
Separation and Purification Technology 264 (2021) 118430

Available online 7 February 2021
1383-5866/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Single-step synthesis of a polyelectrolyte complex hollow-fiber membrane 
for forward osmosis 

M. Mohammadifakhr a, J. de Grooth a,c, K. Trzaskus b, H.D.W. Roesink a, A.J.B. Kemperman a,* 

a Membrane Science and Technology, Faculty of Science and Technology, Mesa+ Institute for Nanotechnology, University of Twente, P.O. Box 217, 7500 AE Enschede, 
the Netherlands 
b Department of Research and Development, Aquaporin A/S, Nymøllevej 78, 2800 Kongens Lyngby, Denmark 
c Films in Fluids, Faculty of Science and Technology, Mesa+ Institute for Nanotechnology, University of Twente, P.O. Box 217, 7500 AE Enschede, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Forward osmosis 
Hollow-fiber membranes 
Polyelectrolyte complex 
Selective layer deposition 
PSS 
PDADMAC 

A B S T R A C T   

We present the simultaneous synthesis of a hollow fiber membrane with a selective layer created by means of 
polyelectrolyte complexation (PEC), to be used as a membrane in forward osmosis. The aim of this single-step 
approach was to create a defect-free robust selective layer and circumvent the challenges associated with 
coating via interfacial polymerization. The nascent hollow fiber membrane with a PEC layer was characterized 
by SEM imaging as well by determining the streaming potential and pure water permeance. We also evaluated 
several electrolytes as potential draw solutes in combination with the developed membrane and selected triso-
dium citrate (TSC) as it showed a very high rejection of 97 ± 2%. Using 1 M TSC as draw solution showed 
promising osmotic performance in selective layer facing feed solution (FO) mode, having a water flux of 7.8 ±
0.2 (L⋅m− 2⋅h− 1) and a reverse salt flux of 2.1 ± 0.7 (g⋅m− 2⋅h− 1). A significantly higher reverse salt flux of was 
gained in PRO mode which was attributed to the high ionic strength of the charged draw solute near the PEC 
layer. It is highlighted that the choice of draw solute as well as process orientation (FO or PRO mode) are crucial 
for charged selective layers such as our PEC selective layer. We conclude that our approach shows substantial 
promise for use in FO processes using TSC as the draw solution. In addition, the taken approach successfully 
eliminates the time-consuming and challenging extra step of coating hollow fibers through interfacial poly-
merization, opening up opportunities for the cost-effective synthesis of FO hollow-fiber membranes.   

1. Introduction 

The forward osmosis (FO) principle benefits from the movement of 
water from a dilute solution (feed) towards a concentrate solution 
(draw) based on the osmotic pressure gradient [1]. Forward osmosis 
(FO) can be used in various applications such as seawater desalination 
[2], food processing [3–5], and wastewater treatment [6]. One of the 
advantages of FO is the usage of waste or low-quality energy (e.g., high 
saline brine or residual heat) instead of clean energy (electricity). A 
major obstacle for FO membranes is the internal concentration polari-
zation (ICP) occurring inside the support. This is due to the support 
showing resistance toward mass transport leading to a lower osmotic 
pressure (driving force) [7]. The severity of ICP is affected by several 
parameters such as support properties [8], the orientation of the FO 
process [9] and the draw solution [10]. Another challenge is the reverse 
salt flux which is basically the diffusion of the draw solutes into the feed 

solution, which needs to be as low as possible. Typically a highly 
concentrated draw solution is used (>0.5 M) in order to have a 
reasonable osmotic water flux [11]. However, this high concentration 
increases the chance of the draw’s solute passage to feed solution [12] 
which is highly unfavorable. The reversed salt flux leads to a reduction 
in driving force and consequently a drop in the osmotic water flux 
[12–14]. Therefore, a highly selective layer is essential for FO mem-
branes which ensures both a low salt flux as well as a high osmotic flux 
[15]. In addition, the choice of draw solutes is crucial, especially for 
polyelectrolyte-based membranes where the charge of the solute in-
fluences the rejection of the selective layer [16]. 

