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ARTICLE INFO ABSTRACT

Keywords: We herein report a novel approach based on electrochemical impedance spectroscopy (EIS) for in-situ monitoring
Layer-by-Layer of the adsorption kinetics in preparing polyelectrolyte multilayer nanofiltration membranes using layer-by-layer
Adsorption o (LbL) deposition. Unlike existing methods for monitoring adsorption kinetics, this new approach is non-
El:;;?li};::; Iclal impedance spectroscopy destructive and applicable to various substrates (as it does not use the substrate as a sensor). The model nano-

filtration membrane used in this study is prepared by alternate depositions of Poly(diallyldimethylammonium
chloride) and Poly(sodium 4-styrenesulfonate) on a polyacrylonitrile ultrafiltration membrane as the support. In
each deposition step, the EIS measurements yield two important parameters, including the interfacial layer so-
lution resistance and the film resistance, for probing the extent of polyelectrolyte deposition and membrane
performance. The extent of polyelectrolyte deposition as probed by the EIS measurements is well corroborated by
independent measurements of the membrane surface potential and the nanofiltration performance including
water permeability and NaySO4 rejection. This EIS-based approach enables the optimization of membrane
fabrication using LbL deposition by conveniently identifying the minimum deposition time required to attain
surface saturation.

1. Introduction polymerization (IP) [8-10]. Although polyamide-based NF membranes

exhibit excellent perm-selectivity in many NF applications, they suffer

Nanofiltration (NF) is a membrane-based solute and molecular sep-
aration process that has been playing an increasingly important role in
water treatment and wastewater reclamation [1-7]. It is a low-pressure
membrane process with separation performance between reverse
osmosis (RO) and ultrafiltration (UF) [8-10]. Unlike RO membrane that
rejects almost all solutes from the feed solution, NF membranes typically
have a comparatively loose active layer that partially rejects large ions
and small organic molecules. The selectivity of NF membrane is mainly
dependent on the pore size and the surface charge [11,12]. In general,
NF membranes retain solute larger than the pore size and/or with charge
similar to the surface and pore of the membrane [13,14].

Most existing commercial NF membranes are thin-film-composite
polyamide (TFC-PA) membranes fabricated via interfacial

from the propensity to organic and biological fouling and the poor
chlorine resistance that prohibits aggressive membrane cleaning, which
results in increased energy consumption in long-term operation and a
relatively short membrane lifetime [15-18]. As an alternative to IP,
Layer-by-Layer (LbL) deposition has been actively explored to fabricate
membranes with polyelectrolyte multilayer (PEM) active layer. Over the
last few decades, fabrication of PEM-nanofiltration (PEM-NF) mem-
branes using LbL deposition has received growing interests due to its
vast potential for tuning NF membrane performance with fine control of
active layer film properties [19-24]. These features allow for engi-
neering functional PEM-NF membranes with excellent fouling resistance
and chemical stability in harsh conditions [25-28].

Typically, a PEM-NF membrane is formed by electrostatic self-
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assembly of two oppositely charged polyelectrolytes [29,30]. The ki-
netics of adsorption of polyelectrolytes onto an oppositely charged
surface is primarily regulated by diffusion and charge overcompensation
[20,31-33]. Many competing factors affect the kinetics of poly-
electrolyte adsorption, including polyelectrolyte type (e.g., strong or
weak polycations vs. polyanions), molecular weight, concentration,
substrate charge density, and the presence of inert, non-adsorbing
electrolytes [31]. Studying the impacts of these factors on poly-
electrolyte deposition and optimizing NF membrane synthesis based on
LbL deposition requires an effective approach for monitoring the ki-
netics of polyelectrolyte adsorption. An ideal method for probing the
kinetics of polyelectrolyte adsorption in NF membrane fabrication
should be in-situ, non-interfering with the membrane fabrication pro-
cess, and does not require the use of special substrates as sensors.

