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ABSTRACT: Polyelectrolyte multilayers (PEMs) are highly
promising materials as selective separation layers on the inside of
hollow fiber membranes. We investigate the forward osmosis (FO)
performance of poly(4-styrene sulfonate) (PSS)/poly(allylamine)
(PAH)- and PSS/poly(ethylene imine)-based PEM membranes
and apply different draw solutions. The PEM membranes show
different separation properties, demonstrated by their retention
behavior under nanofiltration conditions against five relevant draw
solutions (NaCl, MgCl2, MgSO4, Na2SO4, and trisodium citrate
(TSC)). Subsequently, the relation between PEM properties and
FO performance was studied for various draw solutions. PSS/PAH membranes showed the lowest reverse salt flux for MgCl2 and
MgSO4, while the PSS/PEI membranes showed the lowest reverse salt flux for Na2SO4 and TSC. Combining the right PEM
membrane with the right draw solution is thus key to getting low reverse salt fluxes in FO. Cross-linking of the PEMs resulted in an
overall lower salt and water flux; however, the reverse salt flux selectivity was not affected.

■ INTRODUCTION
Forward osmosis (FO) is a technique that utilizes the chemical
potential difference in the form of osmotic pressure between a
feed solution with a low solute concentration and a draw
solution with a high solute concentration separated by a
semipermeable membrane.1 In this manner, water will flow
from the feed solution to the draw solution to extract water
from a contaminated stream,2 to concentrate liquid food and
beverages,1 or to desalinate water.3

The benefits of FO are that no hydraulic pressure is needed,
and studies show that FO is less prone to fouling partly
because of the higher reversibility of fouling compared to
reverse osmosis (RO)-type processes.4,5 In most FO
applications, it is vital to recover the draw solution, and for
this reason, FO always needs to have a second processing step
to regenerate the draw solution.3 The draw solution recovery
can be performed via the use of waste heat in combination with
a thermolytic draw solution6 or by a hybrid system in
combination with an RO7 or a nanofiltration (NF)8

membrane.
When looking at the mass transport within a FO process, it

is found that water fluxes are lower than those measured in RO
at similar osmotic and hydraulic pressures, respectively.1 The
lower water flux is mainly due to concentration polarization
that for FO also occurs within the support of the membrane,
an effect termed internal concentration polarization (ICP).9

Two types of ICPs exist, namely, dilutive and concentrative
internal concentration polarizations. Here, the concentrative
ICP occurs when the draw solution is facing the active layer,
also called the pressure-retarded osmosis mode, and the

dilutive ICP is a result of the support layer facing the draw
solution, called the FO mode.10 In FO, this dilutive ICP
substantially reduces the concentration of solutes in the
support near the active layer, resulting in a severe loss of
driving force of water, i.e., osmotic pressure.6 These ICPs can
be reduced by opening the support structure, allowing the
solutes of the draw solution to move more quickly through the
support.11 For FO and PRO, this is described by the structural
parameter that relates the support performance to the severity
of ICP.12 The biggest opportunity to increase FO performance,
when the permeability is high enough (>2 L·m−2·h−1·bar−1),
lays in the optimization of the structural parameter that
belongs to the support.13 Furthermore, an increased selectivity
of the active layer ensures that the driving force of water is
better maintained and that the loss of the draw solution is
lower.
Removing organic contaminants14 or pharmaceuticals15

using FO is a widely studied subject16 as FO is a promising
process to treat challenging waste streams due to its low
fouling tendency in comparison to pressure-driven processes.17

It is even shown that rejection of organic compounds can be
higher in FO in comparison to RO because of the retarded
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forward diffusion of solutes that results when a little reverse
salt flux is present.18 Here, the reverse salt flux hinders the
forward transport of organic molecules over the active layer.
Furthermore, Alturki et al. showed that the rejection of organic
contaminants in FO can be high even when NF membranes
are used.14

With the knowledge that NF membranes can have a low
reverse salt flux and high retention toward micropollutants,
polyelectrolyte multilayer (PEM) membranes could be an ideal
option as an active layer because of the tunability of PEM
properties like charge and density. PEMs are fabricated by
alternately adsorbing oppositely charged polyelectrolytes on a
charged surface and can easily be constructed on the inside of
hollow fiber support membranes, resulting in membranes with
widely different properties. For FO, PEMs have already been
investigated in numerous studies showing overall high water
fluxes and moderate reverse salt flux selectivity (RSFS), though
heavily depending on the type of the draw solution used. The
first studies used PSS/PAH multilayers coated on flat sheets19

using a MgCl2 draw solution, while in other works, the PEM
was applied on the outside of hollow fiber support
membranes20 and tested in combination with several draw
solutions. A follow-up study investigated different types of
multilayers to evaluate whether PEM NF membranes are
suitable for FO and found similar RSFS for PSS/PAH and
PSS/PEI PEM using a MgCl2 draw solution.21 Other studies
sought to improve the performance of PEM FO membranes by
incorporating clay particles22 or by cross-linking PSS/PAH
PEMs with glutaraldehyde23,24 or both with glutaraldehyde and
UV light.25 All of these studies showed that PEM membranes
can be used for FO, however, little work has been performed to
understand the relation between PEM properties and the used
draw solution and its effect on FO performance.
In this work, we propose that choosing the correct

combination of PEM membrane properties and draw solutions
is the key to obtaining good FO performance. Two PEM
membranes based on PSS/PAH and PSS/PEI, with widely
different properties, are investigated on their FO performance.
To study the charge interactions between the PEM membrane
and the draw solution, various charged draw solutions are used
(NaCl, MgCl2, Na2SO4, MgSO4, and Na3C6H5O7). Sub-
sequently, these PEMs are cross-linked to study the effect of
cross-linking on the water and reverse salt fluxes in FO. Finally,
the most promising PEM membranes are tested for the
application of the retention of micropollutants in the FO
process.