Currently, thin-film composite membranes prepared by interfacial 
polymerization (IP) are the most common membranes used in FO pro-
cesses [17–20]. However, the IP procedure is a sensitive and challenging 
method with low reproducibility. This is because of its stringent 
dependence on various parameters such as experimental conditions, 
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choice of monomers, and the support’s surface properties [21,22]. A 
major issue associated with selective layer formation via IP is a lack of 
attachment to the support [23], which can happen for both flat sheets 
and hollow fibers. Delamination occurs if the selective layer does not 
penetrate sufficiently into the support’s surface pores [24]. A second 
obstacle is related to the monomers used in the IP reaction, commonly 
m-phenylenediamine (MPD) and trimesoyl chloride (TMC). For 
example, an excess amount of MPD on the support leads to defects in the 
selective (polyamide) layer as the excess MPD prevents the reaction 
from happening at the surface of the support, resulting in pin holes [25]. 
Excess MPD can be easily removed from flat sheets by using a rubber 
roller. With hollow fibers, removal typically is done by purging the 
excess MPD from the lumen side with a gas stream. If this gas purge is 
not long enough, droplets of the MPD solution may remain on the sup-
port’s surface; on the other hand, a very long gas purge may lead to 
drying out of the MPD solution [25]. Consequently, hollow fibers are 
more prone to defects in the selective layer on their inner surface than 
flat sheets. Moreover, flowing of the MPD or TMC solutions in the bore of 
the fiber leads to a pressure drop along the length of the membrane, 
which results in differences in the distribution of monomers near the 
surface. 

Although hollow fiber supports are more difficult to coat on the inner 
side, they have several inherent advantages over spiral wound (flat- 
sheet) membranes. Firstly, hollow fiber membranes have a much larger 
surface area per unit volume, which results in a higher productivity per 
unit volume of a membrane module [26]. In addition, as these modules 
are spacer-free, hollow fibers offer the advantages of low fouling ten-
dencies and easy cleaning [27]. Moreover, the flexibility in tuning the 
inner diameter of fibers makes them highly suitable for treating highly 
viscous solutions. 

To be able to benefit from the advantages of hollow fibers, a better 
preparation method for the selective layer is needed. One alternative is 
the use of a polyelectrolyte Layer-by-Layer (LbL) assembly, which re-
sults in polyelectrolyte multilayer membranes (PEMMs). The LbL as-
sembly method has proven successful for hollow fibers [28] and the use 
of PEMMs in FO has recently been studied [29–33]. PEMMs are prepared 
by the alternating adsorption of two oppositely charged polyelectrolytes 
on porous supports [34]. One advantage of thin-film formation by 
polyelectrolytes is the usage of water as solvent, which makes the whole 
process more environmentally sustainable. A second advantage is that 
this versatile and simple technique results in more control over the final 
thickness of the selective layer [35]. On the other hand, for the fabri-
cation of the PEMMs, multiple layers have to be deposited onto the inner 
surface of a fiber to achieve sufficient rejection [35]; this is time- 
consuming and might be expensive on an industrial scale. The second 
disadvantage is that PEMMs are not highly selective towards the 
commonly used NaCl draw solution. To the best of our knowledge, only 
one polyelectrolyte multilayer-based membrane has been reported in 
the literature so far that was prepared with this technique that showed a 
high rejection of small charged solutes (Na+, Cl− ), but only after 
chemical modification of the LbL layer [36]. 

Hence, different draw solutions could be favorable when poly-
electrolyte multilayer based selective layers are used to avoid a high 
reverse salt flux. These alternative draw solutions with larger hydrated 
radii include charged draw solutions such as MgCl2 [37,38], Na2SO4 
[39], MgSO4 [40,41] and trisodium citrate (TSC) [42,43] and uncharged 
solutions such as sucrose [43,44] and glucose [40,41,43,45]. Specif-
ically, for polyelectrolyte-based membranes one important property of 
the draw solution that must be considered is the charge of the solutes. 
Charged draw solutes influence the rejection of the polyelectrolyte- 
based selective layer and thus the reverse salt flux. This is because 
charged draw solutes can result in swelling of the polyelectrolyte layer 
and reduced charged-based solute exclusion [46], especially under high 
ionic strengths like with the draw solutions used in FO. Both result in 
lower rejection of the polyelectrolyte (PE)-based selective layer as well 
as higher reverse salt flux. In addition, Donnan dialysis is phenomenon 