Unfortunately, existing approaches of monitoring adsorption ki-
netics fail to satisfy all these requirements. These methods include UV/
Vis spectroscopy [34,35], small-angle X-ray scattering [36], quartz
crystal microbalance with dissipation (QCM-D) [37,38], conductometric
and potentiometric titration [39], ion-sensitive field-effect sensors and
transistors [40]. While these techniques can provide useful information
about polyelectrolyte deposition, each of them has their respective
limitations. For instance, UV/Vis spectroscopy can only be applied to
polyelectrolytes with optically sensitive functional groups [34].
Conductometric and potentiometric titrations require the presence of
titratable functional groups in the polyelectrolyte species. X-ray scat-
tering is a powerful tool to characterize the change of the film thickness,
but provides limited information on adsorption kinetics [17]. QCM
measurements can only be performed using piezoelectric crystal, which
limits the choices of adsorption substrates and cannot be applied in real
membrane fabrication processes [37]. A similar limitation also applies
to methods based on ion-sensitive field-effect sensors and transistors
[40].

Electrochemical impedance spectroscopy (EIS) is a powerful tech-
nique with diverse applications in studying reactions and interfacial
processes, including corrosion [41], coatings [42], electrocatalytic re-
actions [43], and redox reactions [44]. Efforts have been made to
analyze the adsorption of polyelectrolyte onto a modified electrode,
which provides insights into the growth kinetics of PEM films [45,46]. In
those studies, the application of EIS was limited to studying PEM grown
on special substrates, such as silicon and quartz electrodes. However, it
remains challenging to directly study the kinetics of adsorption on
porous membranes to monitor the growth of PEM in real membrane
fabrication processes.

Here, we report a novel technique based on a four-electrode EIS
system for studying the kinetics of polyelectrolyte adsorption onto a
porous support in the context of fabricating PEM nanofiltration (NF)
membrane. This technique represents an in-situ and non-destructive
method for monitoring the growth of the PEM forming on a mem-
brane substrate via LbL deposition. Specifically, we use a model system
comprising poly (diallyldimethylammonium chloride) (PD) as the pol-
ycations, and poly (sodium 4-styrene sulfonate) (PS) as the polyanions.
This model system has been widely investigated for preparing PEM-NF
membranes via LbL deposition [24,47]. We perform EIS measurements
during the sequential depositions of the six layers of polycations and
polyanions on a polyacrylonitrile (PAN) ultrafiltration membrane and
extract the solution resistance and charge transfer resistance from the
EIS spectra. Finally, we characterize the PEM-NF membranes with
different adsorption time and correlate the membrane properties and NF
performance with the characteristics of the adsorption process.

2. Materials and methods
2.1. Materials and chemicals

Polyacrylonitrile (PAN) ultrafiltration membrane (MWCO = 50 kDa,
GE Healthcare Life Science) was used as the substrate for fabricating the
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PEM-NF membrane. Poly(diallyldimethylammonium chloride) solution
(PD, 25%, 400-500 kDa), Poly(sodium 4-styrenesulfonate) (PS, 1000
kDa), hydrochloric acid (HCl, ACS reagent, 37%), sodium hydroxide
(NaOH, Bioxtra, > 98%) and NaySO4 (>99%), were purchased from
Sigma-Aldrich (St. Louis, MO US). All chemicals were used as received
without further purification. Deionized water (Millipore, US) was used
to prepare polyelectrolyte solutions and surfactant solution.

2.2. Fabrication of PEM-NF membrane

The PEM-NF membrane was prepared by depositing PD and PS
alternately onto a PAN ultrafiltration (UF) membrane (the chemical
structures of PD and PS are shown in Fig. 1). The PAN-UF membrane was
first treated with a 2 mol L™! NaOH solution for 30 min to acquire
negative surface charge, then immersed into DI water to remove excess
NaOH, and finally dried in the oven before use. The hydrolyzed PAN
membrane was exposed to the polycation solution (2 g L™! PD), rinsed
with DI water, then exposed to a polyanion solution (2 g L' PS), and
finally rinsed with DI water. The resulting membrane is referred to as the
(PD-PS); with the subscript “1” representing one PD-PS bilayer. The
same procedure was repeated to form additional bilayers, (PD-PS)5 and
(PD-PS)s.