■ MATERIALS AND METHODS
Materials. Branched poly(ethylene imine) (PEI, amine

ratio primary, secondary, and tertiary: 1:1.2:0.76, MW = 75 000
g·mol−1) and poly(sodium 4-styrene sulfonate) (PSS, MW =
150 000 g·mol−1, 30 wt % in water) were purchased from
Sigma-Aldrich, while poly(allylamine) (PAH, MW = 150 000 g·
mol−1, 40 wt % in water) was purchased from Nittobo Medical,
Japan. Glutaraldehyde (GA, 25 wt % in water) was purchased
from Alfa Aesar. Magnesium sulfate (MgSO4), sodium sulfate
(Na2SO4), trisodium citrate (Na3C6H5O7), sodium hydroxide
(NaOH), hydrochloric acid (HCl), and sucrose were
purchased from Sigma-Aldrich, whereas sodium chloride
(NaCl) was obtained from Akzo Nobel and magnesium
chloride (MgCl2) from Boom B.V. Atenolol, atrazine, bi-
sphenol A, bromothymol blue, naproxen, and phenolphthalein
were purchased from Sigma-Aldrich, while sulfamethoxazole

was purchased from Fluka. All chemicals were used without
further purification.
Tight hollow fiber ultrafiltration membranes were obtained

from NX Filtration B.V., Enschede, The Netherlands. The
fibers are positively charged and have an inner diameter of 0.68
mm, a standard permeability of 200 L·m−2·h−1·bar−1, and a
molecular weight cutoff of 25 kDa (pore size indicator). These
hollow fiber support membranes are asymmetrical, meaning
that the smallest pore sizes are present on the inside of the
hollow fiber.

PEM Membrane Fabrication. Polyelectrolyte multilayers
(PEMs) were coated on the tight hollow fiber ultrafiltration
membranes described above by the layer-by-layer method as
described by Reurink et al.26 Two types of PEMs were coated
with ten bilayers and terminated on the polycation, a [PSS/
PAH]10 and [PSS/PEI]10, where the former is coated at 5, 50,
and 500 mM NaCl and the latter is coated only at 50 mM
NaCl. The pH of the coating solution for the polycations was
adjusted to a pH of 2, where the pH of other solutions
remained unadjusted. Subsequently, the PEM hollow fiber
membranes were potted into single fiber modules with an
average effective membrane length of around 19 cm.

Salt Retention. Salt retention was measured in the NF
mode using various salts: NaCl, Na2SO4, MgCl2, MgSO4, and
Na3C6H5O7 (trisodium citrate or abbreviated as TSC)
dissolved in demineralized water at a concentration of 5
mM. The measurements were performed using a crossflow
setup at which a hydraulic pressure of 6.2 bar was applied at a
crossflow velocity of 1 m·s−1. The used crossflow velocity is
well within the laminar flow regime with a Reynolds number of
675. The pump used in the setup is a rotary vane pump
(BN71B4 pump motor, Bonfiglioli, Italy; IMTI 1.5M inverter,
Electroil, Italy; PA411 pump head, Fluid-o-Tech, Italy). By
measuring the conductivity of the permeate and the feed, the
salt retention R was determined using eq 1.

= Δ
R

C
Cfeed (1)

The salt permeability coefficient, B in m·s−1, was calculated
using the solution-diffusion model13,27 presented in eq 2. In
this equation, Jw is the permeate water flux in m·s−1, R is the
solute retention, and k is the mass-transfer coefficient in m·s−1.

= · − ·B J
R

R
e

1 J k
w

/w

(2)

In eq 2, k is the mass-transfer coefficient, which is the ratio
between the solute diffusivity (solute diffusion coefficient in
m2·s−1) and the thickness (δ in m) of the boundary layer at the
wall of the membrane, as shown in eq 3

δ
=k

D
(3)

The mass-transfer coefficient can be determined using the
Lev́eq̂ue solution for the Sherwood relation for developed
laminar flow in tubular systems,28 as shown in eq 4. Sh is the
dimensionless Sherwood number describing the ratio of
convective mass transport over diffusive mass transport.
Furthermore, in eq 4, din is the inner diameter of the tube or
hollow fiber in m, L is the length of the tube in m, Re is the
dimensionless Reynolds number, and Sc is the dimensionless
Schmidt number, as shown in eqs 5 and 6, respectively. The
Reynolds number describes the ratio of the inertial to viscous
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forces, which is related to the turbulent and laminar motion of
the fluid. In this formula, v is the crossflow velocity of the feed
in m·s−1, ρ is the density in kg·m−3, and η is the viscosity in Pa·
s. The viscosity over mass diffusivity is defined by the Schmidt
number and relates to the boundary layer over which mass is
transported.

=
·

= · · ·

< · · <

i
k
jjj

y
{
zzzSh

k d
D

Re Sc
d
L

Re Sc
d
L

1.62

valid for 100 5000

in in
1/3

in

(4)

ρ
η

=
· ·

Re
v din

(5)

η
ρ

=
·

Sc
D (6)

To calculate the mass-transfer coefficient, the diffusion
coefficients of all of the salts used during NF need to be
known. The diffusion coefficient depends on the concentration
and is taken from the literature at a solute concentration of 5
mM, equal to the feed concentration used in the nanofiltration
experiments; all values are shown in Table 1.