that can occur when using charged draw solutes and leads to counter 
diffusion of two or more ions as well as the electrostatic interactions 
which would result in draw ions attracting the oppositely charged feed 
ions towards the draw solution side [47]. Both phenomena lead to 
movement of the draw solutes to the feed solution and charged species of 
the feed solution towards the draw solution which results in high reverse 
salt flux and low rejection of the ions present in the feed solution, 
respectively. The influence of charged draw solutes on the rejection by 
the selective layer is expected to be higher in PRO mode (selective layer 
facing draw solution) due to direct exposure of the selective layer to the 
draw solution. This influence must be lower in FO mode (selective layer 
facing feed solution) due to dilutive ICP which results in a much-diluted 
draw solution present at the selective layer. Therefore, a charged solute 
can lead to lower rejection and higher reverse salt flux as compared with 
an uncharged solute depending on the operation mode. The use of 
charged draw solutes then can be favorable for treating non-ionic so-
lutions while the uncharged draw solutes can be utilized for treating 
ionic wastewater solutions containing charged species such as e.g. 
charged micropollutants. Therefore, the draw solution for 
polyelectrolyte-based FO membranes should be chosen in accordance 
with the valency of the feed solution and the process orientation (FO or 
PRO mode). 

In this study, to avoid defects from IP-coating and time-consuming 
post-treatment steps, we try to produce the selective layer during spin-
ning in a single-step. This selective layer is produced by direct 
complexation of two PEs present in the spinning solutions. Due to the 
polyelectrolyte layer typically being in the nanofiltration (NF) separa-
tion range and using pure water as feed solution (uncharged solution), 
we limit ourselves to the use of a large and charged draw solution (TSC) 
in the FO and PRO experiments. The concept of using a single-step 
asymmetric NF hollow fiber membrane in the FO process has been 
already explored by Wang et al. [48]. To achieve the best performance of 
their NF membrane, they chose MgCl2 as draw solution after showing 
higher rejection in pressure-driven (RO) mode as compared with other 
salts tested (MgSO4, Na2SO4, NaCl). In another study, a single-step NF- 
like selective layer formation during support spinning was developed, 
involving cross-linking polyethylene imine (PEI) to the polyimide sup-
port [49,50]. More recently, single-step polyelectrolyte complex (PEC) 
hollow fibers with NF properties were prepared by using oppositely 
charged polyelectrolytes [51,52]. However, these PEC membranes were 
never intended for use in an FO process. 

In this paper, the PEC selective layer made in a single-step process is 
investigated via measurements of the streaming potential, pure water 
permeance, MWCO, and scanning electron microscopy. We then deter-
mine the rejection ability of the PEC membrane towards different salts in 
a pressure-driven (RO) filtration process. Moreover, we assess our 
membrane rejection against TSC at four different concentrations to 
evaluate the influence of ionic strengths on PEC layer rejection. Our 
approach successfully shows that a defect-free, simple, and high- 
performance FO hollow fiber can be developed. 

2. Experimental 

2.1. Materials 

Polyimide Matrimid® 5218 was purchased from Huntsman (USA). 
Trisodium citrate dehydrate (TSC) 98%, poly(4-styrenesulfonic acid) 
(PSS, Mw ~ 75,000 g⋅mol− 1 18 wt% solution), poly(dia-
llyldimethylammonium chloride) (PDADMAC, Mw ~ 400,000–500,000 
g⋅mol− 1 30 wt% solution), polyethylene glycol (PEG400, Mw ~ 400 
g⋅mol− 1), glycerol 86–89% solution, and MgCl2, Na2SO4, MgSO4, and 
NaCl were acquired from Sigma (Germany). All polyethylene glycols 
used for the MWCO determination were obtained from Sigma (Ger-
many). 1-methyl-2-pyrrolidinone (NMP; 99%) was supplied by Acros 
Organics (the Netherlands). Sulfonated polyethersulfone (SPESU) 
(GM0559/111) was obtained from BASF (Germany). All chemicals 
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except PSS (see section 2.2.) were used as received without further 
modification. 