2.3. EIS measurement, equivalent circuit, and parameters extraction

In each polyelectrolyte deposition step, EIS measurement was per-
formed using a potentiostat (SP-150 BioLogic, France) equipped with a
custom-made EIS cell (Fig. 1A, also Supplementary Fig. 1). The cell
dimension is 80 mm x 80 mm x 80 mm with an effective membrane
area of 4.52 cm?. The cell consists of two chambers, each containing an
electrode for injecting current (the working electrode and counter
electrode) and an electrode for measuring the potential across the
membrane (the working sense electrode and the reference electrode)
[48]. The polycation and polyanion solutions were alternately intro-
duced to the PAN substrate in a non-flow electrochemical cell, and the
process of polyelectrolyte deposition was in-situ monitored. The
four-electrode system separates the measurements of current and
voltage, and thereby eliminates the complicating effects of the
frequency-dependent impedance at the interface between the solution
and the working electrode.

This setup, shown in Fig. 1A and B, enables the simultaneous mea-
surements of solution resistance near the solution-membrane interface
and the film resistance without mutual interference. The working and
counter electrodes are responsible for current injection, whereas the
working sense and reference electrodes are for measuring potential
difference across the PEM. The working electrode is a platinum ring
placed in the polyelectrolyte solution, whereas the counter electrode is a
platinum foil placed in the polyelectrolyte-free solution on the opposite
side of membrane. The working sense electrode and the reference
electrode are two platinum wires placed in direct contact of the two
sides of the substrate membrane, respectively. The direct contact of the
working sense electrode and the reference electrode with the membrane
is critical to the measurement consistence, whereas the use of wires
(instead of foil) minimizes the interference of the electrodes with the
polyelectrolyte deposition.

The input was a sinusoidal perturbation signal with an amplitude of
10 mV (vs. the open-circuit potential). Unless specified, an impedance
spectrum was recorded every 120s with a sweep frequency from 50 kHz
to 0.1 Hz. However, we also performed some EIS measurements only
within the high frequency range to shorten the scan time to extract the
early stage evolution of certain parameters. Each polyelectrolyte depo-
sition experiment was repeated for three times and the average and
standard deviation of the parameters extracted from the EIS measure-
ments are reported. Fitting of the impedance data was performed using
commercial software, ZView®.

The EIS spectra were modeled using a R;-(R;,/Q) equivalent circuit
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Fig. 1. (A) A custom-made EIS cell for EIS measurements. (B,C) Schematic illustration of the electrodes’ positions in the EIS measurements. The R;-(R,/Q) equivalent
circuit used to fit the EIS spectra. The equivalent circuit comprises a parallel circuit R,,,/CPE connected in series to a resistance R;. (D) Illustration of Nyquist plot of
the measured impedance and its interpretation using the equivalent circuit. The intercept of the x-axis represents the interfacial solution layer resistance, R;. The film
resistance R, and the non-ideal capacitive behavior, Q, are related to the size of the semi-circle.

connecting a resistance R; with an RC circuit of R,,/Q (Fig. 1C) [49].
Specifically, R; stands for the interfacial solution resistance which is the
resistance of a thin film of solution near the membrane surface. The
value of this resistance primarily depends on the abundance of the
counter ions of the immobilized polyelectrolyte, and is thus closely
related to the surface charge of the membrane [50,51]. R, represents the
film resistance corresponding to the diffusion resistance of mobiles ions
across the PEM-NF membrane [49,52-55]. Lastly, Q represents the
constant phase element (CPE) accounting for the non-ideal capacitive
behavior. In the EIS spectrum, R; is the first x-intercept in the Nyquist
plot, while R;; and Q relate to the size of the semi-circle. Confidence
limits of the best-fit model parameters were quantified by evaluating the
variance-covariance matrices of the Levenberg-Marquardt algorithm
employed in a non-linear R? minimization between the model and data
[56].

While the interfacial electrochemical adsorption has been exten-
sively studied for electrodes and functionalized conductive substrates
using three-electrode systems [51,56], a three-electrode system does not
enable direct characterization of the adsorption of charged species to a
dielectric such as a membrane. This challenge is overcome in our
four-electrode system where a pair of electrodes for measuring potential
difference are attached to the two sides of the membrane to detect the
subtle potential difference when electrostatic adsorption occurs at the
solution-membrane interface. Despite the large resistance from the
membrane substrate, the four-electrode system was sufficiently sensitive
to detect the slight change of interfacial solution resistance (R;) and film
resistance (R;,) related to polyelectrolyte deposition. These two pa-
rameters extracted from the EIS spectra following the equivalent circuit
model provide useful insights into understanding the process of LbL
deposition.

