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ABSTRACT: Hollow ﬁber (HF) membrane geometry is the preferred choice for most
commercial membrane operations. Such ﬁbers are conventionally prepared via the nonsolvent-induced phase separation technique, which heavily relies on hazardous and
reprotoxic organic solvents such as N-methyl pyrrolidone. A more sustainable alternative,
i.e., aqueous phase separation (APS), was introduced recently that utilizes water as a
solvent and non-solvent for the production of polymeric membranes. Herein, for the ﬁrst
time, we demonstrate the preparation of sustainable and functional HF membranes via the
APS technique in a dry-jet wet spinning process. The dope solution comprising
poly(sodium 4-styrenesulfonate) (PSS) and polyethyleneimine (PEI) at high pH along with an aqueous bore liquid is pushed
through a single oriﬁce spinneret into a low pH acetate buﬀer coagulation bath. Here, PEI becomes charged resulting in the
formation of a polyelectrolyte complex with PSS. The compositions of the bore liquid and coagulation bath were systematically
varied to study their eﬀect on the structure and performance of the HF membranes. The microﬁltration-type membranes
(permeability ∼500 to 800 L·m−2·h−1·bar−1) with complete retention of emulsion droplets were obtained when the precipitation rate
was slow. Increasing the concentration of the acetate buﬀer in the bath led to the increase in precipitation rate resulting in
ultraﬁltration-type membranes (permeability ∼12 to 15 L·m−2·h−1·bar−1) having molecular weight cut-oﬀs in the range of ∼7.8−11.6
kDa. The research presented in this work conﬁrms the versatility of APS and moves it another step closer to large-scale use.
KEYWORDS: sustainable, hollow ﬁber, membranes, aqueous phase separation, polyelectrolyte complex
solvent bath, precipitates as a solid porous ﬁlm.12 Two
coagulants are involved in the hollow ﬁber membrane
production process: an internal coagulant that determines
the membrane morphology at the inner (lumen) side and an
external coagulant that aﬀects the morphology of the outer
surface of the membranes. As a result, the location and
properties of the selective skin layer can be inﬂuenced by
carefully choosing the internal and external coagulants. In
addition, the choice of polymer, solvent, and non-solvent is
critically important to control the resulting membrane pore
structure and morphology.13,14 Such control over the
membrane structure has made NIPS a versatile technique
that is dominant in the production of polymeric membranes
for all separation processes.
One of the major problems with NIPS is the excessive use of
toxic solvents such as the reprotoxic NMP. The toxicity of
NMP can adversely aﬀect human health and also imposes
massive recycling costs to satisfy the stringent environmental
regulations. Due to these reasons, the use of NMP has been

1. INTRODUCTION
Hollow ﬁber membranes are the result of decades of dedicated
research and development on reverse osmosis membranes,
initiated by industrial giants such as Mahon, Dow, and Du
Pont in the 1960s.1 Since then, hollow ﬁbers have been used
for many applications; from the medical ﬁeld2,3 to water
puriﬁcation 4−7 and gas separation. 8,9 There are clear
advantages to using the hollow ﬁber membrane geometry as
compared to the ﬂat sheet and tubular geometries, including
their higher per unit volume productivity resulting from the
high packing density.1 To better illustrate this point, as an
example, a 0.04 m3 membrane vessel can house 575 m2 of the
90 μm-diameter hollow ﬁbers and only 30 m2 of the spiralwound ﬂat sheet membranes.10 In addition, hollow ﬁbers can
be potted and hosted for mass packing, as opposed to the
spiral-wound and tubular conﬁgurations that require additional
hardware such as spacers and/or porous supports.
Currently, hollow ﬁber polymeric membranes are fabricated
via a procedure known as non-solvent-induced phase
separation (NIPS), which was ﬁrst developed by Loeb and
Sourirajan to produce ﬂat sheet membranes for seawater
demineralization.11 To obtain the hollow ﬁber membranes via
NIPS, the polymer is ﬁrst dissolved in an organic solvent, such
as N-methyl pyrrolidone (NMP), and subsequently extruded
through a spinneret into a non-solvent coagulation bath,
typically water. The polymer, being insoluble in the non© XXXX The Authors. Published by
American Chemical Society
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ﬁne-tune the morphology and the pore structure of the
resulting PSS−PEI membranes.
So far, nearly all APS studies have focused on producing ﬂat
sheet membranes, including the relatively successful PSS−PEI
system. Recently, Emonds et al. fabricated the tubular PEC
membranes using PSS and poly(diallyldimethylammonium
chloride) (PDADMAC) exploiting salinity as the stimulus for
phase separation.35 Their work provided a signiﬁcant breakthrough in material engineering toward smaller tubular
geometries. However, preparing a stable hollow ﬁber
membrane still remains a signiﬁcant challenge. Indeed,
concentrating attempts toward the hollow ﬁber PEC
membrane fabrication is the natural next step in solvent-free
membrane production via APS for large-scale applications.
In this study, we prepare the PSS−PEI-based hollow ﬁber
membranes via the APS method. To our knowledge, this is the
ﬁrst report on the polyelectrolyte complex-based hollow ﬁber
membranes. PSS and PEI were mixed without any additives to
obtain a homogeneous solution that can be precipitated as a
functional membrane in a mild-pH acetate buﬀer (pH 3.6−
5).29 The hollow ﬁbers are spun in a dry-jet wet spinning
fashion. During spinning, the characteristics of the lumen (or
inner) side are primarily determined by the bore ﬂuid
composition, whereas the outer skin of the ﬁber is mostly
determined by the coagulation bath composition. In addition,
the acetate buﬀer bath pH and concentration and the bore
ﬂuid composition are explored to gain control over the ﬁnal
ﬁber structure. The scanning electron microscopy (SEM)
micrographs of the ﬁbers highlight how the diﬀerent tuning
parameters control the ﬁber shape and morphology. Pure water
permeability (PWP) and retention tests were used to evaluate
the performance and membrane type of the hollow ﬁber
membranes. This study conﬁrms the feasibility of APS-based
hollow ﬁber membrane preparation, opening the ﬁeld of
sustainable APS hollow ﬁber membrane production.