2.2. Preparation of PEC Hollow-Fiber membranes 

Two different types of hollow fibers – bare fibers and coated fibers – 
were prepared using a dry-jet wet spinning technique [26]. The poly-
imide (PI) used as base polymer was air-dried in an oven at 100 ◦C for 24 
h prior to dope solution preparation. The 18 wt% PSS solution was 
completely dried in the drying oven at 100 ◦C for 24 h to obtain pure 
PSS. The dried PSS was ground for better mixing in the dope solution 
preparation. The polymer dope was prepared by mixing PI (16% w/w), 
SPESU (2% w/w), PSS (2% w/w), PEG400 (12% w/w) with NMP (68% 
w/w) in a bottle. The dope composition was based on the work of 
Dutczak et al. [49] and modified accordingly. A homogenous polymer 
solution was obtained after placing the bottle on a roller bench to allow 
overnight mixing. The solution was left in the polymer container of the 
spinning machine for 48 h at 65 ◦C for degassing prior to spinning the 
hollow fibers. The bore solutions were also prepared on the roller bench 
overnight and were left at room temperature for degassing. Table 1 
provides more details on bore compositions and spinning conditions. 
The newly spun fibers were rinsed for 72 h in deionized water prior to 
being post-treated for 24 h with 20% w/w glycerol aqueous solution to 
prevent pore collapse during drying. The fibers then were allowed to air- 
dry at ambient temperature for 24 h until further use. 

2.3. Module preparation 

The fibers were potted in a 16-cm-long module housing (potting 
resin: RenCast® FC 52/53 Isocyanate / FC 52 Polyol). These modules 
contained 38 fibers with an effective length of 10.7 cm for every single 
fiber; see Fig. 1. 

2.4. Membrane characterization 

2.4.1. Scanning electron microscopy 
The hollow fibers were fractured in liquid nitrogen to prepare sam-

ples for cross-section imaging. For inner surface sample preparation, the 
fibers were cut in half diagonally with a sharp razor blade. All samples 
were mounted on designated holders and stored in a vacuum oven at 
30 ◦C. The samples were sputter-coated with a 10-nm chromium layer 
(Q150T ES sputter coater; Quorum Technologies, UK) before micro-
scopy. The cross-section and surface images were obtained with a JEOL 
JSM-6010LA scanning electron microscope. 

2.4.2. Zeta potential and Debye length determinations 
The apparent zeta potential of the fibers was determined with a 

SurPASS electrokinetic analyzer (Anton Paar, Austria) at different pH 
values ranging from 3 to 11, using 5 mM KCl as the electrolyte solution. 
For this purpose, three fibers from each batch were selected and potted 
individually in a 7-cm-long tubing. The streaming potential was deter-
mined by flowing the electrolyte solution inside the lumen of the fibers 
[28], measured six times at each pH point, and then averaged. The pH 
was adjusted by automatic titration with 0.1 M HCl and 0.1 M NaOH. We 
calculated the zeta potential with Eq. (1). 

ζ =
dI
dP

η
εε0

Ls

As
(1) 

In this equation, ζ is the apparent zeta potential (V), I is the 
streaming current (A), P is the pressure (Pa), η is the dynamic viscosity of 
the electrolyte solution (Pa⋅s), ε is the dielectric permittivity of the 
water, ε0 is the dielectric permittivity in vacuum (F⋅m− 1), Ls is the 
channel length (m), and As is the cross-sectional of the streaming 
channel (m2). 

2.4.3. Pure water permeance measurements 
The pure water permeance (PWP) (L⋅m− 2⋅h− 1⋅bar− 1) of the fibers 

was derived from measurements in a dead-end, inside-out mode at 2 
bars (using compressed nitrogen), using Eq. (2). 

PWP =
V

tAΔP
(2)  

where V is the volume of collected permeate (L), t is the collecting time 
(h), A is the membrane’s inner surface area (m2), and ΔP is the pressure 
difference between the feed side and the permeate side of the membrane 
(bar). 

2.4.4. Salt rejection determinations 
The PEC membrane’s rejection of several salts (NaCl, MgCl2, MgSO4, 

Na2SO4, TSC; 500 mg⋅L− 1 aqueous solution; pH 5.8) was determined in a 
cross-flow filtration system at a transmembrane pressure of 1 bar. The 
cross-flow velocity in the module was set to 0.76 m⋅s− 1. For TSC, we 
determined the rejection ability of the PEC fiber at different concen-
trations of TSC. The rejection was calculated with Eq. (3) by measuring 
the conductivity of the feed solution and of the collected permeate. 