2.4. NF membrane characterization and performance testing

As charge overcompensation is the primary driving force of poly-

electrolyte adsorption, the change of surface charge density or potential
is an important indicator of the adsorption progress. We prepared the
(PD-PS), (n = 1,2,3) membranes with different adsorption time, ranging
from 0 to 60 min, for the adsorption of the PS top-layer onto underlying
polyelectrolyte multilayers (capped with PD before PS adsorption).
Except for this top layer of PS for which we intentionally varied the
adsorption time, each layer of the underlying polyelectrolyte was pre-
pared with a 30 min deposition time. The {-potentials of the (PD-PS),
membranes with different top-layer PS adsorption time were determined
by streaming current measurements using a streaming potential
analyzer (SurPASS electro-kinetic analyzer, Anton Paar, Ashland, VA)
with an adjusting gap cell with a channel width around 100 pm and 1
mM KClI solution as the background electrolyte. The zeta potential is
calculated according to the method by Helmholtz-Smoluchowski [57]:

dl n L
= I (e—e) A

Ip (¢ — &) A
where ¢ is the zeta potential, dl/dp is the slope of streaming current vs.
differential pressure, 5 is the dynamic viscosity of the liquid, ¢ is the
dielectric coefficient of solvent, ¢, is vacuum permittivity, L is the length
of the streaming channel and A is the cross-section of the streaming
channel. We note that while the charged porous substrate may have
impacts on the measured zeta potential [58-60], this effect is difficult to
quantify due to the technical challenge of accurately distinguishing the
properties of the active layer and the PEM. However, relative change of
surface zeta potential of the PEM would not be affected without
considering the impact of the substrate porosity.

NF performance of the (PD-PS), (n = 1,2,3) membranes with
different adsorption time was evaluated using a cross-flow filtration cell
with an active membrane area of 7.1 cm?. The pure water permeability
of the (PD-PS),, membranes was evaluated using DI water. The crossflow
velocity was 0.62 m s~ and the applied pressure was 2 bar. We evalu-
ated the rejection of NaySO4 (1 g L™1), which is commonly used in NF
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performance testing. The salt concentrations of the feed and permeate
solutions were determined by measuring the electrical conductivity of
the solutions with a calibration curve. The pure water permeability of
the NF membrane was defined using the following equation:
J

PWP ="

AP
where PWP is the pure water permeability of the NF membrane (unit: L
m2h?! bar’l), J is the volumetric flux of water (unit: L m 2 h’l), and
AP was the applied pressure (unit: bar), respectively. The solute rejec-
tion, R, is calculated using the following equation:

R= (1 ,i) x 100%
s

where ¢, and ¢ are the solute concentrations of permeate and feed so-
lution, respectively.

3. Results and discussion

3.1. Evolution of interfacial solution and film resistances reflects
polyelectrolytes growth

Both the interfacial solution resistance and film resistance changed
throughout the adsorption process (Fig. 2). Each semi-circle represents a
full EIS spectrum at a certain period in the adsorption process (Fig. 2A).
The frequency of the spectrum scan ranged from 50 kHz to 0.1 Hz. The
spectrum initially shifted to the right before shifting back toward the left
as the polyelectrolyte deposition continued, which suggests that R;
increased slightly at the beginning of the adsorption process due to the
loss of mobile counterions in the interfacial layer and then gradually
decreased as the mobile ions concentration restored (Fig. 2B). In com-
parison, the film resistance, R, which quantifies the diffusion resistance
of mobile ions (counterions) across the PEM-NF membrane, mono-
tonically increased as the adsorption process occurred and eventually
approached a maximum (Fig. 2C). The increase in R, results from more
difficult ion transport across the membrane as the PEM layer grows
thicker. While more discussion will be provided later, the EIS data in
Fig. 2 show that the temporal evolution of both interfacial solution
resistance (R;) and film resistance (R,,) reasonably reflects the dynamics
of polyelectrolyte adsorption.