restricted by the European Union through Registration,
Evaluation, Authorisation and Restriction of Chemicals
(REACH) legislation.15
A more sustainable alternative is to utilize water as a solvent,
although its potential remains largely untapped as most
polymers used for NIPS are simply not water-soluble. Enter
polyelectrolytes (PE), a class of polymers that are soluble in
water with a negative or positive charge on their repeating
units, surrounded by counter-ions. Upon interaction of two
oppositely charged PEs, a gain in entropy due to the release of
the bound counter-ions leads to the formation of polyelectrolyte complexes (PEC), which can themselves be waterinsoluble solid materials.16,17 Schaaf and Schlenoﬀ have
demonstrated that PECs can be processed and used in a
multitude of applications including biocomposites, self-healing
materials, and synthetic cartilage.18 Additionally, PECs have
been prominently used in drug delivery and gene therapy
applications mainly due to their stimuli-responsive behavior.19
Decher and Hong utilized the oppositely charged PE to build
ultrathin multilayers by means of a self-assembly process.20
After this, many studies were carried out to produce multilayer
coating of PE on a porous membrane support.21−24 Such
polyelectrolyte multilayer membranes are widely utilized for
nanoﬁltration applications where the removal of salt and/or
small organic molecules (150 Da to 1000 Da) is desired.
Recently, our group has utilized PE to fabricate free-standing
PEC membranes in a completely aqueous approach by
regulating either the pH or salinity as a phase separation
trigger,25−28 thus eliminating the need for NMP. In this
approach, known as aqueous phase separation (APS), water
acts as both the solvent and the non-solvent according to the
pH/salinity conditions. This tunability of the phase separation
kinetics, similar to NIPS, gives a great deal of control over the
ﬁnal pore structure of the membranes and leads to a range of
porous and dense membranes with suitable separation
performance. In our previous works, we discussed the eﬀects
of the change in salinity, pH, and the crosslinking conditions
on the process of PE membrane preparation.26,29,30 The
combination of poly(sodium 4-styrenesulfonate) (PSS) as the
polyanion with polyethyleneimine (PEI) as the polycation was
especially promising because it operates under mild pH
conditions and forms both micro- and ultraﬁltration-type
membranes having higher pure water permeabilities and good
separation properties. These two PE have versatile properties
and have been used in a variety of applications such as a
cathode interfacial layer for electron extraction,31 micro/nanopatterned structures for optical sensors,32 and coating materials
for multilayer membranes.33,34
In the PSS−PEI system, the phase separation is triggered by
changing the pH conditions as explored in our previous
work.29 A mixture of PSS and PEI in reported ratios yielded a
solution with a pH of 12 (no base added), where PEI is
uncharged. Exposing this solution to an acidic environment
having a pH of 4, where PEI becomes fully charged, results in
the formation of a porous water-insoluble polyelectrolyte
complex with PSS. As the change in pH conditions is the
driving force for phase separation, it can be regulated to
control the rate of precipitation. It was found that reducing the
pH generally brought about a faster onset of precipitation and
a faster precipitation rate. Similar eﬀects were observed upon
increasing the buﬀer concentration under stable pH conditions.29 These two parameters provide a great set of tools to

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(sodium 4-styrene sulfonate) (PSS, powder
form, Mw ∼1000 kDa), branched polyethyleneimine (PEI) (>99%,
Mw ∼25 kDa), sodium acetate anhydrous (reagent plus, 99%), glacial
acetic acid (ACS reagent, ≥99%), glutaraldehyde (GA, 50 wt % in
water), glycerol (ACS reagent, ≥99.5%), n-hexadecane (>99%),
sodium dodecyl sulfate (SDS, >99%), Oil red EGN (solvent red 26,
analytical standard), polyethylene glycol (PEG) with molecular
weights of 1500, 3000, 6000, 10,000, 20,000, and 35,000 Da, albumin
from bovine serum (BSA) as lyophilized powder (≥98%), sodium
phosphate dibasic heptahydrate (>99.9%), and sodium phosphate
monobasic dihydrate (>99%) were purchased from Merck, The
Netherlands. A Milli-Q Ultrapure water puriﬁcation system was used
to obtain the deionized water. All the chemicals were used without
any further puriﬁcation.
2.2. Preparation of the Dope Solution. First, a 35 wt %
aqueous solution of PSS was prepared by dissolving the pure PSS in
deionized water. Similarly, deionized water was added to PEI to
obtain a 35 wt % aqueous solution. The two polyelectrolyte solutions
were then mixed in a monomer molar mixing ratio of 1:2 of PSS:PEI
to obtain a 35 wt % dope solution, which was stirred until it became
homogeneous. The molar mixing ratio was calculated based on the
molecular weights of the monomers of PSS (∼206 Da) and PEI (∼43
Da, per ethyleneimine unit). The composition of the dope solution is
shown in Table 1. The pH of the dope solution was ∼12 as measured
using a calibrated handheld pH meter (pH 110, VWR).
The viscosity of the dope solution was measured on a HAAKE
Viscotester 550 Rotational Viscometer (ThermoFisher Scientiﬁc,
USA). Approximately 25 mL dope solution was poured into the SVDIN spindle cylinder, which was then mounted on the viscometer.
B
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was no take-up velocity. The ﬁbers were kept in the coagulation bath
for 18 h, which is also the crosslinking time. After this time, they were
removed from the bath, thoroughly washed, and stored in deionized
water for further use.
2.4. Membrane Characterization. The surface and cross-section
morphologies of the hollow ﬁber membranes were observed with
scanning electron microscopy, SEM (JSM-6010LA, JEOL, Japan). All
the membrane samples for SEM were ﬁrst stored in a 20 wt % glycerol
solution for 4 h, before being taken out, and left to dry inside an
aerated fume hood. For the cross-section SEM imaging, the dried
hollow ﬁber membranes were immersed in liquid N2 for 20 s and
carefully fractured to reveal the cross-section. The SEM samples were
then stored in a vacuum oven operating at 30 °C for 24 h. Before
taking the SEM images, the samples were sputter coated with a 5 nm
thin layer of the Pt/Pd alloy using a Quorum Q150T ES (Quorum
Technologies, Ltd., UK) sputter coater. Atomic force microscopy
(AFM) was conducted in non-contact tapping mode in air using
Dimension Icon, Bruker. An area of 2 μm by 2 μm was scanned, and
the average roughness was measured via the built-in software. Water
contact angle measurements were conducted on the outer side of the
ﬁber by the sessile drop technique using a contact angle analyzer
(OCA 20, DataPhysics Instruments GmbH, Germany) at 20 °C. The
surface of the membrane was wetted with a 2 μL water droplet, and
the angle was measured after 5 s using a built-in software.
For the PWP measurements, the hollow ﬁber membranes were ﬁrst
potted into modules with one ﬁber each and an eﬀective membrane
length of 6.5 cm. For each diﬀerent type of membrane, three modules
were prepared, and the average value with standard deviation is
reported. The PWP was measured in a dead-end conﬁguration with a
shell (outer) side feed, see Figure S1 of the Supporting Information.
The permeability tests were conducted at an applied water pressure of
1 bar, and the mass of the permeating water was measured
automatically on a weighing balance connected to a computer. The
PWP (P, in L·m−2·h−1·bar−1) was calculated using eq 1