Forward Osmosis. FO experiments were performed using
a feed solution of demineralized water and a draw solution
containing either NaCl, Na2SO4, MgCl2, MgSO4, or TSC. The
feed solution was flown at the lumen side of the hollow fiber
membrane facing the active layer, and on the shell side, the
draw solution was flown. Both the feed and draw solutions
were circulated using a peristaltic pump at a flow rate of 10.4
mL·min−1 that translates to lumen and shell velocities of 1 and
0.014 m·s−1, respectively. The conductivity was measured over
time at the outlet of the feed to determine the change in salt
concentration over time. The weight of the feed reservoir was
measured over time to determine both the water flux and
reverse salt flux, using eqs 7 and 8, respectively. In these
equations, ΔmF is the difference in mass between masses at t =
0 and t = t in kg, ρF is the density of the feed solution in kg·L

−1,
Ai,m is the inner surface membrane area in m2, t is the
experiment time in h, VF is the feed volume in L, and CF is the
salt concentration in the feed solution in g·L−1.

ρ
=

Δ
· ·

J
m

A tW
F

F i,m (7)

=
· − ·

·
= = = =J

V C V C

A t
t t t t t t

S
F, F, F, 0 F, 0

i,m (8)

Subsequently, knowing the water flux and the reverse salt flux,
the reverse salt flux selectivity (L·g−1) can be calculated using
eq 9.

=
J

J
RSFS W

S (9)

The concentration of the different salts used to make the
various draw solutions is such that all draw solutions have the
same osmotic pressure. As a reference, a 0.5 M MgCl2 draw
solution is used, which has an osmotic pressure of 36 bar at 25
°C and a subsequent water activity of 0.974.34 To obtain equal
osmotic pressures for every salt type, the solutions water
activity should be equal, according to eq 10.35,36 In this
equation, Π is the osmotic pressure in bar, R is the gas constant
in L·bar−1·K−1·mol−1, T is the temperature in K, Vw is the
molar volume of water (0.0181 L·mol−1),37 and aw is the water
activity (0.974).

Π=− RT
V

aln
W

w
(10)

Water activities are reported in the literature for every solute
used in the draw solution as a function of the molality for
NaCl,38 MgCl2,

34 MgSO4,
39 Na2SO4,

39 TSC,38 and sucrose.40

To convert molality into molarity, eq 11 can be used, where M
is the molarity in mol·L−1; m is the molality in mol·kg−1; ρ is
the density in kg·L−1 at the given concentration for NaCl,41

MgCl2,
41 MgSO4,

41 Na2SO4,
41 TSC,38 and sucrose;40 and Mw

is the molar mass in kg·mol−1. In Table 2, the determined

concentrations in molarities are given and the corresponding
literature references for the density and activity data as a
function of the molality used in this study.

ρ= ·
+ ·

M
m
m M1 W (11)

The structural parameter of the membrane support was
determined using eq 12,42 and the concentration polarization
modulus was calculated using eq 13.43

π
π

=
+ ·

+ + ·

i

k
jjjjjj

y

{
zzzzzzS

D
J

B A

B J A
ln

W

D,b

W F,m (12)

π
π

= − ·e J S DD,a

D,b

/W

(13)

In eqs 12 and 13, coefficient S is the structural parameter in m,
A is the water permeability coefficient of the membrane in m3·
m−2·s−1·bar−1, B is the salt permeability coefficient in m·s−1, D
is the diffusion coefficient in m2·s−1, JW is the water flux in m3·

Table 1. Diffusion Coefficients of All Salts at a
Concentration of 5 mM That Are Used for the Retention
Measurements

type of salt
diffusion coefficient (m2·s−1) × 109 at a

concentration of 5 mM reference

MgCl2 1.14 29
NaCl 1.56 30
MgSO4 0.71 31
Na2SO4 1.12 32
Na3C6H5O7 1.03 33

Table 2. Determined Molarities of the Various Draw
Solutions Calculated from the Molality and Density Given
from the Corresponding Literature at a Water Activity of
0.974 and at 25 °C

type of salt molarity (mol·L−1) molality (mol·kg−1) density (kg·L−1)

NaCl 0.76 0.77 1.028
MgSO4 1.28 1.30 1.081
MgCl2 0.50 0.51 1.036
Na2SO4 0.71 0.72 1.082
Na3C6H5O7 0.63 0.67 1.111
sucrose 0.98 1.27 1.124
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m−2·s−1, πD,b is the bulk osmotic pressure of the draw solution
in bar, πD,A is the osmotic pressure at the draw side in the
support at the active layer in bar, and πF,m is the osmotic
pressure of the feed solution at the membrane surface in bar.
The osmotic pressure, πF,m, on the membrane surface of the
feed solution is assumed to be zero since deionized water is
used.
Forward Osmosis Micropollutant Retention. The

retention of micropollutants in forward osmosis was performed
by dissolving 3 mg·L−1 of each micropollutant (atenolol,
atrazine, bisphenol A, bromothymol blue, naproxen, phenolph-
thalein, and sulfamethoxazole) in demineralized water. The
feed containing the micropollutants was adjusted to a pH of
5.8 using 0.1 M HCl and 0.1 M NaOH solutions and flown
through the inside (lumen side) of the hollow fiber facing the
active layer in the same manner as the FO performance
measurements. To study the effect of charge of the organic
solutes, three different draw solutions were used: TSC,
Na2SO4, and sucrose. These solutions are flown at the outside
(shell side) of the hollow fiber under the same conditions as
the other forward osmosis experiments described in the
previous section. After 24 h, samples of the draw solution are
taken and analyzed by high-performance liquid chromatog-
raphy (HPLC) to determine the retention of the membrane.
The micropollutants permeate into a big volume, diluting the
permeate sample. To compensate for this, a dilution factor
(DF) is used when calculating the retention as described in a
study by Alturki et al.;14 the equations are shown below in eqs
14 and 15. In both equations, VD,t = t is the final volume of the
draw solution, VP is the total volume of permeated water,
CD,MP,t = t is the final concentration of micropollutants in the
draw solution, and CF,t = 0 is the initial micropollutant
concentration in the feed.