3.2. Time-dependent interfacial and film resistances during
polyelectrolytes growth

Polyelectrolyte adsorption is a process driven by electrostatic inter-
action and limited by diffusion. In such a process, polyelectrolyte mol-
ecules first diffuse from the bulk solution to the interfacial layer near the
membrane surface under a concentration gradient due to the
consumptive adsorption, and then bind onto the charged substrate via
electrostatic attraction. Upon contact with the PEM surface, a small
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segment of the polyelectrolyte chain is anchored onto the surface
forming a large number of loops (segments with two anchor point on the
PEM surface) and tails (segments with one anchor point on the PEM
surface), while a large portion of segments still protrudes into the so-
lution [34,61]. In a salt-free environment, the electrostatic attraction
between two strong polyelectrolytes, e.g. PD and PS, leads to the spatial
rearrangement of polyelectrolyte chain because the enthalpy reduction
associated with the increased contact between the substrate and the
polymer with a more extended configuration outweighs the corre-
sponding loss of entropy [62].

Probing the R; extracted from EIS data provides useful information
regarding the kinetics and extent of adsorption. The adsorption dy-
namics in each step is illustrated using the inverse of normalized inter-
facial resistance, defined as the ratio between the final interfacial
resistance, R;s, and the real-time interfacial resistance, R;, i.e., Ris/R;
(Fig. 3A and Supplementary Fig. S2). The value of Ris/R; roughly
quantifies the real-time abundance of counter ions on the membrane
surface as compared to that at adsorption equilibrium, as 1/R; positively
correlates to the abundance of counter ions.

Instead of scanning the full frequency range, we performed partial
spectrum scans only in the high-frequency range (10 kHz-0.3 kHz) to
shorten the time of each scan (Supplementary Fig. 3). For both PS
adsorption onto PD-coated surfaces and PD adsorption onto PS-coated
surfaces, R;¢/R; dropped slightly in the initial stage of adsorption
(Fig. 3A), as the substrate surface became neutralized [63]. After this
initial stage, R;s/R; continued to increase as the surface became
increasingly overcharged. The increase of R;s/R; eventually leveled off
as the adsorption approached completion. Comparing the adsorption of
the two polyelectrolytes, we find that the initial-stage adsorption is
faster for PD adsorption onto the PS-coated surfaces than for PS
adsorption onto PD-coated surfaces, which is reflected by the earlier
emergence of the minimum R;;/R; when PD adsorb onto the PS-coated
surfaces.

The faster initial adsorption of PD can be explained by the much
higher surface charge (in absolute value) of the PS-coated surface
(Fig. 3B, negative values) than that of PD-coated surface (Fig. 3B, pos-
itive values). Therefore, the initial driving force for PD adsorption onto
the PS-coated surface is much stronger than that for PS adsorption onto
the PD-coated surface. In addition, the diffusion rate of PD
(Mw~400-500 kDa) is estimated to be ~1.5 times larger than that of PS
(Mw~1000 kDa) [64,65]. Consequently, the low adsorption rate of PS
onto the PD-coated PEM surface and the low diffusion rate of PS from
bulk solution to the membrane surface synergistically delayed the
emergence of the R;¢/R; minimum.

The initial R; value in each adsorption step throughout a sequential
six-layer LbL deposition is shown in (Fig. 3C squares). The initial R; of
the same type of surface decreased as more layers of polyelectrolytes
were deposited, which is primarily due to the increase of (the absolute
value) of the surface potential as a more strongly charged surface would
bear more counter ions before adsorption. The change of interfacial
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Fig. 2. (A) Example Nyquist plots of impedance of the solution near the solution-membrane interface and the polyelectrolyte active layer as a function of time during
the deposition of the second PS layer onto the PAN-(PD-PS-PD) surface. (B) Change of solution resistance (R;) as a function of time deduced from Nyquist plot. (C)

Change of film resistance (R,,) as a function of time deduced from Nyquist plot.
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solution resistance in each deposition step (i.e., the difference between
final and initial R; of either a PS or PD deposition step), AR;, continued to
grow with a larger number of deposited layers (Fig. 3C, circles). This
implies that more polyelectrolytes deposit in the later steps of the LbL
process, which is consistent with the growingly larger difference in zeta
potential between two adjacent layers as the number of layers increased
(Fig. 3B).

