bilayers of each PSS-PAH, PSS-
PDADMAC, and PSS-PEI with PSS as the ending layer. The PEM
membranes with 4.5 bilayers are referred to as PSS-PAH(4.5), PSS-
PDADMAC(4.5), and PSS-PEI(4.5). The coated flat sheet membranes
were stored in deionized water for further usage.

2.4. IP. IP was carried out using MPD and TMC as monomers. A 2
wt % MPD solution was prepared in deionized water and stirred until
it became homogeneous. A 0.2 wt % TMC solution was prepared by
dissolving TMC in n-hexane. The IP coating was then applied on the
ultrafiltration type PSS-PAH membranes using the following protocol.
First, the membranes were immersed in the aqueous MPD solution
for 10 min. When the membranes were taken out, they appeared shiny
due to the presence of water on the surface, which was removed by
means of a rubber roller. Afterward, the membranes were vertically
dried inside an aerated fume hood until they appeared dry and dull.13

The MPD saturated membrane supports were then immersed in the
TMC solution for 3 min to initiate the IP reaction after which they
were dried again in the fume hood for 30s before heat treatment in an
oven at 70 °C for 5 min. The membranes were taken out, washed with
deionized water, and stored in deionized water for further usage.

2.5. Characterization. Scanning electron microscopy (SEM) was
performed with a JSM-6010LA, JEOL, Japan. The membrane samples
for SEM were first immersed in a 20 wt % glycerol solution for 4 h
and then dried in an aerated fume hood for 24 h. This procedure
ensures that the pores of the membranes remain intact. For cross-
section images, the dried membrane samples were immersed in liquid
N2 and carefully fractured to reveal the full cross section. All the
membrane samples were kept in a vacuum oven at 30 °C for 24 h
before sputter coating them with a 5 nm thin layer of Pt/Pd alloy
using a sputter coater Quorum Q150T ES (Quorum Technologies,
Ltd., UK). Fourier transform infrared (FTIR) spectroscopy was
conducted using a Spectrum Two (Perkin Elmer, USA) in attenuated
total reflectance mode in the wavenumber range 600 to 4000 cm−1.

The charge on the membrane surface was determined at pH 6
using a SurPASS electrokinetic analyzer (Anton Paar, Graz, Austria)
by measuring the streaming current versus pressure in a 5 mM KCl
solution.

For the pure water permeability (PWP) measurements, the
membranes were cut into circular disks having a diameter of 25
mm and then mounted on a dead-end Amicon cell. The exposed
surface area of the membranes was ∼3.8 cm2. The vessel containing
the feed water was pressurized to 4 bar using N2 gas. The permeate
mass was measured as a function of time via mass balance connected
to a computer. The PWP (P) was calculated using eq 1:

=
Δ

P
J

p
W

(1)

where JW is the pure water flux calculated by measuring the change in
permeate volume (in liters) per membrane area (3.8 cm2) over time
(h) and Δp is the pressure difference (bar) between the feed and
permeate side.
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The molecular weight cut-off (MWCO) of the membranes was
determined using a feed solution of PEG having different molecular
weights, i.e., 200 to 2000 g·mol−1, each at a concentration of 1 g·L−1

in water. The mixture was filtered through the membranes in a dead-
end cell at 3 bar, and the permeate and retentate samples were
collected. The feed, retentate, and permeate were then analyzed via
gel permeation chromatography (GPC, Agilent 1200/1260 Infinity
GPC/SEC series, Polymer Standards Service data center and column
compartment) using Milli-Q water eluent containing 50 mg·L−1

NaN3, at 1 mL·min−1, through a 1000 Å, 10 μm Polymer Standards
Service Suprema 8 × 300 mm column and 30 Å, 10 μm column
connected in series. GPC determines the concentration of PEGs via
refractive index detection. The retention (R) was calculated using eq
2:

= − ×+R
C

1 100
C C

p
( )

2
f r

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (2)

where Cp, Cf, and Cr, are the concentrations in the permeate, feed, and
retentate side, respectively. Here, an average of feed and retentate
concentration is taken because the concentration of the feed solution
in a dead-end cell is always changing. A sieving curve of retention vs
molecular weight of PEG was plotted, and the MWCO was
determined as shown in Figure S4, Supporting Information.
A 5 mM aqueous solution of four different types of salts, i.e.,