= =V

V
DF t tD,

P (14)

= − · =

=
R

C

C
1 DF t t

t

D,MP.

F, 0 (15)

■ RESULTS AND DISCUSSION
In this part, the experimental results are shown and discussed
in two sections. In the first section, the forward osmosis (FO)
results are discussed for two different polyelectrolyte multi-
layers (PEMs): [PSS/PAH]10 and [PSS/PEI]10, at which the
PSS/PAH-based PEM is built at 5, 50, and 500 mM NaCl and
PSS/PEI using 50 mM NaCl. These membranes are tested on

their FO performance in terms of water and reverse salt flux for
five different draw solutions: NaCl, MgSO4, MgCl2, Na2SO4,
and Na3C6H5O7 (trisodium citrate, abbreviated as TSC) at
equal osmotic pressures. In addition, all membranes are cross-
linked to study whether FO can benefit from cross-linking for
the various systems. In the second section, the PEM
membranes are tested for the application of micropollutant
retention in FO using TSC, Na2SO4, and sucrose draw
solutions. In both sections, the results will be compared to
(nanofiltration) NF results from Reurink et al.26 to study the
connection between PEM properties and FO performance.

FO Performance of PEM Membranes Using Different
Draw Solutions. The PEM membranes used are the same
membranes as a previous study26 in which their NF
performances were measured. To obtain a good understanding
of how these PEM membranes perform in FO using different
draws, their separation properties in NF should be first
understood. For this reason, some properties obtained from
the NF study like pure water permeability, salt retention, and
ζ-potential are summarized in this first part. In Table 3, the
pure water permeability and the salt retention for the various
salts are given. From these results, it can be clearly seen that
the permeability decreases when the salt content increases in
the deposition solutions for the PSS/PAH membranes due to
the formation of thicker layers. In addition, PSS/PEI shows the
lowest permeability due to its denser structure in comparison
to PSS/PAH, as shown in Table 3. When looking at the salt
retention, it is observed that for both PSS/PEI and PSS/PAH
constructed at 50 mM NaCl, MgSO4, and TSC, retentions are
high >98%. However, the main difference can be found in the
retention toward MgCl2 and Na2SO4, where PSS/PAH has
high retentions (>98%) toward MgCl2, whereas PSS/PEI has
high retention (>98%) toward Na2SO4. This is because PSS/
PAH has a positively charged surface and bulkthe effective
excess charge within the bulk of the PEMsand PSS/PEI is
negatively charged with corresponding ζ-potentials of 18 ± 6
and −26 ± 9 mV, respectively, for the PEMs built at 50 mM
NaCl, as determined at a pH of 6 in a previous study.26 The
NF results show that both the permeability and salt retention
differ greatly per PEM and salt concentration used in the
deposition solutions when the PEMs are build.
With the basic performance of the PSS/PAH and PSS/PEI

PEM membranes in NF operation known, FO results can be
better interpreted for the various draw solutions. As discussed
in the Introduction section, several studies on PEM
membranes for FO have used a MgCl2 draw solution. Using
MgCl2 has the advantage that the osmotic pressure of the

Table 3. Pure Water Permeabilities and Salt Retentions for [PSS/PAH]10 PEM Membranes Constructed at 5, 50, and 500 mM
Salt and [PSS/PEI]10 PEM Membranes Constructed at 50 mM NaCl in the NF Modea

PEM
permeability

(L·m−2·h−1·bar−1)
retention NaCl

(%)
retention MgSO4

(%)
retention MgCl2

(%)
retention Na2SO4

(%)
retention TSC

(%)

[PSS/PAH]10 22 ± 0.5 28 ± 3.0 28 ± 1.2 47 ± 1.7 20 ± 0.6 83 ± 1.4
5 mM
[PSS/PAH]10 9.4 ± 0.1 53 ± 2.7 97.2 ± 0.13 98.5 ± 0.17 86 ± 1.0 98.8 ± 0.05
50 mM
[PSS/PAH]10 5.8 ± 0.2 80 ± 0.5 92 ± 0.8 97.9 ± 0.16 52 ± 2.0 97.9 ± 0.16
500 mM
[PSS/PEI]10 3.8 ± 0.2 85 ± 1.4 98.3 ± 0.56 56 ± 0.5 99.2 ± 0.13 99.4 ± 0.03
50 mM

aErrors are standard deviations of five different PEM membrane samples. The retention data for NaCl, MgSO4, MgCl2, and Na2SO4 are taken from
Reurink et al.,26 and retention data for TSC is measured in this study.
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resulting draw solution is higher at similar molarities than the
osmotic pressure produced by NaCl, as also shown in Table 2
in the Materials and Methods section. However, no study has
yet provided a clear understanding of why certain PEM
membranes are rejecting a specific draw solution well. For this
reason, this study makes a much more detailed comparison
between PEM structure, NF performance, and FO perform-
ance. In Figure 1A,B, the water and reverse salt fluxes of the
PSS/PAH and PSS/PEI membranes constructed at 50 mM are
plotted for various draw solutions that have equal osmotic
pressures of 36 bar. These two PEM systems were chosen for
comparison in this study because of their distinctive difference
in bulk and surface charge and the resulting salt retentions
when applied for NF membranes, as also demonstrated in
Table 3. Focusing first on the reverse salt fluxes, it is observed
that the reverse salt flux for PSS/PAH is the lowest for the
MgCl2 draw solution (7.9 g·m−2·h−1). The divalent cation,
Mg2+, can be better rejected by PSS/PAH-based PEM
membranes due to the high amount of positive charge present
within that specific PEM,44,45 as also described in the previous
section. For PSS/PEI, which is negatively charged, the lowest
reverse salt fluxes are found for Na2SO4 (5.2 g·m−2·h−1) and
TSC (1.1 g·m−2·h−1) draw solutions. The negative multivalent
anions in these draws are repelled very well by the negatively
charged PSS/PEI PEM membrane.
Regarding NaCl, the most commonly used draw solution in