R =
(σf − σp)

σf
× 100% (3) 

In this equation, R is the salt rejection percentage (%), σf is the 
conductivity of the feed solution (μS⋅cm− 1), and σp is the conductivity of 
the permeate solution (μS⋅cm− 1). 

The water permeance (A) (L⋅m− 2⋅h− 1⋅bar− 1) was determined as 
follows: 

A =
V

tA(ΔP − Δπ) (4) 

Here, V is the permeate volume (L), t is the collection time (h), A is 
the effective area of the membrane (m2), ΔP is the transmembrane 
pressure difference (bar), and Δπ is the osmotic pressure difference 
between the feed and permeate. 

Table 1 
Spinning parameters for the preparation of Bare and PEC hollow fibers.  

Polymer dope: 16% (w/w) PI, 2% (w/w) SPESU, 2% (w/w) PSS, 12% (w/w) PEG400, 
68% (w/w) NMP 

Coagulant bath: Tap water at 65 ◦C    
Fibers Bore liquid composition (%) (w/w)    

NMP Glycerol H2O PEG400* PDADMAC 
Bare  50 25 25 – – 
PEC  – 20 45 30 5        

Spinning Dope temperature 65 ◦C   
condition Dope flow rate 3.9 mL⋅min− 1     

Bore temperature Ambient     
Bore flow rate 3 mL⋅min− 1     

Take-up speed 2.4 m⋅min− 1     

Air gap 10 cm     
Humidity  31%     
Temperature 22.5 ◦C    

* NMP was replaced with PEG400 in the bore used for PEC fibers to ensure 
PDADMAC solubility. 

Fig. 1. The module containing 38 fibers with a total membrane area of 
112 cm2. 
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The salt permeance (B) was determined after Yip et al. [53], with a 
mass transfer coefficient (K) (L⋅m− 2⋅h− 1) according to the Lévêque 
correlation for a fully developed laminar velocity profile in a tube [54]. 

B = Jw(
1 − R

R
)exp(−

Jw

K
) (5)  

2.4.5. Molecular weight cut-off estimation 
Two solutions containing a mixture of different polyethylene glycol 

(PEG) molecules were used to determine the molecular weight cut-off 
(MWCO). The first mixture contained PEGs with a molecular range of 
62–2,000 g⋅mol− 1, while the second had PEGs with a molecular range of 
4,000–35,000 g⋅mol− 1. The solutions were filtered in an inside-out 
configuration at the TMP of 2 bars and a cross-flow of 2 L⋅h− 1. The 
MWCO of a membrane is defined as the molecular weight at which a 
molecule is rejected for 90%. Gel permeation chromatography (GPC) 
was utilized to define the MWCO after analyzing the feed and permeate 
samples of the filtration test. The GPC was equipped with a size exclu-
sion column (Agilent 1200/1260 Infinity GPC/SEC series). The samples 
were fed at 1 mL⋅min− 1 to column of 1000 Å, 10 µm and a column of 30 
Å, 10 µm. The concentrations of the different PEGs were determined via 
refractive index measurements. 

2.4.6. Osmotic performance measurements 
The osmotic performance of the fibers was evaluated by orienting the 

membrane in both FO mode (selective layer facing the feed) and PRO 
mode (selective layer facing the draw). The tests were conducted in a 
counter-current configuration using either 0.5 M or 1 M TSC as draw 
solution with a cross-flow of 4.8 L⋅h− 1 per module for both FS and DS 
(corresponding to 5.8 cm⋅s− 1 for the lumen side). The experiment was 
carried out for 1 h; the water flux (Jw) was determined by measuring the 
water transferred from the feed solution to the draw solution per unit of 
(membrane) area per unit of time. The reverse salt flux (Js) was 

determined by measuring the feed solution’s conductivity per unit of 
(membrane) area per unit of time. The quantity of solute that passed to 
the feed side was measured with the aid of a calibration curve. 

