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A B S T R A C T

In this paper, we introduce a single-step process that incorporates an intermediate layer on a hollow fiber to
enhance the final membrane performance after interfacial polymerization (IP). This intermediate layer is applied
during hollow-fiber spinning by complexation of two oppositely charged polyelectrolytes. Specifically, in this
study, we consider the IP coating process an experimental success for a membrane sample with a NaCl rejec-
tion > 85%. The IP success rate is defined as the percentage of the samples with a NaCl rejection of > 85%
within a studied group. The purpose of the intermediate layer is to increase the success rate of IP on the inner
surface of the hollow fibers, typically a challenging task due to the cylindrical shape of the fibers. After the
application of IP, the pure water permeance and NaCl rejection of the nascent membranes were tested to de-
termine the success rate of IP. The IP success rate was 86–100% for the hollow fibers (HF) with intermediate
layer, significantly higher than the 29% success rate achieved for IP on the support without intermediate layer.
This surface modification approach is simple, time-efficient, and effective without any need for post-IP opti-
mization that opens up new avenues for further developments for IP based dense hollow fiber membranes.
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1. Introduction

Ever since the initial development of the interfacial polymerization
(IP) on porous structures in the 1970s, it has become the main tech-
nique for fabricating polyamide thin-film composite (TFC) membranes
for use in desalination [1–8]. The polyamide (PA) layer is formed in situ
via a fast reaction between two highly reactive monomers at the in-
terface of two immiscible solvents. The monomers used are a poly-
functional amine dissolved in water and a polyfunctional acid chloride
dissolved in an organic solvent such as hexane, isopar E or cyclohexane
[9]. Owing to the low solubility of these acid chlorides in water, it is the
amine that penetrates into the organic phase to react with the acid
chloride [10,11], thus a proper interface is needed to ensure the layer is
formed just at the membrane surface. Several parameters such as the
specific monomers used, monomer concentration, experimental pro-
tocol and choice of solvent [12,13] affect the properties of the nascent
PA layer, such as morphology, selectivity, thickness, and chemistry.

For aromatic polyamide TFC membranes, the PA separation layer is
typically prepared by the polymerization of m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) on top of a porous support. It is
vital to control the interface between the IP layer and the support as, in
addition to the aforementioned parameters, the surface properties like
pore size and distribution, porosity, and hydrophilicity also affect the IP
process and the final properties of the TFC membrane [14–18].

To increase overall membrane efficiency, the separation layer is
often kept as thin as possible as this reduces the overall transport re-
sistance through the separation layer. However, this also increases the
likelihood of defects that reduce the water/solute selectivity of the
membrane. Louie et al. [19] investigated such defects, and used gas
permeation experiments to confirm their presence. In another study
[20], small defects were found in several commercial reverse osmosis
membranes. Good membrane performance can only be achieved if the
coating conditions are optimized for the specific supports and mono-
mers [21] and by varying the MPD and TMC concentrations, the re-
jection can be increased to above 90% with higher reproducibility [21].
Ghosh et al. [14] highlighted the importance of pore size in formation
of the liquid-liquid interface and showed that small pore size support
led to superior salt rejection at the cost of water permeance.

Most TFC membranes are created on flat sheet-type membranes
used in spiral wound module configurations. During the IP the liquid-
liquid interface is relatively easily controlled at the porous support with
the aid of gravity. However, in some applications, nonplanar membrane
geometries are preferred. For example, the hollow fiber (or tubular)
configuration is needed when feed solutions with either high viscosity
and/or high concentration of total suspended solids are being filtered
[22]. For such hollow fiber (HF) geometries, the application of a TFC
layer at the inner surface of HF supports is even more challenging as the
liquid-liquid interface cannot be controlled via gravity. This makes the
aforementioned trade-off with respect to the pore size ever more re-
levant. Moreover, local flow, monomer concentration, and pressure
distributions within the fiber during application further complicate the
application of a thin, defect-free separation layer [[23–25]]. In addi-
tion, it is essential to remove any excess MPD drops from the surface.
These excess drops will otherwise lead to the low adhesion of the
formed layer to the support, eventually resulting in issues such as de-
lamination and pinhole defects [23]. While this can be done easily with
a rubber roller for flat sheet supports, this is not possible for HFs. This
leads to an uneven monomer distribution and subsequently defects at
the liquid-liquid interface. Verissimo et al. [26] tried to resolve this
issue (of establishing a proper interface at the inner surface of a fiber)
by introducing an organic liquid between the two monomer solutions.
Only when this method was applied together with several IP coating
optimization steps, a reduction of imperfections (or defects) in the PA
layer was achieved. Especially for lower HF diameters (< 1 mm), it
becomes difficult to ensure a defect-free membrane, hence commercial
TFC-based HF membranes are few and far between. To our knowledge,