Table 1. Composition of the PSS−PEI Dope Solution
Dope solution

PSS (wt %)

PEI (wt %)

Water (wt %)

PSS:PEI (1:2)

24.7

10.3

65

Article

The dynamic viscosity of the dope solution was measured at 20 °C
from low to a high shear rate (24.9 s−1 to 1000 s−1). The dope
solution had a dynamic viscosity of ∼2.5 ± 0.2 Pa·s at a shear rate of
24.9 s−1.
2.3. Hollow Fiber Membrane Spinning. The PSS−PEI hollow
ﬁber membranes were spun at room temperature using the dry-jet wet
spinning method. The dope solution was ﬁrst poured into a stainless
steel syringe (Chemyx Inc., USA) and left to de-gas overnight. The
acetate buﬀer baths used to precipitate the PSS−PEI dope solution
were prepared by mixing acetic acid and sodium acetate in speciﬁc
amounts. Five pH 4 buﬀer baths were prepared at varying
concentrations of 0.1, 0.25, 0.4, 0.5, and 0.75 M. For the 0.5 M
buﬀer bath, the pH was varied from 3.6, 4, 4.5, and 5 by changing the
ratio of acetic acid and sodium acetate while keeping the overall buﬀer
concentration constant. In addition, 0.01 wt % glutaraldehyde (GA)
was added to all the coagulation baths as a crosslinking agent, which
reacts with the amine groups of PEI to form the imine bonds via the
Schiﬀ base reaction.36 This leads to the densiﬁcation of the membrane
as reported in our earlier works.25,29 Four diﬀerent types of bore
liquids were investigated to produce the hollow ﬁbers: (i) deionized
water; (ii) an aqueous solution of glycerol (30 wt % and 50 wt %);
(iii) 0.25 M acetate buﬀer at pH 4; and (iv) a mixture of 0.25 M
acetate buﬀer at pH 4 with 30 wt % glycerol.
Given that the pH of the PSS−PEI dope solution is approximately
∼12, it is necessary to have a spinneret that can withstand the high
pH and high salinity. Therefore, a special single-oriﬁce spinneret with
no welded parts was used for the production of the hollow ﬁber
membranes. The diameter of the spinneret needle was 1 mm with a
cap having a diameter of 1.6 mm. The ﬂow rates of the dope solution
and the bore liquid were kept constant at 3 mL·min−1, and the air gap
length was kept at ∼11 cm for all the membranes. First, the bore
liquid was pumped through the spinneret needle followed by the dope
solution. The resultant ﬁber was allowed to fall in the coagulation bath
under the action of gravity as shown in Figure 1. The ﬁbers were not
drawn (or pulled) through the coagulation bath, meaning that there

P=

JW
Δp

(1)

Here, JW is the pure water ﬂux calculated from the change in permeate
volume (L) per unit eﬀective membrane area (3.26 cm2) per unit time