the literature, it is seen that for both PEMs, the NaCl reverse
salt flux is very high with a salt flux of >300 g·m−2·h−1 for PSS/
PAH and >200 g·m−2·h−1 for PSS/PEI, as expected for NF-
type membranes. For PSS/PAH, the reverse salt flux for
Na2SO4 is the highest after NaCl due to the positive charge of
the PEM. However, overall, there is no extreme variation
between the reverse salt fluxes of multivalent anion- or cation-
containing salt types, indicative of dielectric-exclusion behavior
for PSS/PAH membranes. For the PSS/PEI membranes, a
more charge-dependent reverse salt flux behavior is observed
with a very high MgCl2 salt flux (101 g·m

−2·h−1) in comparison
to very low fluxes for salts containing a multivalent anion,
indicating a more Donnan-exclusion type of behavior. It is
noticed that the reverse MgSO4 flux for both PEMs is higher
than the MgCl2 and Na2SO4 reverse salt fluxes for PSS/PAH
and PSS/PEI, respectively. This is probably due to MgSO4
having a divalent cation as well as a divalent anion since PSS/
PAH is positively charged, the sulfate will have a higher affinity

for the PEM than the monovalent counterpart, which can drag
the magnesium along. Here, the reverse argument holds for the
PSS/PEI PEM with a MgSO4 draw, where magnesium will
probably drag the sulfate through the PEM.
However, it should be noted that although the osmotic

pressures of the draw solutions are equal, the salt
concentrations differ. This difference can impact the salt flux,
and it is expected that when the membranes are evaluated
using equal salt concentrations the MgSO4 and MgCl2 salt
fluxes will decrease and increase, respectively. This is due to
the salt concentration of MgSO4 being the highest at 1.28 M
and MgCl2 being the lowest at 0.50 M, as listed in Table 2.
Additionally, all salt fluxes are given in mol·m−2·h−1 in Figure
S1, where the same trends are observed.
The results from the reverse salt fluxes for both multilayers

are in line with the known surface and bulk charge measured
by Reurink et al.26 of the PEM-based membranes and the salt
retention results obtained in NF. Clearly, salt rejection results
obtained in the NF mode provide a good prediction for the
reverse salt fluxes in the FO mode. Moreover, these results
show that it is crucial to couple the right draw solution to the
appropriate PEM to obtain low reverse salt fluxes.
The water fluxes for the PSS/PAH- and PSS/PEI-based

PEM membranes in the FO mode using various draw solutions
are also shown in Figure 1. Although the osmotic pressure of
36 bar is equal for all draws, the water flux still varies with
every PEM and draw combination. In FO, besides the
resistance in the active layer, dilutive ICP (schematically
illustrated in Figure 2) and the magnitude of the reverse salt
flux all determine the resistance and, therefore, the water flux.
In this study, the water permeability for PEMs is high (>2 L·
m−2·h−1·bar−1), and therefore, the interplay between the
structural parameter (described in eq 12),13 the type of salt,
and the reverse salt flux determines the main water fluxes in
FO. This can be seen for PSS/PAH with a NaCl draw and
PSS/PEI for NaCl, MgSO4, and MgCl2 draw solutions. With
these draws, the salt flux is relatively high and the water flux
relatively low in comparison to other draw solutions. For draw
solutions that have a low reverse salt flux, it is indeed observed
that the water fluxes are relatively higher. Here, Na2SO4, TSC,
and MgCl2 (only for PSS/PAH) show the right combination of
low reverse salt flux and high water flux. This indicates that a
draw is needed that is small enough to have a high diffusion
but also big enough to be retained. This tradeoff can be

Figure 1. Water fluxes (solid bars on the left y-axis) and salt fluxes (patterned bars on the right y-axis) of various FO measurements at which a
demineralized feed was used facing the active layer (FS-AL) and a draw solution with an osmotic pressure of 36 bar. PSS/PAH (A) and PSS/PEI
(B) PEM membranes built at 50 mM tested for various draw solutions at equal osmotic pressures. Error bars are standard deviations of five
different PEM membrane samples.
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observed for PSS/PEI using a TSC and Na2SO4 draw, where
the former has a lower reverse salt flux but also a lower water
flux.
The main resistance in a FO membrane can be quantified by

the structural parameter, as shown in eq 12, that encompasses
all of the main resistances of the FO membrane. Moreover, this
huge support resistance can be made more tangible by showing
the difference between FO and NF, where the same water
fluxes in NF can be obtained using only 2−4 bar of hydraulic
pressure depending on the PEM type instead of 36 bar of
osmotic pressure. The structural parameters of the supports
used in this study for the PSS/PAH and PSS/PEI membranes
constructed at 50 mM NaCl are given in Table 4. From the

different structural parameters, it is seen that the value ranges
from 300 to 950 μm, varying a bit per PEM and type of draw
solution used. The corresponding concentration polarization
modulus, calculated using eq 13, is between 0.07 and 0.21,
meaning that the osmotic pressure on the surface of the active
layer is magnitudes lower than the bulk osmotic pressure,
indicating a large dilutive ICP. In addition, the different
diffusion coefficients of the separate draw solutions also have
an influence on the severity of ICP. One of the possible
reasons that the variance of the structural parameter is so large
for the different PEM membranes is that the inside of support
is also coated during the PEM fabrication process. This
influences the affinity of the support toward the different draw
solutions, resulting in varying structural parameters. Moreover,
the assumption that the solute concentration on the feed side