MgCl2, MgSO4, Na2SO4, and NaCl, was filtered through the
membranes at 4 bar of feed pressure. The feed, retentate, and
permeate samples were collected and measured for their conductivity
using a handheld WTW Cond 3210 conductivity meter (Xylem
Analytics, Germany). A calibration curve was obtained by plotting
conductivity as a function of known concentrations of salt solutions.
Consequently, the concentration of either type of salt in the actual
feed, retentate, and permeate was determined according to the
calibration curve and the retention was calculated using eq 2.
A cocktail mixture of eight different types of micropollutants was

prepared by dissolving 3 mg·L−1 of each micropollutant in deionized
water followed by adjusting the solution pH to 5.8 using 0.1 M
NaOH. At this pH, the micropollutants are either positively charged,
negatively charged, or neutral. Such a diverse combination of
micropollutants can provide an assessment on the charge-based and
size-based separation of molecules by the membranes. The mixture
was filtered through the membranes for 24 h to achieve steady-state
permeation before collecting the feed, retentate, and permeate
samples. These samples were analyzed using an UltiMate 3000
UHPLC (ThermoFisher Scientific, USA) using a 2.2 μm ACCLAIM
RSLC C18 column (ThermoFisher Scientific, USA) for separation. A
calibration curve was first obtained using known concentrations of the
micropollutant cocktail mixture. The concentrations of micro-
pollutants in the feed, retentate, and permeate were estimated
according to the calibration curve obtained using known concen-
trations of the micropollutant cocktail mixture. The retention was
then calculated using eq 2.

3. RESULTS AND DISCUSSION
3.1. Multilayer Coatings. When considering APS-based

membranes as supports for PEM coatings, the natural charge of
the APS membranes can be considered as a real advantage,
allowing easy coatings. The top surface and cross-section SEM
images of all three different types of PEM membranes coated
with 4.5 bilayers are shown in Figure 2 along with the uncoated
APS support membrane. The PSS-PAH(4.5) membranes
showed relatively smooth top surfaces as compared to the
PSS-PDADMAC(4.5) and PSS-PEI(4.5), see Figure 2c,e,g. It is
well known that PSS-PAH multilayers have a lower mobility29

and a higher number of interactions within the multilayer36 as
compared to the others studied in this work, which could
explain the smooth texture of PSS-PAH PEMs. On the other

hand, the PSS-PDADMAC- and PSS-PEI-coated membranes
exhibited rougher and more uneven surfaces containing
aggregates and also some degree of layering (especially in
the case of PSS-PEI) as seen in Figure 2e,g. Chen et al. also
found similar morphologies for PEMs and concluded that such
morphologies could possibly be due to the inhomogeneous
charge distribution on the substrate that could lead to isolated
deposition of material.37 However, in the case of PSS-PEI
multilayer membranes, the uneven top surfaces could possibly
be due to the branched nature of the higher molecular weight
PEI, which forms slightly thicker coatings. Nevertheless, the
membranes contained no defects, as will be established later by
the organic micropollutant retention experiments. The cross-
section SEM images of the PEM-coated membranes, shown in
Figure 2d,f,h, do not reveal any significant information because
it is difficult to estimate the PEM layer thickness via SEM
images, especially as the coated material is very similar in
nature to the materials of the support membranes. A better
estimate of PEM thickness is obtained by utilizing optical
fixed-angle reflectometry or ellipsometry. For the systems
studied here, these thicknesses have been obtained in
literature, coming to estimated thicknesses of ∼25 nm for
PSS-PDADMAC, ∼16 nm for PSS-PEI,38 and ∼20 nm for
PSS-PAH.39

Figure 3a shows the PWP and MWCO of the three different
types of PEM-coated membranes. For reference, the PWP of
the support APS membranes was ∼2 L·m−2·h−1·bar−1. The
PWP and salt retentions of the PEM membranes with 1.5 to

Figure 2. Top surface and cross-section SEM images of (a, b) APS
support membrane and the PEM membranes coated with 4.5 bilayers
of (c, d) PSS-PAH, (e, f) PSS-PDADMAC, and (g, h) PSS-PEI.
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3.5 bilayers are show in Figures S1−S3, Supporting
Information. For all three PEM coatings, excellent NF
performance is observed, a large improvement compared to
just the support membrane. However, the three different
polyelectrolyte systems do show varying PWP and MWCO
values, in accordance with the previous studies.31 The PWP of
PSS-PAH(4.5)- and PSS-PDADMAC(4.5)-coated membranes
was almost similar, i.e., ∼1.7 L·m−2·h−1·bar−1. On the other
hand, the PSS-PEI(4.5) membranes showed a lower PWP of
∼1.4 L·m−2·h−1·bar−1. Such a trend is observed because the
PSS-PEI multilayer membranes are known to be denser than
PSS-PDADMAC and PSS-PAH.33 For branched PEI, the
charge density is higher than that of PDADMAC and PAH.
Consequently, the number of ion pairs per number of carbon
atoms in the resulting PEC is higher for PSS-PEI(4.5) as
compared to the rest. A higher charge density leading to a
higher density of ionic crosslinks, coupled with lower excess
charge as described in the introduction, usually results in a
lower permeation rate.40 The dense nature of PSS-PEI(4.5) was
also confirmed by the MWCO of these PEM membranes. The
MWCO of the relatively less dense PSS-PAH(4.5) and PSS-
PDADMAC(4.5) was estimated to be ∼392 ± 6 Da and ∼384 ±
3 Da, see Figure S4a,b in the Supporting Information. In
comparison, the dense PSS-PEI(4.5) membranes showed a
MWCO of ∼205 ± 4, Figure S4c.
The separation performance of the membranes prepared in