Figure 1. Schematic illustration of the dry-jet wet spinning process to produce the PSS−PEI hollow ﬁber membranes via the APS technique. The
dope solution contains the strong polyanion, PSS, in its charged state and PEI in its uncharged state. The dope solution is pushed through the
single-oriﬁce spinneret and is immersed in the acetate buﬀer coagulation bath.
C
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Figure 2. Cross-section and the inner (lumen side) surface SEM images of the PSS−PEI hollow ﬁber membranes showing the eﬀect of adding
glycerol in the bore liquid. (a−b) Only water, (c−d) 30 wt % glycerol, and (e−f) 50 wt % glycerol as the bore liquid. The membranes were
prepared in coagulation baths containing 0.5 M acetate buﬀer at pH 4 with 0.01 wt % glutaraldehyde.
(h), and Δp is the pressure diﬀerence (bar) between the feed and the
permeate side.
The microﬁltration performance of the membranes was evaluated
using an oil-in-water emulsion that was prepared following the
procedure described by Dickhout et al.37 Brieﬂy, 100 mg·L−1 nhexadecane containing 20 mg·L−1 Oil red EGN (dye) was added to
463 mg·L−1 SDS while stirring at 14,000 rpm for 20 min. The average
diameter of the oil droplet in the emulsion was 3−4 μm.37 Oil red
EGN is only soluble in n-hexadecane and, therefore, is used as a
marker for the oil droplets. The n-hexadecane oil droplet retention
tests were conducted at 0.4 bar of feed pressure in the dead-end
conﬁguration. The feed and permeate samples were analyzed via a
UV−vis spectrophotometer (Shimadzu UV-1800, Japan) at λmax =
521 nm, which corresponds to the maximum absorbance wavelength
of the dye. A calibration curve was obtained with known
concentrations of the n-hexadecane in the SDS emulsion. This
calibration curve was linear, which means that the absorbance data
could be directly correlated to the concentration of n-hexadecane in
the sample. The retention (R) was then calculated using eq 2
cd
f
dd
C p gggg
d
d
gg × 100
R = dd1 −
dde
Cf gggh
(2)

concentration of the PEGs in the feed and permeate streams was
determined, and the retention rate was then calculated using eq 2.
MWCO was estimated by constructing a sieving curve of retention
(%) as a function of the molecular weight of PEG (Da). The
molecular weight of PEG that corresponds to 90% retention is the
MWCO of the membrane.
The ultraﬁltration performance of the hollow ﬁber membranes was
analyzed similarly by ﬁltering an aqueous solution of BSA through the
membranes in a dead-end conﬁguration at 1 bar of pressure with a
shell-side feed. The solution was prepared by dissolving 0.1 wt % BSA
in 0.1 M phosphate buﬀer at pH 7.4. The pH was adjusted using 0.1
M HCl/NaOH solution. The phosphate buﬀer consisted of sodium
phosphate dibasic heptahydrate and sodium phosphate monobasic
dihydrate. The feed and permeate samples were collected and
analyzed via UV−vis spectrophotometry at λmax = 280 nm, which is
the maximum absorbance wavelength of BSA. The BSA retention was
calculated using eq 2.

3. RESULTS AND DISCUSSION
3.1. Eﬀect of Composition of the Bore Liquid. In
comparison to the ﬂat sheet membranes, the hollow ﬁber
membrane geometry provides additional parameters to control
the rate of precipitation and the resulting membrane
morphology. One such parameter is the composition of the
bore liquid, which inﬂuences the structure of the lumen or
inner side of the hollow ﬁbers.38,39 The bore liquid
composition was carefully selected after several preliminary
trials to obtain the mechanically strong membranes. As for the
coagulation bath, we take inspiration from our earlier work on
the PSS−PEI ﬂat sheet membranes29 and select 0.5 M acetate
buﬀer at pH 4, which is a strong non-solvent for PSS−PEI
providing a dense skin layer.
In the ﬁrst experiments, deionized water was used as the
bore liquid, and this resulted in the membranes without the
desired hollow structure, see Figure 2a. Water at near neutral
pH values does not trigger the polyelectrolyte complexation

where Cp and Cf are the concentrations of n-hexadecane in the
permeate and in the feed side, respectively.
For the molecular weight cut-oﬀ (MWCO) measurements, an
aqueous solution of PEGs having diﬀerent molecular weights, i.e.,
1500, 3000, 6000, 10,000, 20,000, and 35,000 Da, was used. This
solution was prepared by dissolving 1 g·L−1 of each individual PEG in
deionized water. The PEG solution was ﬁltered through the
membranes in a dead-end conﬁguration with the feed from the
shell side. The feed and the permeate streams were collected and
analyzed via gel permeation chromatography (GPC, Agilent 1200/
1260 Inﬁnity GPC/SEC series, Polymer Standards Service data center
and column compartment). Milli-Q ultrapure water containing 50 mg·
L−1 NaN3 was used as the eluent at a ﬂow rate of 1 mL·min−1 through
the GPC column (10 μm Polymer Standards Service Suprema 8 ×
300 mm 1000 Å and 10 μm 30 Å, connected in series). The
D
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entire length of the air gap (∼11 cm in this case, see Figure 1).
A dense skin layer is immediately formed on the lumen side of
the ﬁber due to the instantaneous precipitation induced by the
acetate buﬀer, and this skin layer acts as a barrier for further
mass transfer. As a result, an asymmetric structure with a dense
skin and a porous substructure is formed on the lumen side.
Then, as soon as the dope solution comes in contact with the
coagulation bath, the precipitation process also begins from the
outer surface and continues toward inside. Here, a dense skin
layer with a porous substructure is also formed at the outer
surface of the ﬁber. These two dense skin layers on both sides
of the ﬁber act as barriers for the solvent (high pH) and nonsolvent (low pH buﬀer) exchange resulting in an asymmetric
membrane morphology.42 As a result, a three-layered structure
is formed where a highly porous layer is sandwiched between
the two relatively dense layers, and this ultimately leads to
delamination; see the cross-section images in Figure S2a,c,e in
the Supporting Information. In addition, the rapid rate of
precipitation on the lumen side eventually leads to hollow
ﬁbers having irregular contours and could not be further
processed.
It has now been established that using glycerol as the bore
liquid results in the membranes having only the outer skin
layer and a completely porous lumen side (Figure 2), whereas
using acetate buﬀer as the bore liquid results in the membranes
having two skin layers with a porous structure sandwiched in
between (Figure S2). Therefore, a combination of these two
bore liquids should be beneﬁcial in controlling the structure of
the hollow ﬁber membrane so as to obtain an outer skin layer
with a relatively less porous lumen side. As the acetate buﬀer is
a strong non-solvent for PSS−PEI and facilitates rapid
precipitation, the addition of glycerol to the bore liquid
increases its viscosity and slows down the rate of precipitation.
Thus, the concentration of glycerol and the acetate buﬀer can
be carefully tuned to obtain the desired membrane structures
on the lumen side of the ﬁber. In this case, the concentration of
glycerol was ﬁxed at 30 wt %, and the concentration of the pH
4 acetate buﬀer was varied from 0.25 to 0.75 M, see Figure S3
in the Supporting Information. When the bore liquid
containing 0.25 M acetate buﬀer with 30 wt % glycerol was
used, the resultant hollow ﬁber membranes showed a porous
lumen surface (Figure S3b) because of the slower rate of
precipitation. As the acetate buﬀer concentration in the
glycerol containing the bore liquid was increased to 0.5 M
and then further to 0.75 M, the resultant hollow ﬁber
membranes had increasingly dense skin layers on the lumen
side of the ﬁber, see Figure S3d and f . These membranes with
two skin layers (inner and outer) were mechanically weak and
could not withstand water pressure. Consequently, the most
suitable bore liquid for the system investigated in this study
consisted of 0.25 M acetate buﬀer with 30 wt % glycerol. This
solution resulted in a dense outer layer and a more porous and
hollow lumen side and was thus chosen to produce the hollow
ﬁber membranes and investigate the eﬀect of additional
parameters on their structure and performance.
3.2. Eﬀect of Acetate Buﬀer Concentration in the
Coagulation Bath. Now that the composition of the bore
liquid was ﬁxed, the concentration of acetate buﬀer in the
coagulation bath was investigated. Figure 3 shows the crosssection SEM images of the PSS−PEI hollow ﬁber membranes
prepared using diﬀerent concentrations of pH 4 acetate buﬀer
in the coagulation bath.