only 1.5 mm nanofiltration (NF) membranes were once commercially
available [27], but these are now out of production. Tubular TFC
membranes are commercially available (e.g. from Berghof Membranes,
PCI Membranes), but for many applications, their specific membrane
surface-to-volume ratio is not favorable due to the bigger inner dia-
meter (> 5 mm).

The fact that the IP tends to result in defects has led to the difficult
and tedious development of better (HF) supports and separation layers.
In non-optimized systems, the average selectivity is typically low and
displays a large standard deviation (see e.g. [21]). This suggests a non-
unimodal distribution of the membrane samples; transport in part of the
samples is dominated by transport through pinhole defects. To advance
the field, we propose the use of a simple term called the success rate of
IP, which allows us to assess prepared membranes samples individually.
To this end, we first state that the transport through a membrane
sample with a NaCl rejection > 85%, even when measured at very low
flux of < 1 (L·m−2·h−1), is predominantly through the separation layer.
If this is the case, we can consider the IP layer process an (experimental)
successful coating. We then define the success rate of IP as the per-
centage of instances with a successful coating.

Several methods have been investigated to improve the reproduci-
bility, and thus the success rate of IP, via surface modification. One
approach is to implement a surface modification prior to IP [28–32]. All
these surface modifications were performed in an attempt to improve
the surface in order to improve the IP reaction as well as the adhesion of
the selective layer to the support to prevent delamination. One of the
methods for priming the surface for IP is to apply an intermediate layer,
which has been investigated in several studies [33–37]. The addition of
an intermediate layer fills the pinholes of the support and it yields a
smooth layer possibly leading to increased IP success rates. For ex-
ample, in earlier work, a polyelectrolyte multilayer was utilized as an
intermediate layer to increase the IP success rate [37]. Although this
method proved to be successful, this method involves a number of time-
consuming post-treatment steps that limit its applicability. Therefore, a
faster and more convenient method to increase the success rate and
reproducibility of the IP process is still desirable.

In this paper, we present the development of an intermediate layer
on the inner surface of HFs in a single-step process. The aim is to in-
crease the success rate of the subsequent IP coating. We hypothesize
that the addition of this intermediate layer makes the HF support less
prone to defects that develop during IP coating. This, for instance,
means that there will be no need for further IP optimization. To this
end, two different polyelectrolyte complex (PEC) intermediate layers
were produced by ionic cross-linking of the negatively-charged poly(4-
styrenesulfonic acid) (PSS) with the positively-charged poly-
ethyleneimine (PEI) and poly(diallyldimethylammonium chloride)
(PDADMAC). We then evaluate the intermediate layer by scanning
electron microscopy and investigate its surface charge and pure water
permeance. The IP coating is applied to the inner surface of membranes
equipped with two different intermediate layers as well as to hollow
fiber membranes without an intermediate layer. The fibers are tested on
pure water permeance and NaCl rejection to evaluate the contribution
of the intermediate layer towards the success rate of IP. We will show
that the single-step intermediate layer is fully integrated with the
support and significantly improved the success rate of the IP reaction.