this work is compared to the commercial membranes in terms
of their PWP and the NaCl retention and is presented in Table
S1, Supporting Information. The water permeabilities of the
APS support membranes (∼2 L·m−2·h−1·bar−1) and the PEM
membranes reported here are relatively lower as compared to
most commercial membranes used for nanofiltration applica-
tions. This is indeed a current limitation of the APS
membranes, and future efforts could be devoted toward
increasing the PWP of the support membranes. One possible
way is to utilize additives such as PEG in the polyelectrolyte
casting solution, which is also commonly used for NIPS
membranes as the pore former.41 Nevertheless, the sustainable
APS membrane supports show decent salt selectivity while
facilitating the PEM formation due to their inherent surface
charge.
Figure 3b shows the retention of four different types of salts

by the support membrane and the different PEM membranes.
The salts that were used for the retention measurements
contain both monovalent and divalent anions/cations, which

can also give a fair indication of the charge in the bulk of PEM
membranes. As expected, the support membrane showed
negligible (<10%) retention of the four types of salts. For the
PEM membranes, the retention trend follows the permeability
data such that the membranes with a lower water permeability
showed the higher retentions. PSS-PEI(4.5) showed the highest
retention for all four types of salts because of its dense nature.
The higher retention of MgCl2 as compared to the other salts
is due to the net positive charge on the PEM membrane
surfaces, which was confirmed by measuring the surface
streaming potential of these membranes. PSS-PAH(4.5)
membranes had a streaming potential of ∼9 ± 0.4 mV, PSS-
PDADMAC(4.5) ∼9 ± 0.2 mV, and PSS-PEI(4.5) ∼ 4 ± 0.7 mV.
The salt retention results indicate that the separation
mechanism is most likely to be a combination of the size
exclusion and Donnan exclusion mechanisms. A positively
charged membrane will repel the cations and attract the anions
based on the Donnan exclusion mechanism.42 The higher
rejection of divalent cation Mg2+ and a lower rejection of
divalent anion SO4

2− are then expected. Looking at the
streaming potentials of the three types of membranes, it can be
observed that PSS-PEI(4.5) has a relatively lower charge of ∼4
mV as compared to the other two systems. This confirms our
earlier statement that PSS-PEI(4.5) has the highest number of
ion pairs per number of carbon atoms among the three PEMs
resulting in less overall charge and also a more dense layer.
The results clearly indicate that coating a thin layer of PEMs

on top of the APS membranes can lead to the formation of
excellent nanofiltration type membranes. The versatility of the
LBL approach allows further optimization of the membranes’
separation performance by simply tuning the number of
bilayers, salt concentration, and the pH of the coating
solutions.
To further quantify the nanofiltration separation perform-

ance of the PEM membranes, a mixture of eight different types
of micropollutants was prepared and filtered through the
membranes, see Figure S5 in the Supporting Information for
the chemical structures of these micropollutants. These
micropollutants are mostly pesticides, pharmaceuticals, and
plasticizers and are most commonly found in rivers and other
ground water sources.43 The mixture contains both hydro-
philic/hydrophobic and charged/uncharged molecules with
molecular weights in the range of 200 to 700 Da. Table 1
presents the micropollutant retentions of the PEM membranes
studied in this work.