of the membrane surface is zero is not completely true for
PEM membranes. This is because the reverse salt flux depends
on the type of PEM and the type of draw solution; the
structural parameters will therefore also vary. A higher reverse
salt flux will lead to an overestimation of the structural
parameter.
The salt concentration during PEM buildup can have

significant effects on PEM properties. Here, we focus on PSS/
PAH and the influence on FO performance on the difference
in the salt concentration used during the buildup. A
comparison is made using two different draw solutions,
namely, MgCl2 and TSC, and with the PSS/PEI PEM, as
shown in Figure 3A,B. From our previous NF study,26 it is
known that the PEM built at 5 mM NaCl has defects, and in
this study, it is seen that the reverse salt flux becomes much
lower when the PEM is built at either 50 or 500 mM NaCl due
to the PEM becoming defect-free. Interestingly, looking at
Figure 3A, for a MgCl2 draw the water flux is the lowest for the
defective membrane indicating, as already mentioned in the
previous section, that a too high reverse salt flux causes a loss
in driving force of water, i.e., osmotic pressure. This behavior
can also be observed when PSS/PAH is compared to PSS/PEI,
where PSS/PEI has a higher reverse MgCl2 flux than PSS/PAH
PEM membranes, resulting in relatively lower water fluxes.
Moving on to Figure 3B, a TSC solution is used as the draw

instead of MgCl2. For the PSS/PAH-based membranes, it is
observed that the reverse salt flux for the 50 and 500 mM
constructed PEMs is relatively low and the water flux clearly
decreases with increasing salt concentration due to an increase
in PEM thickness.46 This is something not observed for the
MgCl2 draw solution due to the high reverse salt flux for the
PEM constructed at 5 mM. For the TSC draw, it is observed
that the water fluxes are relatively similar to those for the
MgCl2 draw and are around 20 L·m−2·h−1 independent of the
type of PEM. However, when the water flux decreases for the
PSS/PAH system, the salt flux also decreases when the TSC
draw solution is used, something not observed with the MgCl2
draw solution. Furthermore, the molar salt fluxes are given in
Figure S2, where the same trends are observed. Overall, in
comparison with other FO membranes in the literature, the
PEM membranes show water fluxes that are on the high side of
around 20 L·m−2·h−1 of what is reported.47

Subsequently, we studied whether cross-linking can improve
the FO performance of the used PEM membranes, as shown in
Figure 4 for PSS/PAH (A) and PSS/PEI (B). Here, the salt
flux against the water flux is plotted to study the influence of
cross-linking on both fluxes. For PSS/PAH PEM membranes,
it is known from our previous study,26 as also shown in Table
5, that the salt retention in the NF mode toward anions
increases upon cross-linking with glutaraldehyde. Similar
behavior is observed for the FO performance for which the
reverse salt flux goes down for Na2SO4, MgSO4, and TSC,
while the reverse salt flux for MgCl2 remains unaltered. For
PSS/PEI, shown in Figure 4B, the water flux decreases and all
salt fluxes, except the TSC flux, decrease upon cross-linking,
less in line with the salt retention measured in the NF mode, as
shown in Table 5, where only increased retention for MgCl2
was observed. Important to note is that for the PSS/PEI
system, the MgCl2 results are excluded from the figure because
the salt fluxes (101 and 52 g·m−2·h−1 for a non- and cross-
linked PSS/PEI PEM membrane, respectively, at water fluxes
of 15 and 14.7 L·m−2·h−1) are too high for a clear comparison
to PSS/PAH. In Figure S3, the molar salt fluxes are plotted,

Figure 2. Schematic illustration of dilutive internal concentration
polarization (ICP) occurring in the PEM membranes in this study. In
this illustration, πD,b is the bulk osmotic pressure of the draw solution,
πD,a is the draw side active layer osmotic pressure, and πF,m is the feed
osmotic pressure on the membrane surface.

Table 4. Structural Parameter for Different Draw Solutions
of the [PSS/PAH]10 and [PSS/PEI]10 PEM Membranesa

type of salt

structural parameter (μm) structural parameter (μm)

[PSS/PAH]1050 mM [PSS/PEI]1050 mM

NaCl 907 ± 330 634 ± 208
MgSO4 487 ± 112 429 ± 234
MgCl2 466 ± 172 440 ± 157
Na2SO4 395 ± 117 301 ± 118
Na3C6H5O7 518 ± 121 352 ± 90

aErrors are standard deviations from five different PEM membrane
samples.
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and here, it can be clearly seen that the reverse molar salt flux is
the lowest using TSC as the draw solution for both PEMs.
When the water and salt fluxes are known, the reverse salt

flux selectivity (RSFS) can be determined, as described by eq
9. The RSFS (L·g−1) is the ratio between the water and reverse
salt fluxes and tells how much water has permeated per mass of
the draw solution lost. For both PSS/PAH and PSS/PEI, it is
determined that no significant increase in RSFS is observed
upon cross-linking due to both water and salt fluxes going
down. Overall, it depends per PEM and type of draw solution,
what effect cross-linking has on a final PEM modified
membrane in FO. Although cross-linking has no pronounced
effect on selectivity, it could still be of interest to lower the

reverse salt flux, which is indeed possible for some PEM and
draw combinations. Moreover, it is most likely that cross-
linking has a beneficial effect on the stability of the PEM
membrane.
When NF performances are compared to FO performances

in terms of water and reverse salt fluxes for PEM membranes,
the trends are similar. This especially means that when high
retention (>98%) is measured for a certain type of multivalent
salt in NF, this will result in a low reverse salt flux in FO.
However, for NaCl, this trend cannot be concluded since a NF
retention of 85% for the PSS/PEI PEM membrane still
resulted in a reverse salt flux higher than 200 g·m−2·h−1. This
demonstrates again that the interplay between the draw type