2. Experimental

2.1. Materials

Polyimide (PI) Matrimid® 5218 from Huntsman (USA) was used as the
base polymer for dope solution preparation. Sulfonated PES (SPES)
(GM0559/111) was supplied by BASF. The polyelectrolytes utilized in this
study were purchased from Sigma (Germany): poly(4-styrenesulfonic acid)
(PSS, Mw ~ 75,000 g·mol−1, 18 wt% solution), poly(diallyldimethy-
lammonium chloride) (PDADMAC, Mw ~ 400,000–500,000 g·mol−1,
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30 wt% solution), and polyethyleneimine (PEI, Mw ~ 750,000 g·mol−1,
50 wt% solution). Polyethylene glycol (PEG 400, Mw ~ 400 g·mol−1) was
used as a pore-forming agent and glycerol 86–89% solution was used as
pore-preserving agent, both acquired from Sigma (Germany). The polymer
solvent, N-methyl-2-pyrrolidone (NMP) 99%, was obtained from Acros
Organics (Belgium). For interfacial polymerization, 1,3-phenylenediamine
(MPD, > 98%) was purchased from Merck (USA), 1,3,5-benzene-
tricarbonyl trichloride (TMC, > 98%) was purchased from Sigma, and
Isopar E was kindly provided by ExxonMobil Petroleum & Chemical
B.V.B.A (Belgium). All chemicals were used as received without further
purification. The PSS 18 wt% solution was dried prior to use, as was the PI
(air oven at 100 °C for > 24 h).

2.2. Fabrication of hollow-fiber supports

In this study, the dope solution was a mixture of 16 wt% PI, 2 wt%
SPES, 2 wt% PSS, 12 wt% PEG400, and 68 wt% NMP. Table 1 contains
the bore compositions used for spinning. In total, three different types
of HF were fabricated with the dry-jet wet spinning technique (see
Table 2). The base-polymer used in this study (PI) was dried in an air
oven at 100 °C for 24 h prior to dope solution preparation. The dope
solution was prepared after placing the bottle containing all compounds
on a roller bench overnight for proper mixing. The dope solution was
then left in the polymer container of the spinning machine for 48 h for
degassing prior to spinning of the HFs.

The bore solutions were also prepared by mixing all the compounds
in bottles on a roller bench overnight. We then left the solutions at room
temperature for degassing.

The fibers were spun by using a double orifice spinneret [38]. The
dope and bore solutions were pumped to the spinneret via a gear pump,
resulting in the extrusion of the HFs. The dope solution, after traversing
the air gap, was led into a coagulation bath where the final fiber was
formed via non-solvent induced phase separation. Via a pulling wheel,
the fibers were transferred in a second bath to be rinsed with water
after which the fibers were collected on a pulling wheel. The fibers
wound on this wheel were cut and bundled together and subsequently
rinsed in deionized (DI) water for 72 h. After this, they were post-
treated for 24 h by immersing them in a 20% w/w glycerol solution to
prevent pore collapse during drying. Finally, the fibers were hung for
24 h to allow them to dry at ambient conditions until further use.

2.3. Module preparation

To prepare an HF module, a single fiber was put inside a 8-mm
perfluoroalkoxy (PFA) tubing with two QST-8 Festo push-in fittings
connected to each side. Both ends were potted by using a 2-component
polyurethane adhesive (BISON, 2 K Expert) resulting in an effective
fiber length of 17 cm. Seven modules were prepared for each type of

fiber to be used in the pure water permeance and rejection experiments.

2.4. Membrane characterization

2.4.1. Scanning electron microscopy
The HFs were frozen in liquid nitrogen and fractured to prepare

samples for cross-section imaging. To prepare inner surface samples,
the fibers were cut diagonally with a sharp razor blade. All samples
were stored in a vacuum oven at 30 °C for 24 h prior to SEM imaging.
Finally, the dried samples were coated with a 10-nm chromium layer
with a Quorum Q150T ES sputter coater, before microscopy was carried
out with a JEOL JSM-6010LA SEM.

2.4.2. Zeta potential determination
We determined the zeta potential of the fibers a SurPASS electro-

kinetic analyzer (Anton Paar, Graz Austria) at a pH range of 3–11 and
5 mM KCl as the electrolyte solution. For this purpose, three fibers from
each batch were potted in three 7-cm lengths of tubing. The zeta po-
tential was measured six times for each set value of pH (see Section
3.2). 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. In the end, the
average of all measured zeta potentials versus pH is plotted for each
type of fiber.

= dI
dP

L
A0

s

s (1)

where ζ is the 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-section of the streaming channel (m2).

2.4.3. Pure water permeance measurement
The pure water permeance (PWP) or (A) (L·m−2·h−1·bar−1) of the

fibers was measured by flowing DI water inside the fibers in dead-end
mode at a nitrogen pressure of 2 bar.

=A V
t A P (2)

In this equation, V is the volume of collected permeates (L), t is the
collecting time (h), A is the membrane inner surface area (m2), and ΔP
is the pressure difference between the bore and the shell of the HFs
(bar).