between PSS and PEI, and as a result, the direction of
precipitation is from the outside of the ﬁber (acetate buﬀer
bath) toward the inner lumen side (bore side, water).
Furthermore, the combination of viscosity and ﬂow rate of
the water (bore liquid in this case) was not suﬃcient to
maintain the hollow structure at the lumen side. In an attempt
to improve the structural integrity of the ﬁbers, the bore liquid
ﬂow rate was ﬁrst increased from 3 mL·min−1 to 5 mL·min−1
and then to 6 mL·min−1. However, this approach was
unsuccessful and resulted in ﬁbers with thinner walls causing
them to fracture easily. Although these initial measurements
did not immediately lead to the ideal HF membranes, they do
already provide clear indications that the HF geometry is
possible with the APS approach, but further tuning is required.
Another approach to improve the hollow shape of the ﬁbers
was to increase the viscosity of the bore liquid. It is known
from previous reports that adding glycerol increases the
viscosity of the bore liquid and can prevent the hollow ﬁber
membranes from collapsing40 Therefore, aqueous solutions of
30 wt % and 50 wt % glycerol were used as the bore liquids.
The impact of the added glycerol can clearly be observed in the
representative cross-section SEM images shown in Figure 2c,e,
where the resultant membranes present the suitable hollow
lumen contours. However, these membranes lacked the
mechanical strength to sustain 1 bar of feed water pressure.
This structural instability is attributed to the fact that no
precipitation occurred at the lumen side because the
combination of water and glycerol is also not a non-solvent
for PSS−PEI. Here, the sole direction of precipitation is from
the outside of the ﬁber (acetate buﬀer) toward the lumen side,
and as a result, the lumen surfaces are porous with uneven
porosity as shown in Figure 2d,f. Although the addition of
glycerol in the bore liquid helps maintain the hollow structure
of the lumen side, this protocol does not provide adequate
mechanical stability for the hollow ﬁbers to withstand the
applied water pressures.
Conversely, the hollow ﬁber membranes prepared using a
strong non-solvent, i.e., the acetate buﬀer in the bore liquid,
resulted in membranes with skin layers on both the lumen and
the outer surfaces as shown in the cross-section SEM images of
Figure S2a,c,e. However, the inner diameter of the membranes
was not consistent along the ﬁber length, thus resulting in the
irregular lumen side contours. This observation is most
obvious when 0.75 M acetate buﬀer was used as the bore
liquid, where the resultant membranes had an oval-shaped
lumen structure. Peng et al. concluded that such a contour in
the hollow ﬁber is due to the signiﬁcantly faster precipitation
rates on the lumen side and can be overcome by reducing the
rate of precipitation.41 It is known from our previous work on
the PSS−PEI ﬂat sheet membranes that the rate of
precipitation increases with the increases in buﬀer concentration.29 Here, the buﬀer capacity increases at higher acetate
concentrations, thereby lowering the pH of the PSS−PEI dope
solution relatively quicker. As the pH gradient is the driving
force for this version of APS, a faster change in solution pH
that occurs at higher buﬀer concentrations results in a more
rapid polyelectrolyte complexation of PSS and PEI. Therefore,
due to the slower precipitation rate of the membranes prepared
in 0.25 and 0.5 M acetate buﬀer, the oval-shaped contour of
the hollow ﬁber does not exist in these membranes. Using a
strong non-solvent in the bore means that the dope solution
precipitates as soon as it comes in contact with the bore liquid
and continues precipitating from the inside throughout the
E
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Figure 3. Cross-section SEM images of the PSS−PEI hollow ﬁber
membranes showing the eﬀect of acetate buﬀer concentration in the
coagulation bath on the membrane morphology. (a−c) 0.1, (d−f)
0.25, (g−i) 0.4, (j−l) 0.5, and (m−o) 0.75 M acetate buﬀer
concentrations in the coagulation bath.