The structural parameter (S) was estimated by a fitting method 
(simplified by neglecting ECP) [55,56] using Eq. (6) for FO mode, 

S =
D
Jw

ln
B + AπD

B + Jw + AπF
(6) 

and using Eq. (7) for PRO mode: 

S =
D
Jw

ln
B− Jw + AπD

B + AπF
(7) 

Here, Jw (L⋅m− 2⋅h− 1) is the osmotic water flow, D (m2⋅h− 1) is the 
solute diffusivity (1.7 × 10− 6 m2⋅h− 1 for TSC [57]), πD (bar) is the os-
motic pressure of the draw solution and πF (bar) is the osmotic pressure 
of the feed solution. 

3. Results and discussion 

3.1. The molecular weight cut-off and morphology of the fibers 

The molecular weight cut-off the PEC fibers was determined as 2.0 ±
0.30 kDa which categorizes the membranes in the nanofiltration regime. 

Fig. 2 displays SEM images showing the morphology the PEC fiber, 
while the morphology of the Bare fiber can be found in the supporting 
document. The inner diameter of the PEC fibers was 880 ± 40 µm and its 
wall thickness was 160 ± 10 µm. 

The presence of a polyelectrolyte complex (PEC) layer is evident in 
both the cross-sectional (Fig. 2 P-c) and surface images (Fig. 2 P-d). The 
observed roughness of the lumen side of the PEC fibers corresponds with 
the roughness of thick polyelectrolyte complexes reported elsewhere 
[51]. 

Fig. 2. SEM images PEC (P) fibers: a) cross section, b) magnified cross section, c) cross section of inner (selective) layer, d) lumen (inner) surface.  
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3.2. The zeta potential of the inner surface 

The zeta potential was determined on the inner surface of the fibers 
in the pH range of 3–11 to assess the surface charge (Fig. 3). Differences 
in the zeta potential give a clear indication of a successful coating of the 
inner surface of the fibers. Furthermore, examining the zeta potential of 
the fibers helps to elucidate the different solute rejection mechanisms, 
especially for membranes with a dense selective layer [58]. Whereas the 
zeta potential of the bare fiber was in the range of − 10 to − 45 mV, the 
PEC fiber showed a partly (depending on pH) positively charged surface, 
as indicated by its zeta potential range of +10 to − 30 mV. The PEC fiber 
has its isoelectric point at pH around 4.5 and exhibits a negatively- 
charged surface above pH 4.5. This zeta potential profile does not 
completely reflect the zeta-potential expected from PDADMAC. As 
PDADMAC is a strong polyelectrolyte, its charge is relatively indepen-
dent of pH in the range we are measuring [59]. The pH dependence 
observed in our experiments shows that the polyimide (PI), which does 
have a pH-dependent zeta potential, contributes to the observed final 
zeta potential of the PEC membrane. This is in contrast with post- 
modified Layer-by-Layer membranes, of which the zeta potential is 
mostly determined by the final polyelectrolyte coated [35]. The notable 
contribution of the PI to the zeta potential suggests that the PEC is an 
intrinsic part of the support as a result of the single-step preparation 
method, which indicates that the selective layer is robust. 

3.3. Salt rejection 

The bare fibers had a pure water permeance (PWP) of 55 ± 14 
(L⋅m− 2⋅h− 1⋅bar− 1), while the PEC fibers had a substantially lower PWP 
of 2 ± 0.6 (L⋅m− 2⋅h− 1⋅bar− 1). In addition to the zeta potential and the 
SEM images, this lower PWP also clearly indicates that a dense PEC layer 
was present. The rejection of the PEC fiber was determined by filtering 
different solutes in water. This was done to verify the effectiveness of the 
selective layer as well as to find a suitable solute for use as draw solution. 
The solute selection was made such that it covered different molecular 
weights and valencies. In nanofiltration, typically three main rejection 
mechanisms are considered: Donnan exclusion, dielectric exclusion, and 
size exclusion [60–62]. An important aspect in all these rejection 
mechanisms is that the solute concentration substantially influences its 
rejection. With increasing salt concentrations, lower solute rejection is 
to be expected, e.g. due to charge screening or Debye length reductions 
of the pores [63–65] as well as swelling of the PEC layer [46]. It is 
therefore important to consider rejection of the draw solute at different 
concentrations. Especially in PRO mode, high solute concentrations 
occur at the membrane surface due to concentrative ICP, whereas lower 
solute concentrations are present at the selective layer in FO mode 

because of dilutive ICP. 
Fig. 4 shows the salt rejection of the PEC fibers at a transmembrane 

pressure of 1 bar and a pH of 5.8. The bare hollow fiber demonstrated no 
rejection of any of the salts in our experiments (results not shown). The 
PEC hollow fiber membrane had a better ability to reject multivalent 
anions than multivalent cations, which can be attributed to Donnan and 
dielectric exclusion. This finding agrees with the zeta potential results, 
which indicated that the PEC fiber had a negatively charged surface at 
pH values above 5. 