Additionally, the membrane resistances are determined based on
Darcy's law [39] and used for a resistance in series approximation:

= = +R 1000
µ A

R RT S IP (3)

where RT is the total membrane resistance, RS is the resistance of the

Table 1
Bore compositions for the preparation of hollow fibers.

Bore solution H2O (wt%) NMP (wt%) Glycerol (wt%) PEG400 (wt%) PEI (wt%) PDADMAC (wt%)

B1 25 50 25 – – –
B2 45 – 20 25 10 –
B3 45 – 20 30 – 5

Table 2
Spinning conditions for the preparation of hollow fibers. For bore codes, see Table 1.

Membrane code Bore code Dope temperature (°C) Dope flow rate (mL/
min)

Bore flow rate (mL/
min)

Take-up speed (m/
min)

Air gap length
(cm)

Humidity (%) Temp. (°C)

PI-REF B1 65 3.9 3 2.4 10 31 22.5
PI-PEI B2 65 3.9 3 2.4 10 31 22.5
PI-PDA B3 65 3.9 3 2.4 10 31 22.5
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hollow fiber support, RIP the resistance of the IP layer (all in m−1), and
μ is the water viscosity at 25 °C (2.47 × 10−12 bar·h).

2.4.4. Salt rejection
HF membrane rejection towards 500 ppm NaCl solution was de-

termined in an inside-out cross-flow filtration system at a transmem-
brane pressure (TMP) of 2 bar. The rejection was calculated with Eq. (4)
by measuring the conductivity of the feed solution and collected
permeate. The cross-flow rate in each fiber was set to 2 L·h−1.

= ×R
( )

100f p

f (4)

In this equation, R is the salt rejection percentage (%), σf is the
conductivity of feed solution (μS·cm−1), and σp is the conductivity of
the permeate solution (μS·cm−1). The salt permeance (B) were de-
termined after Yip et al. [40], with a mass transfer coefficient according
to the Lévêque correlation for a fully developed laminar velocity profile
in a tube [41].

2.4.5. Molecular weight cut-off estimation
The molecular weight cut-off (MWCO) of the fibers was determined

by using two solutions containing a mixture of different poly(ethylene
glycol) (PEG) molecules. The first mixture contained PEGs with a mo-
lecular range of 62–2000 g·mol−1, while the second had PEGs with a
molecular range of 4000–35,000 g·mol−1. The solutions were filtered in
an inside-out configuration at the TMP and cross-flow that were also
used in the rejection tests: 2 bar and 2 L·h−1, respectively. The MWCO
of a membrane is defined as the molecular weight at which a molecule
is retained for 90%. To analyze the feed and permeate samples, we used
a gel permeation chromatograph (GPC), which was equipped with a
size exclusion 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 PEG concentrations were determined via
refractive index measurements.

2.4.6. Interfacial polymerization
Interfacial polymerization (MPD and TMC) was performed on the

inner surface of the fibers. Prior to the reaction, all modules were im-
mersed in DI water overnight to remove the glycerol storage solution.
The MPD solution was prepared by dissolving the desired amount of
MPD in DI water to obtain a 2.5% (w/v) solution. The 0.15% (w/v)
TMC solution was prepared by dissolving TMC in Isopar E in a pre-
heated (70 °C, 15 min) bottle to prevent crystallization of TMC and to
evaporate any residual moisture.

Then, firstly, excess water in the inner and outer surface of the HF
was removed by a N2-flow for 45 s at each inlet. MPD solution was then
fed from bottom into the bore side of the vertically-fixed fiber by using
a syringe pump at 2 mL·min−1 for 2 min. Next, the solution was kept
inside the fiber in a horizontal position for 6 min followed by the re-
moval of excess MPD by N2-flow for 150 s. Subsequently, TMC solution
was introduced from the bottom into the vertically-fixed fiber by using
a syringe pump at 2 mL·min−1 for two times 15 s with an interval of
45 s. Finally, the TMC residue was removed by N2-flow for 30 s fol-
lowed by rinsing the fibers with 20 mL of DI water.