Figure 3. (a) Pure water permeability and molecular weight cut-off. (b) Salt retentions of PSS-PAH(4.5), PSS-PDADMAC(4.5), and PSS-PEI(4.5)
membranes. The support membrane showed negligible salt retentions as compared to the enhanced salt retentions by the PEM-coated membranes.
The retention tests were conducted at a feed pressure of 4 bar.
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As expected, the neutral molecules like atrazine, bisphenol-
A, phenolphthalein, and bromothymol blue are highly rejected
based on their sizes according to the MWCO of the PEM
membranes. Bromothymol blue being the largest molecule
(Mw ∼ 624 Da) is completely retained by the membranes, also
demonstrating that all three membrane types are defect free.
The positively charged atenolol shows higher retentions
because of the positively charged membrane surface. Overall,
the PSS-PAH(4.5) shows an average micropollutant retention of
∼68%; that of PSS-PDADMAC(4.5) is ∼77%, and that of PSS-
PEI(4.5) is ∼91%. The results also suggest that the separation of
the organic micropollutant is not governed only by size
exclusion and Donnan exclusion mechanisms; steric hindrance
and dielectric effects are also known to affect the retentions in
typical nanofiltration membranes.44 The separation is likely
based on a combination of these mechanisms.
It can certainly be concluded that by only coating 4.5

bilayers of PEMs, the otherwise open nanofiltration type APS
membrane can be made into a dense nanofiltration type. The
real advantage is that the PEMs can be applied without any
pretreatment due to the natural charge of the APS support
membranes, which facilitates the adsorption of polyelectrolytes
for the multilayer buildup. These results also suggest that PSS-
PAH-based APS membranes can be effectively used as
supports to build PEM-based membranes with excellent
separation properties. It is also pertinent to mention that the
aim of this work was not to obtain the best-performing PEM
membranes but to show that APS membranes, just like NIPS
membranes, can be excellent support membranes for func-
tional coatings.
3.2. IP. IP was carried out on the ultrafiltration type PSS-

PAH membranes having an average pore size of ∼4.5 nm,
calculated in our earlier work.8 The existence of the IP coated
polyamide layer was confirmed by FTIR spectra shown in
Figure 4.
In the case of the PSS-PAH support membrane, the sharp

absorbance bands at 1008, 1036, and 1123 cm−1 and the
overlapping bands at 1180 and 1208 cm−1 are assigned to the
SO stretching modes in PSS.45 Other characteristic peaks of
PSS appear at 1601, 1495, 1453, and 1411 cm−1, all of which
are assigned to the aromatic −CC− stretching. The
relatively less prominent peaks observed in the IR spectra of
the support membranes at 1603 and 1522 cm−1 can be
assigned to asymmetric and symmetric vibrations of −NH3

+,
respectively.46

The FTIR spectra of the IP coated TFC membrane showed
additional bands at 1660 cm−1 (CO stretching vibrations in
amide I), 1611 cm−1 (aromatic ring breathing, N−H bending/
stretching, amide II), and 1545 cm−1 (C−N stretching of
amide), all of which are characteristic polyamide bands.47 The
FTIR spectra reveal that the PSS-PAH support membranes are
indeed coated with a thin layer of polyamide.
The SEM images of the pristine support membrane and the

TFC membrane are shown in Figure 5. Comparing SEM
images in Figure 5a,b, it can be seen that the TFC membrane
had a slightly rough top surface with a typical leaflike
morphology that is most associated with a polyamide layer.48

The difference between the pristine support and the TFC
membrane is evident by looking at the cross-section SEM
images in Figure 5. The PSS-PAH support membrane shows
an asymmetric structure with the pore size getting larger as you
move from top to bottom of the cross section, see Figure 5c.
On the other hand, the TFC membrane has a relatively denser
and more closed structure at the given magnification, Figure
5d. This indicates that the polyamide layer has reduced the
pore size and/or completely closed the pores near the
membrane top surface. This happens because upon immersing
the porous support membrane in the MPD solution, the near
surface pores are completely filled with the aqueous solution.
The MPD molecules remain inside the pores even after drying
with a rubber roller. When the support is subsequently
immersed in the organic TMC solution, the MPD molecules
diffuse toward the organic front because of their higher
solubility in the organic solvent and immediately react with
TMC to form polyamide nuclei. The newly formed nuclei
grow laterally until they combine with other nuclei to form a
polyamide layer.13 The diffusion of MPD molecules and the
subsequent reaction with TMC gives rise to the typical leaflike
morphology associated with the polyamide layer.
The charge on the TFC membrane surface was determined

to be approximately −35 ± 0.5 mV at pH 6. The polyamide
layer is negatively charged because of the dissociation of the
carboxyl groups.49 The negatively charged TFC membrane is
thus expected to have high retentions of divalent anions.