Figure 3. Water fluxes (solid bars on the left y-axis) and salt fluxes (patterned bars on the right y-axis) of various FO measurements at which a
demineralized feed was used facing the active layer (FS-AL) and a draw solution with an osmotic pressure of 36 bar. Using MgCl2 (A) as a draw
solution and TSC (B) for PSS/PAH (built at 5, 50, and 500 mM, black columns) and PSS/PEI (built at 50 mM, blue columns). Error bars are
standard deviations of five different PEM membrane samples.

Figure 4. Salt flux as a function of the water flux for PSS/PAH (A) and PSS/PEI (B) PEM membranes for a variety of draw solutions: MgSO4, blue
and square symbols; MgCl2, black and triangle symbols; Na2SO4, green and diamond symbols; and TSC, yellow and circle symbols. The non-cross-
linked (non-CL) PEM membranes have solid symbols, and the cross-linked (CL) PEM membranes have open symbols. Error bars are standard
deviations from five different membrane samples.

Table 5. Water Permeabilities and Salt Retentions for Cross-Linked (CL) PEM Membranes for [PSS/PAH]10 and [PSS/PEI]10
PEMs Constructed at 50 mM NaCl in the NF Modea

cross-linked
PEM NF

permeability
(L·m−2·h−1·bar−1)

retention NaCl
(%)

retention MgSO4
(%)

retention MgCl2
(%)

retention Na2SO4
(%)

retention TSC
(%)

[PSS/PAH]10 9.4 ± 0.1 53 ± 2.7 97.2 ± 0.13 98.5 ± 0.17 86 ± 1.0 98.8 ± 0.05
50 mM 7.5 ± 0.3CL 50 ± 1.5CL 98.6 ± 0.46CL 97 ± 0.5CL 98.4 ± 0.63CL 99.2 ± 0.07CL

[PSS/PEI]10 3.8 ± 0.2 85 ± 1.4 98.3 ± 0.56 56 ± 0.5 99.2 ± 0.13 99.4 ± 0.03
50 mM 3.5 ± 0.1CL 89 ± 1.4CL 98.8 ± 0.17CL 73 ± 1.1CL 99.1 ± 0.09CL 99.6 ± 0.01CL

aErrors are standard deviations of five different PEM membrane samples. The retention data for NaCl, MgSO4, MgCl2, and Na2SO4 are from a
previous study,26 and retention data for TSC is measured in this study.
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and type of PEM is key for obtaining good FO results. From
this comparison, it can be concluded that NF salt retention
measurements can be a good indication of the amount of
reverse salt flux. In addition, to accomplish a low reverse salt
flux below 1.1 g·m−2·h−1 with PEM membranes, a salt
retention of at least 99% should be measured in NF
experiments, for example, the retention and reverse salt flux
for TSC using a PSS/PEI PEM membrane.
PEM Membranes for the Separation of Micro-

pollutants in FO. In the previous part, the relation between
PEM structure and FO performance has been studied. In this
section, the constructed PSS/PAH- and PSS/PEI-based PEM
membranes are evaluated for their ability to reject micro-
pollutants (MPs) in FO when different draw solutions are
used. In this study, MPs that are emerging in our water
bodies48 are used to test how well these contaminants can be
removed by FO using PEM membranes. The mix contains
different MPs that vary in molecular weight (200−650 Da) and
charge, being either negatively, positively, or uncharged at the
chosen pH of 5.8. The mix also contains two pH indicators,
phenolphthalein and bromothymol blue, for a slightly larger
molecular weight distribution. For this part, only the PSS/PEI
PEM membranes were used in either cross-linked or non-
cross-linked form since these showed the highest retention in
the NF mode, as shown in Figure 5.
The MP retention shown in Figure 5 is measured in the NF

mode for a non-cross-linked and a cross-linked PSS/PEI PEM
membrane, and it can be seen that overall high retentions are
obtained. Moreover, no distinct difference is seen between the
overall MP retentions of the non-cross-linked and cross-linked

PEM membranes, a similar trend to the RSFS. When looking
at the similar trends shown for the reverse salt fluxes with
respect to the salt retentions, it is expected that the MP
retention in FO is also high for PSS/PEI-based PEM
membranes. In addition, it could be that the MP retention
in FO is even higher since the reverse salt flux can have a
positive influence on the retention of organic solutes due to
retarded forward diffusion.18 Unfortunately, using the setup in
this study, the MP retention could only be measured by taking
samples from the draw solution. This means that the already
low concentration of MPs is further diluted by the volume of
the draw solution. In Table 6, the MP retention in FO for non-
cross-linked and cross-linked PSS/PEI PEM membranes is
given. Due to the dilution of MPs, the detection limit (DL)
resulting from the limit of detection (LOD) is given for all
MPs except atenolol and atrazine (for the non-cross-linked
PEM).
Table 6 shows that except for atenolol, the overall MP

retention is at least above the detection limit of around 90%,
meaning that also in FO most MPs are retained very well by
the PEM membranes. The difference in LOD is due to the
varying dilution factors because the PEMs have different water
fluxes. The lower LOD with respect to retention, due to
accounting for the dilution factor, does not allow a fair
comparison of the MP retention in the NF mode. Interestingly,
the retention of atenolol using TSC as the draw solution is
−211%, meaning that the forward flux of atenolol is higher
than the water flux. We attribute this observation to a
phenomenon called Donnan dialysis. In this case, it means that
the positively charged atenolol is exchanged with the sodium

Figure 5. Retention of micropollutants by non-cross-linked (solid columns) and cross-linked (patterned columns) [PSS/PEI]10 PEM membranes
in NF, measured at a hydraulic pressure of 6.2 bar and a crossflow velocity of 1 m·s−1. Error bars are standard errors from five different membrane
samples.