3. Results and discussion

3.1. Hollow-fiber characteristics

Table 3 lists the fibers' dimension and their MWCO. The MWCO was
measured for the two types of fiber with the intermediate layer (PI-PEI
and PI-PDA) before the application of the IP coating. Because of the
large pores of PI-REF, it was not possible to determine its MWCO with
the PEG solutions used for MWCO experiment. Both PI-PEI and PI-PDA
showed an MWCO similar to that of NF membranes, which indicates the
existence of a dense layer coated in the inner surface of the HF supports.

Fig. 1 presents SEM images of the inner surface of three fibers before
(left) and after (right) IP coating. All three IP coated membranes clearly
revealed a typical ridge-and-valley PA layer on their inner surface but
no defects could be detected in the SEM images. This is expected as SEM
imaging targets only a small location, which can be free of defects.
Alternatively, defects may be very tiny and undetectable with the used
imaging technique. Therefore, defects (e.g. pinholes) are usually de-
tected by running the PWP and rejection tests and measuring the se-
paration layer resistance against water and NaCl.

Fig. 2 shows cross-section images of the bore side of the fibers. The
intermediate layer of the PI-PEI fiber is rather thin and embedded
within the support and can therefore not be identified very well, while
the intermediate layer of the PI-PDA fiber is slightly thicker and
therefore more obvious, but also appears fully integrated into the
support's structure (Section 3.2 discusses the degree of integration of
the intermediate layer in the support structure on the basis of the zeta
potential results). No clear differences between the PI-REF and PI-PEI
images in terms of morphology and thickness of the PA layer post-IP are
visible, while a more pronounced PA layer can be seen for PI-PDA.

3.2. Zeta potential of fibers before IP

The zeta potential of the surface of the fibers was evaluated pre-IP
and is plotted in Fig. 3. Both PI-PEI and PI-PDA possessed a more partly
positive zeta potential relative to PI-REF which showed a negative zeta
potential for the whole pH range. This positive charge is due to the
presence of the positively-charged PEI and PDADMAC in the inter-
mediate layers of PI-PEI and PI-PDA fibers, respectively. The different
zeta potential profile of these two fibers relative to the PI-REF fiber
proves the existence of the intermediate layer. However, these zeta
potential profiles do not follow those of pure PEI or PDADMAC as both
pure PEI and PDADMAC would have shown a positive zeta potential
over a wider pH-range and an isoelectric point above pH 9.5. This is
because PDADMAC is a permanently positively charged polyelectrolyte
regardless of pH [42] and PEI shows a positive zeta potential in the pH
range of 3–10 [43]. The pH dependency observed here for the two fi-
bers with an intermediate layer (PI-PEI and PI-PDA) suggests that the
support polymer (PI) still contributes to the final zeta potential of these
two membranes. This indicates that the used preparation procedure
(single-step spinning) resulted in the proper embedding of the inter-
mediate layer in the support structure. This integration is wanted as it
prevents possible delamination of the intermediate layer. It is also
worth to mention that the less positive surface and the lower isoelectric
point acquired for PI-PDA as compared to PI-PEI can be attributed to
the lower charge density of PDADMAC as compared to PEI [44].

3.3. Pure water permeance

The pure water permeance (PWP) of the fibers was measured for
both pre-IP and post-IP fibers (Fig. 4). The purpose of the pre-IP mea-
surement was to evaluate the effect of the intermediate layer for the PI-
PEI and PI-PDA fibers compared with the PI-REF fibers (Fig. 4a). The PI-
REF fibers had a water permeance of 60 ± 15 (L·m−2·h−1·bar−1) pre-
IP but this was much lower at 2.3 ± 1.3 (L·m−2·h−1·bar−1) and
1.2 ± 0.8 (L·m−2·h−1·bar−1) for PI-PEI and PI-PDA, respectively. This

Table 3
Characteristics of the hollow fibers (inner diameter, outer diameter, and
MWCO).

Membrane Inner diameter (ID)
(mm)

Outer diameter (OD)
(mm)

MWCO (kDa)

PI-REF 0.90 ± 0.01 1.26 ± 0.10 > 35,000
PI-PEI 0.90 ± 0.02 1.30 ± 0.01 2.0 ± 0.30
PI-PDA 0.88 ± 0.04 1.20 ± 0.01 0.71 ± 0.01
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reduction in PWP is another confirmation of the existence of an inter-
mediate layer for the PI-PEI and PI-PDA fibers; it results from the ad-
ditional transport resistance of the intermediate layer for water.