As described earlier, the rate of precipitation increases with
the increase in the acetate buﬀer concentration. The rate of
precipitation was slow (>10 min) for the membranes prepared
in 0.1 M acetate buﬀer. In this case, the amount of acetate
buﬀer was not suﬃcient to sustain the solvent (high pH) and
non-solvent (acetate buﬀer) exchange throughout the thickness of the ﬁber. As a result, a small region close to the
coagulation bath precipitated ﬁrst, whereas the rest precipitated at a relatively slower rate. This phenomenon can be
observed by looking at the cross-section SEM image in Figure
3b where the region closer to the coagulation bath, i.e., the
outer surface of the ﬁber, has an asymmetric structure with the
ﬁnger-like macrovoids. The thickness of this region is
approximately ∼100 μm. A higher magniﬁcation image of
this region is shown in Figure 3c where the relatively denser
outer most skin layer with more oval-shaped macrovoids in the
immediate substructure can be clearly observed. After
formation of the outer skin, the rate of precipitation was
signiﬁcantly slowed down, and the concentration of the buﬀer
was not suﬃcient to continue the precipitation at the same
rate. This mechanism resulted in a more open substructure as
observed in the SEM image of the lumen surface shown in
Figure 4b. The images also indicate extreme delamination of
the membrane due to their mechanical fragility.
Increasing the acetate buﬀer concentration to 0.25 M
resulted in the ﬁbers precipitating instantaneously (<1 s). The
eﬀects of instantaneous precipitation are immediately visible in
the SEM image of Figure 3f, which reveals a typical asymmetric
structure with a dense top layer (shown in Figure 4c) and the
ﬁnger-like macrovoids in the substructure. This kind of
asymmetric structure is typically associated with the instantaneous phase separation in NIPS.42,43 In addition, the lumen
surface of these membranes was less porous (Figure 4d) as

Figure 4. SEM images of the outer and inner (lumen) surfaces of the
PSS−PEI hollow ﬁber membranes prepared in diﬀerent concentrations of pH 4 acetate buﬀer. (a−b) 0.1, (c−d) 0.25, (e−f) 0.4, (g−
h) 0.5, and (i−j) 0.75 M.

compared to the ﬁbers prepared in 0.1 M acetate buﬀer bath
(Figure 4b).
Further increasing the acetate buﬀer concentration to 0.4 M
and then to 0.5 M increased the rate of precipitation through
the thickness of the ﬁber, which resulted in the membranes
with elongated ﬁnger-like macrovoids as seen in Figure 3i,l.
Both these membranes had dense layers on the outer side of
the ﬁber (Figure 4e,g). Furthermore, the lumen (inner)
surfaces of these membranes were signiﬁcantly more compact
than those obtained in 0.1 M and 0.25 M acetate buﬀer
(compare Figure 4d,f,h). Further increasing the acetate buﬀer
concentration to 0.75 M resulted in the hollow ﬁber
membranes with irregular lumen structures and ﬁnger-like
macrovoids throughout the thickness of the ﬁber (Figure 3n).
Santoso et al. attributed such an irregular lumen contour to the
rapid formation of a dense skin layer on the inner side of the
ﬁber that causes stresses and strains on the developing ﬁber.44
These types of hollow ﬁber contours are undesired because
they negatively inﬂuence the mechanical strength and also the
performance of the membranes. The lumen surface of this
membrane also had a denser structure compared to the rest of
the ﬁbers, see Figure 4j.
The pure water permeability values at 1 bar of applied water
pressure were measured for the hollow ﬁber membranes, and
the results are presented in Figure 5. The hollow ﬁber
membranes prepared in the 0.25 M acetate buﬀer bath
concentration ruptured under the applied water pressure
because of their porous structure and weaker mechanical
F
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microstructure shown in Figure 4g,i where the top surface is
dense and does not show any visible pores at the given
magniﬁcation. The MWCO of these membranes, determined
by the sieving curves shown in Figure S4, was ∼11,600 Da for
the membranes prepared in 0.5 M and ∼7800 Da for the
membranes prepared in 0.75 M acetate buﬀer. These values are
typical for the ultraﬁltration-type membranes where the
MWCO can range from 1 to 1000 kDa.45 For example, the
MUF-10 K membrane by Toray Membrane USA Inc. has a
MWCO of 10 kDa with a PWP of ∼23 L·m−2·h−1·bar−1.46
Similarly, the polyethersulfone (PES) UF membrane by
Microdyn−Nadir GmbH has a MWCO of 6 kDa with a
PWP of ∼122 L·m−2·h−1·bar−1.47 The membranes prepared in
this work have comparable MWCO to the commercial
membranes. However, future work needs to be devoted to
increase the PWP of the PSS−PEI membranes.
The mean pore size of the membranes can be semiquantitatively estimated by the MWCO (determined using
PEG) of the membranes via the relation: d = 0.09(Mw)0.44, ﬁrst
determined by Lentsch et al.48 where d is in nm and Mw is in
daltons (Da). Howe and Clark utilized this relation to
accurately estimate the pore sizes of the ultraﬁltration-type
membranes.49 Based on this equation, the estimated pore sizes
of the 0.5 and 0.75 M membranes are ∼5.5 and 4.6 nm,
respectively.
The membranes were also tested for protein retention using
a 0.1 wt % BSA solution. BSA is a model protein solution used
for evaluating the performance of the ultraﬁltration type
membranes as its molecular weight of ∼66 kDa and
hydrodynamic radius of ∼4.3 nm are typical of many
proteins.50 The BSA solution was ﬁltered through the
membranes at a feed pressure of 1 bar, and the corresponding
retention results are presented in Figure 5. It was found that
the membranes prepared in 0.5 and 0.75 M acetate buﬀer
completely retained BSA, in accordance with their estimated
pore sizes.
The membrane prepared in 0.5 M acetate buﬀer was also
tested for a longer period of time (∼7 days) under constant
water pressure of 1 bar. The results shown in Figure S5a
demonstrate that the membrane showed stable permeability
for the entire duration of the test. This membrane had an