Table 6. Retention of Micropollutants by Non-Cross-Linked and Cross-Linked [PSS/PEI]10 PEM Membranes in FO Using the
TSC Draw Solution with an Osmotic Pressure of 36 bara

[PSS/PEI]10 [PSS/PEI]10cross-linked

NF retention (%) FO retention (%) NF retention (%) FO retention (%)

atenolol 94 ± 0.2 −211 ± 25 97 ± 0.2 −239 ± 33
atrazine 98.4 ± 0.13 91 ± 0.9 97.5 ± 0.23 >90 ± 5.8
bisphenol A 94 ± 0.4 >87 ± 5.4 94 ± 0.4 >93 ± 5.4
phenolphthalein 97.9 ± 0.21 >88 ± 5.4 98.3 ± 0.24 >84 ± 5.4
bromothymol blue 100 >77 ± 4.7 100 >70 ± 4.5
sulfamethoxazole 95 ± 0.3 >88 ± 5.4 92 ± 0.3 >85 ± 5.5
naproxen 100 >88 ± 5.4 99.0 ± 0.14 >85 ± 5.5
bezafibrate 99.9 ± 0.02 >91 ± 5.6 99.8 ± 0.12 >88 ± 5.7

aErrors are standard deviations from three different membrane samples, and the error in the LOD stems from the difference in dilution factors.
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ions in the TSC draw solution due to the negatively charged
bulk and surface charge of the PSS/PEI PEM membrane.49

Since the concentration of sodium ions is very high in the
draw, a rapid exchange between atenolol occurs, leading to
such high forward fluxes of atenolol. Since Donnan dialysis is a
process in which, in this case, the individual cations are
transported, a way to prove that Donnan dialysis is happening
is by comparing to another MP (atrazine) that is uncharged,
still within the limit of detection, and by changing the draw
solution.
The draw solution is changed from TSC to Na2SO4 and to

sucrose, as shown in Figure 6. For atenolol, no difference in

retention is observed between TSC and Na2SO4 since the
exchange for both is governed by the sodium ions.50 When the
draw is changed to sucrose, any form of cation−atenolol
exchange should be substantially reduced, and subsequently,
atenolol retentions are expected to increase. Indeed, the
atenolol retention increases significantly to 55% for the non-
cross-linked PSS/PEI PEM membrane when sucrose is used as
the draw solute. This indicates that Donnan dialysis takes
place, increasing atenolol transport, when TSC- and Na2SO4-
based draw solutions are used.
To summarize, generally, MPs are rejected well with

retentions above 90% in FO when a PSS/PEI-based PEM
membrane is used. When no Donnan dialysis occurs, the
retentions for MPs are in line with the retentions measured in
the NF mode, which can therefore give an indication for MP
retention in FO. However, it is also observed that for atenolol,
the positively charged MP, Donnan dialysis occurs when draw
solutions containing sodium ions are used due to the PSS/PEI
PEM having a negative surface and bulk charge. When a draw
solution of sucrose is used, atenolol retention increases sharply
to positive values without affecting other MP retentions. This
creates the possibility of selectively separating positively,
negatively, and uncharged organic solutes from each other.

■ CONCLUSIONS
This work describes and highlights the clear connection
between PEM membrane properties and draw type on FO
performance. It demonstrates that PEM-based membranes can
perform well in a FO process, as long as the right combination
of PEM and draw solution are selected to obtain low reverse
salt fluxes and high water fluxes. Two types of PEMs were
investigated, PSS/PAH and PSS/PEI, where the bulk and
surface charge of the first is positive and that of the second is

negative. The overall charge of the PEM is found to be crucial
for the choice of draw solution, where low reverse salt fluxes
were obtained with TSC and Na2SO4 using a PSS/PEI PEM
membrane and with MgCl2 and MgSO4 using a PSS/PAH
PEM membrane. The water fluxes measured in FO for PEM
membranes are relatively high and depend on the interplay
between the PEM and draw type if high water and low reverse
salt fluxes can be obtained. Permeability tests in NF do not
follow the same trend as the water fluxes measured in FO. On
the other hand, salt retentions measured in NF are a good
indication of reverse salt fluxes in FO. When salt retentions
above 99% are obtained, reverse salt fluxes in FO are as low as
1.1 g·m−2·h−1. Cross-linking was demonstrated to lower the
water and reverse salt fluxes; however, the reverse salt flux
selectivity was not affected. The rejection of MPs from the feed
stream using FO shows that, except for atenolol, MPs are
rejected at least above 90%, in line with retentions measured in
the NF mode. For positively charged atenolol, a negative
retention of −211% was measured using a PSS/PEI PEM
membrane and TSC and Na2SO4 draw solutions. The negative
retention is due to the occurrence of Donnan dialysis, where
atenolol is exchanged by the sodium ions of the draw solution.
When the draw solution was changed to sucrose, retention for
atenolol increased sharply to positive values. This show also
that the fluxes of charged organic solutes can be controlled by
choosing the right PEM and draw combination. Overall, this
work demonstrates that the right combination of PEM and
draw type is key to obtaining low reverse salt fluxes and low
fluxes of organic solutes for good FO performance.
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and sucrose draw solutions at equal osmotic pressures. Error bars are
standard deviations from three different membrane samples.
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