We also evaluated the effect of the intermediate layer on the suc-
cessful prevention of defects via measuring of the post-IP PWP (Fig. 4b).
The average PWP after IP coating decreased to 2.65, 0.32, and 0.28
(L·m−2·h−1·bar−1) for PI-REF, PI-PEI, and PI-PDA, respectively, in-
dicating that a PA layer indeed had formed. This is in agreement with
the SEM imaging results. However, PWP test revealed the presence of
defects which were not detectable by SEM. For the support without an
intermediate layer, we observed a large degree of scatter, indicating a
low reproducibility of the IP process as a result of the development of
pinhole defects. By contrast, the two types of fibers with an inter-
mediate layer showed very little deviation between samples. This low
spread in the PWP results indicates that a much more consistent (defect-
free) layer formed when we applied our procedure. In other words, the
presence of the intermediate layer increased the success rate of IP in the
inner surface of the HFs. Similar results were found by Ormanci-Acar

et al. [37] where the addition of 3.5 polyelectrolyte bilayers as inter-
mediate layer helped to improve the IP results.

Additionally, the IP layer resistance was determined for the mem-
branes with and without an intermediate layer (Fig. 5). For this, the total
resistance of the membrane before IP (with RT = RIP) was subtracted
from the total membrane resistance after IP. The results show that the IP
layer resistances of the PI-PEI and PI-PDA membranes are very similar,
while the resistance of the IP layer is substantially lower for the PI-REF.
This similarity of the resistances of both membrane types with an inter-
mediate layer demonstrates that the type of intermediate layer does not
severely influence the formed IP layer with respect to cross-linking den-
sity and thickness. The obtained resistances for the IP layers on the sup-
ports with an intermediate layer are very much comparable to those
found for conventional membranes [39,45]. Moreover, the lower re-
sistance on average for membranes without intermediate layer (PI-REF) is
indicative for the defects present in this layer. Furthermore, the two
samples from the PE-REF membranes with a substantially higher re-
sistance did both also show a high NaCl retention.

Fig. 1. SEM images of the surface of the inner surface of three fibers before and after IP coating, taken at a magnification of 10,000×.
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3.4. Salt rejection

To further show the effect of defects, we determined the NaCl re-
jection by means of a filtration experiment of individually coated
membranes (Fig. 6). The results were also used to assess the success rate
of IP. The two types of HF support equipped with an intermediate layer
had already showed a slight NaCl rejection before IP coating due to the
charged polyelectrolyte complex [46]. This was 14 ± 6% for PI-PEI
and 27 ± 9% for PI-PDA.

As can be seen in Fig. 6, the NaCl rejection for the membranes
without the intermediate layer (PI-REF) was scattered between 10 and
90%, reflecting a highly irreproducible coating process. This clearly
showed that in many cases, the transport was also governed by trans-
port through pinholes. This translates into a success rate of only 29%
for the IP coating. In contrast, the NaCl rejection significantly increased
for all samples for the two types of fibers with an intermediate layer. In
addition, much less scattering was seen between the samples. This
shows that a far more reproducible coating process can be obtained
after application of an intermediate layer. In fact, the success rate was
determined to be 86% for PI-PEI and as high as 100% for PI-PDA.

Fig. 2. Cross-section SEM images of the bore of three fibers before and after IP coating, taken at a magnification of 5000×.
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Fig. 3. Zeta potential of the three fibers as a function of pH. Results are an
average of six measurements for each sample.
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To investigate whether the rejection results achieved for the sup-
ports with an intermediate layer (PI-PEI and PI-PDA) were indeed sig-
nificantly different than those for PI-REF (without intermediate layer),
we performed a statistical analysis on the results. Our hypothesis is that,
due to the effect of an intermediate layer, the variances between sam-
ples coated with and without PEC are unequal and that a higher re-
jection is obtained by samples with a PEC intermediate layer. For this, a
one-tailed Welch's t-test can be used that tests the null hypothesis that
two populations with unequal variance have equal means [47]. We
used the standard alpha level (or significance level) of 0.05 (Table 4).