The PEC membrane showed the lowest rejection towards NaCl (25 ±
13%) which is attributed to the nature of the PE selective layers as 
discussed before. A similar trend was observed for the PEC membrane 
produced from PSS/PDADMAC where the NF-like PEC membrane 
showed the lowest rejection for NaCl (around 30% at 2 bar) as compared 
with the other salts tested [51]. The solute rejection of our PEC mem-
brane increases for different salts showing the highest rejection of 97 ±
2% for TSC. It is clear that despite being a leaky membrane for small 
salts such as NaCl, it is highly selective (tight) towards salts such as TSC. 
Therefore, these NF results indicated that TSC is very suitable to be used 
as draw solute in FO processes using our PEC membrane. 

Furthermore, the effect of the TSC concentration on its rejection in 
pressure-driven mode was studied (Fig. 5), as the difference in concen-
tration between the membranes pores and the bulk solution affects the 
membrane’s selectivity substantially [66]. The ion rejection of nano-
filtration membranes like our PEC membrane decreases with increasing 
the salt concentration as electrostatic interactions are involved in the 
rejection mechanisms [67]. In addition, polyelectrolyte-based selective 
layers are prone to swelling (hydration) under high ionic strengths 
resulting in lower rejection [46]. As expected, ion rejection decreased 
with increasing TSC concentration. The PEC fibers showed very high 
rejection for a 0.005 M TSC solution (97 ± 1%), while this dropped to 28 
± 6% for a concentration of 0.05 M TSC and to below 10% for 0.5 M and 
1 M. 

3.4. Osmotic performance 

As mentioned in Section 3.3, we selected TSC as draw solution 
because of its very high rejection in the pressure-driven mode and due to 
the fact that we use pure water (uncharged solution) as feed solution for 
our experiments. TSC has been already used as draw solution for 
assessing the FO performance of polyelectrolyte-based membrane [42]. 
The PEC fiber membrane was evaluated for its osmotic performance in 
FO and PRO mode, with 0.5 M and 1 M TSC (Fig. 6). 

In FO mode, the PEC membrane possessed a high rejection towards 
the draw solute, having reverse fluxes as low as 1.7 ± 0.6 and 2.1 ± 0.7 
(g⋅m− 2⋅h− 1) when using 0.5 M and 1 M TSC draw solutions, respectively. 

Fig. 3. Zeta potential as function of pH for bare and PEC fibers (bars represent 
the standard deviation of 3 fibers, with 6 measurements for each). 

Fig. 4. Salt rejection ability of PEC fibers at 1 bar, 500 mg⋅L-1 aqueous solutions 
at pH 5.8, error bars represent the standard deviation based on three inde-
pendent replicates (n = 3). 
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In principle, membrane supports in FO mode display a resistance toward 
draw solute transport back to the separation, which leads to dilutive ICP. 
This results in a diluted draw solution present at the selective layer; 
hence a lower driving force achieved than in PRO mode [68] and 
consequently a lower water flux is achieved. In addition, the diluted 
charged draw solution has a positive impact on the rejection of the PEC 
layer, as discussed before, resulting in better rejection of the draw sol-
utes; hence leading to a lower reverse salt flux. 

In PRO mode, higher water fluxes were obtained for both draw 
concentrations than in FO mode (Fig. 6). The reason is that in PRO mode, 
the support experiences concentrative ICP instead of dilutive ICP [9,69]. 
Consequently, a greater concentration difference (osmotic pressure 
gradient) exists at the selective layer, leading to a greater water flux. 
However, also a significantly greater reverse salt flux was seen in PRO 
mode at both draw concentrations. The reason for this is that the PEC 
selective layer shows less ion rejection in highly concentrated solutions, 
such as the used 0.5 M and 1 M draw solutions. The substantial differ-
ence in TSC rejection at higher concentrations explains the high reverse 
salt flux observed in PRO mode. 