Figure 5. Eﬀect of acetate buﬀer concentration in the coagulation
bath on the pure water permeability and n-hexadecane oil droplet/
BSA retention of the PSS−PEI hollow ﬁber membranes. The
membranes were prepared in pH 4 acetate buﬀer containing 0.01
wt % GA.

strength. The membranes prepared in 0.4 M buﬀer had a high
pure water permeability (PWP) of ∼900 ± 400 L·m−2·h−1·
bar−1 even though no pores on the top surface of the
membranes were visible at magniﬁcations of up to ×10,000,
see Figure 4e. Such a high permeability may possibly be due to
the formation of the small cracks during membrane operation.
Nevertheless, the membranes showed a stable PWP, and
therefore, their retention performance was also measured. An
oil-in-water emulsion having an oil-droplet size of 3−4 μm was
ﬁltered through the membrane at 0.4 bar of feed pressure. It
was found that these membranes retained the oil-droplets with
100% retention. On the other hand, the membranes did not
retain any protein (BSA), thus suggesting their potential use as
microﬁltration membranes.
In contrast, the membranes prepared in 0.5 and 0.75 M
acetate buﬀer baths showed PWP of ∼15 ± 2 and 12 ± 5 L·
m−2·h−1·bar−1, respectively. The larger error bar for the 0.75 M
membranes could be attributed to its non-uniform lumen
contour where the thickness of the ﬁber varies at diﬀerent
locations. The PWP values are more in accordance with the

Figure 6. Cross-section SEM images showing the eﬀect of pH of the acetate buﬀer in the coagulation bath on the membrane morphology. (a−c)
pH 3.6, (d−f) pH 4.5, and (g−i) pH 5. The membranes were prepared in 0.5 M acetate buﬀer containing 0.01 wt % GA.
G
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average surface roughness of ∼13 nm with an average water
contact angle of ∼44°, Figure S6.
The results discussed above imply that the structure,
morphology, and performance of the PSS−PEI hollow ﬁber
membranes can be tuned by varying the spinning conditions.
The concentration of the acetate buﬀer is one crucial
parameter for this polyelectrolyte pair that determines the
rate of precipitation both on the lumen and the shell side of the
developing ﬁbers. Both the micro- and tight ultraﬁltration-type
membranes were obtained by simply changing the concentration of the acetate buﬀer in the coagulation bath. In
addition, the amount of glycerol and the acetate buﬀer added
in the bore liquid can be controlled to adjust the precipitation
on the lumen side. Another viable option to further control the
precipitation kinetics in the lumen side might be to add a nonsolvent, such as water at pH ∼8−10 in the bore liquid that
would supposedly slow down the precipitation kinetics in the
lumen side, thus resulting in a porous morphology. The tuning
parameters available to control the precipitation kinetics and
the resulting hollow ﬁber membrane morphology in APS are
quite analogous to the traditional NIPS, whereby a multitude
of the membrane structures can be produced simply by
changing the spinning conditions.
3.3. Eﬀect of the Coagulation Bath pH. In this version
of APS, the polyelectrolyte complexation of PSS−PEI is
induced by a pH shift. The dope solution has a pH of ∼12, in
which PEI remains in its uncharged state. Lowering the pH of
this solution to ∼4 (in the buﬀer bath) causes PEI to acquire
charge and form a polyelectrolyte complex with the PSS. The
commercially available branched PEI used in this work
contains 31% primary, 39% secondary, and 30% tertiary
amines51 that have pKa values of 4.5, 6.7, and 11.6,52
respectively. As a result, varying the pH of the bath aﬀects
the charge density of PEI. The ionic crosslinking density and
also the rate of precipitation can therefore be controlled by
varying the pH of the coagulation bath, which is analogous to
adding solvent to the non-solvent bath in the traditional NIPS.
The PSS−PEI hollow ﬁber membranes were prepared in 0.5
M acetate buﬀer at diﬀerent values of the buﬀer pH, such as
pH 3.6, pH 4, pH 4.5, and pH 5, to study the eﬀect on the ﬁber
structure and morphology. Figure 6 shows the cross-section
SEM images of the resultant membranes. For the cross-section
SEM images of the hollow ﬁber membranes prepared in pH 4,
see Figure 3j,k,l.
Especially around the pKa of 4.5, we expect that the pH will
have a signiﬁcant eﬀect on the charge density of PEI, with the
highest charge density at pH 3.6 and the lowest at pH 5. As a
result, in pH 3.6, PSS and PEI likely form a highly crosslinked
polyelectrolyte complex leading to instantaneous precipitation.
This fast precipitation rate resulted in the asymmetric
structures with a dense outer layer, shown in Figure 7a, and
the ﬁnger-like macrovoids displayed in the SEM images of
Figure 6b,c. The membranes also showed signs of delamination of the lumen side (Figure 6a), and hence, the inner surface
SEM image presented in Figure 7b does not tell the complete
story of these membranes. Furthermore, these membranes
were rigid and fragile.
Increasing the buﬀer pH in the coagulation bath reduces the
charge density of PEI leading to a reduced degree of ionic
crosslinks. Furthermore, increasing the bath pH beyond the
pKa value of acetic acid (∼4.7) reduces the strength of the acid.
As a result, the rate of precipitation is signiﬁcantly slower for
the membranes prepared at pH 5. Comparing the cross-section
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Figure 7. SEM images of the outer and inner (lumen) surfaces of the
PSS−PEI hollow ﬁber membranes prepared in diﬀerent pH values of
0.5 M acetate buﬀer. (a−b) pH 3.6, (c−d) pH 4.5, and (e−f) pH 5.