Table 1. Micropollutant Retentions of the PEM
Membranesa

retention (%)

micropollutant
Mw
(Da) charge

PSS-
PAH(4.5)

PSS-
PDADMAC(4.5)

PSS-
PEI(4.5)

atenolol 267 + 60 97 97
atrazine 216 0 50 62 90
bisphenol-A 228 0 50 53 92
phenolphthalein 318 0 75 87 97
bromothymol blue 624 0 100 100 100
sulfamethoxazole 253 0/− 26 30 56
naproxen 229 − 94 95 97
bezafibrate 361 − 89 89 99
aThe concentration of the mixture was 3 mg·L−1 of each compound
and the pH was adjusted to 5.8.

Figure 4. FTIR spectra of the ultrafiltration type PSS-PAH support
and the IP coated thin-film composite (TFC) membrane. The
appearance of absorbance bands at 1545, 1611, and 1660 cm−1

confirms the presence of polyamide in TFC membranes.
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The PWP at 4 bar of applied water pressure was measured
for the TFC membrane. In comparison with the support
membrane, which had a permeability of ∼12.5 L·m−2·h−1·
bar−1, the TFC membranes showed a significantly lower water
permeability of ∼1.1 L·m−2·h−1·bar−1. This is fully expected
behavior because the TFC membrane is significantly denser
than the support membrane, and therefore, there is higher
resistance to the passage of water, see Figure 5c,d. The
MWCO of the IP coated TFC membranes was measured to be
∼200 ± 3 Da.
The nanofiltration performance of the membrane was

determined by filtering four different types of salt solutions,
and the retentions are shown in Figure 6. As expected for a

negatively charged dense membrane, the rejection of Na2SO4 is
the highest, i.e., ∼86%. MgSO4 and MgCl2 are ∼77.5 and
∼70% retained by the TFC membrane. The least rejection was
for NaCl, which was only ∼58% retained. The retentions of
salts are in accordance with the Donnan exclusion mechanism.
A thin polyamide coating successfully transformed an ultra-
filtration type membrane into a dense nanofiltration type
membrane.
The major difference between the LBL approach for PEM

assembly and the IP in this work is the thickness and density of
the final surface coating. Most IP coatings are known to be

∼100to 300 nm thick,50 but PEM coatings are typically
thinner, ∼50 nm. A thicker selective layer increases the
resistance for the water molecules, consequently resulting in
lower pure water permeabilities as observed for the TFC
membranes in this work. Both the PEM and IP coatings have
advantages and disadvantages. The coating process is longer in
PEMs, while IP is fairly easy and takes considerably less time
and is still the preferred option for commercial applications.
Additionally, the excess amine groups in the APS support
membrane could covalently bind the IP layer for a better
adhesion. In this work, we have added APS membranes to the
list of supports that can be used to perform functional coatings
without any pretreatment processes. Future efforts could also
be devoted toward developing and optimizing these coatings
for reverse osmosis and gas separation applications using the
sustainably produced APS membranes as the support.

4. CONCLUSIONS

For the first time, we have successfully demonstrated that APS-
based membranes can act as excellent supports for fabricating
nanofiltration type membranes with thin selective top layers.
PEM assembly and IP were employed to fabricate thin films on
the surface of PSS-PAH APS membranes. The APS
membranes were used as supports to coat different multilayers
composed of three pairs of polyelectrolytes, i.e., PSS-PAH,
PSS-PDADMAC, and PSS-PEI. The results revealed that by
simply coating 4.5 bilayers of PEMs, the APS support
membranes can be transformed into nanofiltration type
membranes with excellent salt retentions and water perme-
abilities. The membranes coated using PSS-PAH had an
MWCO of ∼392 Da, while those prepared using PSS-
PDADMAC had an MWCO of ∼384 Da. These membranes
showed decent rejections of salts, e.g., >90% MgCl2 rejections.
The PSS-PEI membranes were found to have the densest top
layers with an MWCO of ∼205 Da and rejected ∼98% MgCl2
with rejections of organic micropollutants in excess of 90%.
The IP coating was also very successful in transforming the
ultrafiltration type PSS-PAH APS membranes into nano-
filtration type ones. The resulting TFC membranes had a
significantly denser structure and lower MWCO of ∼200 Da
with good retentions of salts. The APS support membranes
even have natural advantages: their charge allows for easy
application of PEMs, while the used primary amines allow

Figure 5. Top surface and cross-section SEM images of the (a and c) APS support membrane and (b and d) IP coated membrane.

Figure 6. Salt retentions of the TFC membranes. Retention tests were
conducted using 5 mM salt solution at a feed pressure of 4 bar.
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covalent bonding of the IP layer. Here, we also show that the
properties of APS membranes can be further fine-tuned to
obtain desirable separation performances.
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