The FO results also show that after doubling the draw solution 
concentration from 0.5 M to 1 M TSC, the water flux only increased 
slightly. This finding is in agreement with the S parameter results, 
showing that the support properties remained constant when the driving 
force was doubled. In other words, this means that our FO membrane is 

already at its highest capacity at a draw solute concentration of 0.5 M 
TSC; beyond this point, increasing the concentration no longer results in 
a substantial increase in water flux. This is an inherent disadvantage of 
FO, caused by the ICP, which is more severe at higher draw solution 
concentrations [68]. This results in a higher mass transport limitation 
within the porous support and subsequently only a low increase in water 
flux is gained at higher draw solute concentrations [70]. A similar trend 
was also observed in the study of Wei et al. [57], in which the FO water 
flux increased more significantly in the osmotic pressure range of 0 to 
20 bar (~0–0.3 M TSC) than in the range of 20 to 70 bar (~0.3–1.2 M 
TSC), with TSC as draw solute. 

The propensity to cause ICP can be determined by a term called the 
structural parameter (Eqs. (6) and (7)). The structural parameter can be 
seen as the effective wall thickness that solutes need to cross to reach the 
selective layer. Due to the tortuosity and the porosity of the support, the 
calculated S parameter (effective wall thickness) is typically greater than 
the support’s actual wall thickness. This was also observed for our PEC 
membranes, for which structural parameters of S = 0.67 ± 0.08 (mm) 
and S = 0.67 ± 0.03 (mm) were determined with 0.5 M and 1 M TSC, 
respectively. These S parameters are acceptable, but lower values have 
been reported in the literature [71–73]. Reducing the S parameter could 
be accomplished by improving the support by, for instance, making the 
support more porous or thinner. 

Our results clearly indicate that a polyelectrolyte-based membrane is 
especially challenging for PRO processes with charged solutes as draw 
solution because the solute retention suffers severely from concentrative 
ICP. Yet, we also show that polyelectrolyte-based membranes are much 
more viable in FO mode, exhibiting dilutive ICP and thus resulting in 
lower reversed salt fluxes. Nonetheless, we must emphasize that also FO 
processes are expected to be challenging when the most common draw 
solute, NaCl, will be used. This is due to the typical low rejection of these 
monovalent salts for polyelectrolyte-based membranes. However, we 
also show that when choosing a proper draw solution (e.g. TSC) and the 
proper orientation (FO mode), the PEC membrane can yield good FO 
performance. Additional useful experiments could include the evalua-
tion of the performance of a PEC membrane using an uncharged draw 
solute such as e.g. sucrose. 

4. Conclusions 

In this study, a PEC-coated hollow-fiber membrane for the use in FO 
was prepared in a single-step process to avoid the challenging and time- 
consuming separate step of coating the supports. This membrane is 
based on polyimide as dope polymer. PDADMAC and PSS poly-
electrolytes were used for the formation of the PEC selective layer. Using 
1 M TSC as a draw solution, the created membrane has osmotic water 
fluxes of (Jw = 7.8 ± 0.2 L⋅m− 2⋅h− 1, Js = 2.1 ± 0.7 g⋅m− 2⋅h− 1) and (Jw =

10.5 ± 1 L⋅m− 2⋅h− 1, Js = 9 ± 2 g⋅m− 2⋅h− 1) in FO and PRO mode, 
respectively. Our results also show that the choice of draw solute and 
process orientation are very crucial in osmotic driven processes, espe-
cially for these membranes with relatively open polyelectrolyte-based 
selective layers. While in PRO mode the membrane selectivity declines 
due to concentrative concentration polarization, in FO mode the selec-
tivity is still maintained. Our results show that most polyelectrolyte- 
based membranes can be potential candidate for FO applications espe-
cially, provided that larger draw solutes are used. However, to be able to 
use the most common draw solution (NaCl) and benefit from its ad-
vantages such as e.g. low price, and availability, we note that post 
modification of the polyelectrolytes or conventional IP based layer are 
more promising methods to yield highly selective layers that are needed 
for this draw solution. 
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