SEM images of Figure 6b,e,h (for these cases), it can be seen
that the region around the outer surface of the ﬁber had ﬁngerlike macrovoids, and the size of the macrovoids decreased with
increasing the bath pH. This observation is rationalized with
the fact that the rate of PSS−PEI precipitation decreases at
higher pH (>4.5), which in turn aﬀects the formation of the
macrovoids. Similar results are also obtained in the traditional
NIPS where the rate of precipitation is slowed down upon the
addition of solvent in the non-solvent bath.53 The membranes
prepared at pH 4.5 and 5 were also not circular, as seen in the
SEM images of Figure 6d,g. The irregular outer surface might
also possibly be due to the slower rate of precipitation, which
may cause a degree of hydrodynamic instability in the dope
solution during precipitation in the coagulation bath.
Accordingly, the lumen side of these membranes was more
porous as visible in Figure 6d,g.
The PWP of the membranes was measured at 1 bar of
applied water pressure, and the results are shown in Figure 8.
The PWP of membranes prepared in pH 3.6 was ∼540 ± 110
L·m−2·h−1·bar−1. As mentioned above, these membranes were

Figure 8. Eﬀect of pH of the acetate buﬀer in the coagulation bath on
the pure water permeability of the PSS−PEI hollow ﬁber membranes.
The membranes were prepared in 0.5 M acetate buﬀer containing
0.01 wt % GA.
H
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addition, the pH of the coagulation bath directly aﬀects the
degree of ionization of PEI. At higher pH values such as pH 4.5
and pH 5, PEI is not expected to be fully charged, thereby
resulting in less ionic crosslinks and slower precipitation rates,
thereby leading to membranes that possess more open and
porous lumen structures. The pure water permeabilities of
these membranes were ∼60 and ∼260 L·m−2·h−1·bar−1 with
100% oil-droplet retentions. In this work, the APS technique is
taken one step closer to large-scale production by demonstrating the successful preparation of hollow ﬁber membranes and
broad opportunities to tune the membrane morphology and
performance simply by varying the precipitation conditions.
The ﬁndings of this work can contribute toward the
development of a plethora of hollow ﬁber APS membranes
utilizing other polyelectrolyte pairs.

rigid and relatively fragile and therefore could possibly develop
micro-cracks at applied water pressures. Consequently, the
membranes displayed a high PWP with a large error bar while
retaining 100% of the n-hexadecane oil droplets. However, they
did not retain BSA, making them more suitable for
microﬁltration applications. In comparison, the membranes
prepared at pH 4.5 and 5 showed PWPs of ∼60 ± 21 and 260
± 46 L·m−2·h−1·bar−1, respectively, with a smaller error bar.
Unfortunately, these membranes also did not show any
retention for BSA, meaning that their pore size was larger
than the size of BSA, i.e., ∼9 nm. These membranes also
retained 100% oil droplets and may therefore also be more
suited for the open ultraﬁltration or microﬁltration-type
applications.
Overall, the presented APS hollow ﬁber membranes showed
interesting properties and structures that can be ﬁne-tuned by
varying the pH of the acetate buﬀer. Therefore, the buﬀer bath
pH may be used in combination with the buﬀer concentration
to gain more control over the precipitation kinetics. For
example, slightly lower acetate buﬀer concentrations, e.g., 0.25
M, may be used in combination with a low pH (∼3.6) to
obtain a denser structure. On the other hand, a higher
concentration of the buﬀer with a higher pH (∼5) may be used
to obtain the mechanically stable porous membranes. Such
control over the precipitation kinetics and the resultant ﬁber
morphology makes the hollow ﬁber spinning via APS at par
with the traditional NIPS.
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4. CONCLUSIONS
For the ﬁrst time, we have successfully demonstrated the
production of the hollow ﬁber membranes via the aqueous
phase separation approach. A 35 wt % polymer solution
comprising PSS and PEI was prepared by directly mixing the
two PE in a monomer molar mixing ratio of 1:2. The high pH
dope solution was pushed through a single-oriﬁce spinneret
and precipitated under mildly acidic conditions of pH 4 using
the acetate buﬀer as the coagulation bath. A range of suitable
hollow ﬁber spinning conditions for the complexation-based
APS has been identiﬁed resulting in the formation of the PSS−
PEI membranes with tunable membrane morphology. The
composition of the bore ﬂuid played a critical role in
determining the rate of precipitation, as well as the ﬁnal
structure and properties of the membranes. It was found that
having a dense outer skin layer and a relatively porous inner
layer is beneﬁcial for obtaining the mechanically stronger
hollow ﬁber membranes. To achieve this result, a well-balanced
combination of pH 4 acetate buﬀer and glycerol solution was
used as the bore liquid. Here, the acetate buﬀer acts as a nonsolvent for PSS−PEI, and the added glycerol increases the bore
solution viscosity; their appropriate combination produced
ﬁbers with good structural integrity. Similarly, the coagulation
bath composition is vital for the preparation of these hollow
ﬁber membranes. At low acetate buﬀer concentrations, such as
0.1 and 0.25 M, the resultant ﬁbers lacked the mechanical
strength to withstand water pressures. The membranes
prepared in 0.4 M acetate buﬀer had a pure water permeability
of ∼800 L·m−2·h−1·bar−1 with 100% oil-droplet retention,
making them applicable as microﬁltration-type membranes. On
the other hand, the membranes prepared in 0.5 and 0.75 M
acetate buﬀer had pure water permeability values of ∼15 and
12 L·m−2·h−1·bar−1, respectively, and they were also able to
retain 100% of BSA with MWCO in the range of ∼7800−
11,600 Da, hence ideal for tight ultraﬁltration applications. In
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