The results clearly show an unequal variance between the PI-REF
coated membranes and the PEC based membranes. The higher variance

of the membranes without a PEC intermediate layer is in agreement
with the low success rate of coating and indicates that indeed the for-
mation of the TFC separation layer is more erratic without an inter-
mediate layer. Furthermore, for both cases, the t-values are higher than
t-critical. This means the null hypothesis can be rejected, implying that
the different populations do not have an equal mean. This shows that
the samples with a PEC intermediate layer have a statistical higher NaCl
rejection with a lower variation. An analysis between the two different
populations with either PEI or PDA as intermediate layer, showed that
these two membrane types do not show a different mean based on a
two-tailed Welch's t-test (t = 2.25, tcritical = 2.31, P = .027). Although
there is no apparent difference between the performance of the two
different PEC-based membranes, it can be argued that long-term per-
formance could give a preference to the PEI based membranes as PEI
has the ability to also participate in the IP reaction, covalently attaching
the IP layer to the PEC support.

In addition, the water permeance (A, horizontal axis) of the dif-
ferent membranes is plotted against their selectivity (A/B, vertical axis)
for each individual fiber (Fig. 7). This is a common way to indicate the
trade-off between water permeance and salt selectivity [48]. What
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Fig. 4. Pure water permeance measured at 2 bar in dead-end configuration for the three types of fiber a) Pre-IP and b) Post-IP coating (based on seven fibers coated,
each tested separately).
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Table 4
Welch's t-test results.

Variance One-tailed t-test results

PI-REF PI-PEI PI-PDA PI-REF vs. PI-PEI PI-REF vs. PI-PDA

1316 20 4.0 t = 3.04
tcritical = 1.94
P = .011

t = 3.40
tcritical = 1.94
P = .007

0.1 1 10
0.01

0.1

1

10

 PI-REF
 PI-PEI
 PI-PDA

rab(
B/

A
-1

)

A (L m-2 h-1 bar-1)

Fig. 7. Water permeance (A) versus salt permeance (B) of the three types of
fibers as determined from NaCl rejection tests.
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becomes evident is that for the membranes with an intermediate layer,
the PEC layer does not add to the selectivity of the membrane. In fact,
for these samples, it seems that the intermediate layer, while increasing
the success rate, also increases the overall transport resistance. The
membranes without an intermediate layer, clearly show a permeance/
selectivity trade-off that can be attributed to the presence of defects in
the separation layer. This trade-off is similar to that observed with TFC
membranes [45,49].

All in all, we show that the existence of the intermediate layer in-
creases the success rate and reproducibility of the IP coating sig-
nificantly as compared to the fibers without an intermediate layer. This
was tested experimentally and supported by a statistical analysis. As
this paper was exclusively aimed towards the proof of concept of in-
creasing the IP success rate by the addition of an intermediate layer, a
high concentration of polyelectrolytes was used in the spinning solu-
tions. This inherently led to a relatively low starting permeance before
IP coating impairing the final permeance of the membranes. However,
we note that the water permeance (A) of the final fibers coated with an
intermediate layer can be substantially improved e.g. by lowering the
concentration of the polyelectrolyte in the spinning solutions in order to
produce thinner intermediate layers.

4. Conclusions

This study presents a single-step approach for increasing the success
rate of interfacial polymerization based selective layers when applied
on the inner surface of hollow fibers used for desalination purposes. For
this, an intermediate layer is directly applied during the membrane
formation which prevents detrimental defects on the inner surface of
the fibers and as such no further IP optimization step is needed to ob-
tain a defect free layer per se.

Two different types of fiber, with a different intermediate layer
(either PI-PEI or PI-PDA) were fabricated. After IP, these two fibers had
a lower PWP as well as less variance compared with their counterparts
without intermediate layer (PI-REF). Additionally, a higher NaCl re-
jection, on average, was achieved for both membranes with inter-
mediate layer with, again, little variation. We defined the IP success
rate for membranes used for desalination purposes as the percentage of
membranes with an NaCl rejection higher than 85%. This success rate
for PI-PEI and PI-PDA was 86% and 100%, respectively, while this was
as low as 29% for PI-REF.

Further improvements will be needed to optimize the thickness and
density of the intermediate layer in order to lower its overall resistance
towards water transport. This can, for instance, be simply achieved by
lowering the polyelectrolyte concentration. This method allows for a
much easier application of an IP based separation layer and opens up
new avenues for the development of desalination membranes with
different, nonplanar, geometries.
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