The EIS spectra also yield another important parameter, namely the
film resistance (R;,), which quantifies the transmembrane diffusion
resistance of mobile ions across the PEM-NF membrane. The resistance
Rp of a film is directly related to ionic permeability [49,52], and is
dependent on surface charge, film thickness, and the ion diffusivity. The
temporal variation of R,, as extracted from fitting the equivalent circuit
suggests that R, rapidly increased in the early stage of adsorption and
gradually leveled off as adsorption approached completion (Fig. 4A).
The increase in R, resulted from more difficult trans-membrane diffu-
sion as the more polyelectrolyte accumulated on the membrane surface,
and R, reached a maximum value when the polyelectrolyte adsorption
ended due to saturation of surface adsorption site. In addition, the R,
increased following an exponential function in the form of 1— exp( —kt)
and leveled off at the end of adsorption which also reflects the accu-
mulation of polyelectrolyte on the PEM surface. Regardless of the
adsorption step in the LbL deposition process, R, always reached a
maximum at roughly 30 min. The adsorption time reflected by the
temporal evolution of Ry, is highly consistent with that measured using
the interfacial solution layer resistance, R;(Fig. 3A).

Comparing the temporal evolution of R, at different deposition steps
also reveals that R, increased slightly faster for polycation (PD)
adsorption than for polyanion (PS) adsorption (Fig. 4A). The difference
in the rates of R,, increase is attributable to the fact that PS-coated
membrane surfaces were more strongly charged whereas PD-coated
surfaces had surface potentials that were closer to zero (Fig. 3B). Spe-
cifically, the fastest adsorption was observed with the positively charged
PD adsorbing onto the membrane covered with (PD-PS); which had the
most negative charge among surfaces subject to further adsorption (no
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additional adsorption was performed beyond (PD-PS); which was even
more negative). The same conclusion could also be drawn from the PS
adsorption: the adsorption rate increased with the number of poly-
electrolyte layers.

The final values of R, also reveal important insights regarding the
properties of the PEM layers. First, the final values of R;, for the PD-
capped film are systematically higher than that of the PS-capped film
(Fig. 4B). This is likely because (1) the PD-capped surface is substantially
less charged than the PS-capped surface (Fig. 3B) and (2) the counter
anion for PD, Cl™, has a substantially smaller Stoke radius (1.21 A) as
compared with that of the counter cations for PS, Na™* (1.84 Z\) [66].
Second, comparing the PEM-NF membranes of the same capping poly-
electrolyte across different steps of deposition, Ry, increased systemat-
ically as the number of layers increased (Fig. 4B). Even though the
absolute values of the surface potential increased (Fig. 3B), which tends
to enhance ion permeability and thus reduces Ry, R;, still increased
systematically due to the increase of the PEM film thickness.

3.3. Correlating membrane property and performance with film resistance

Because observations from Figs. 3A and 4A suggest the effective time
of the adsorption was consistently ~30 min regardless of the step in the
LbL deposition, we hypothesize that the membrane property and per-
formance depend on the polyelectrolyte adsorption time until it reaches
30 min. To test such a hypothesis, we fabricated a series of PEM-NF
membranes with different PD-PS bilayers (1, 2, and 3 bilayers) with
each surface layer obtained using different adsorption time (from 0 to
60 min). We note that the different adsorption time applies only to the
top layer, whereas the underlying PEMs all have the same composition.
Therefore, the membrane sample with O-min adsorption time is a
membrane with the complete underlying layers but not the top layer.
Thirty membrane samples were fabricated following such an experi-
mental design. The surface potential, water permeability, and rejection
of NaySO4 were measured for each membrane sample and are presented
in Fig. 5, along with the temporal evolution of R;, that has been shown in
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Fig. 4. (A) Temporal evolution of R,, in different deposition steps, with squares representing PS adsorption onto a PD-coated surface and circle representing PD
adsorption onto a PS-coated surface) (B) Final R, (i.e., R,, at the end of each adsorption step). for each deposition step.
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Fig. 5. (A, B, C) Surface streaming potential (orange squares, left axis), R,, at a different time of the adsorption(green squares, right axis). (D, E, F) Membrane water
permeability (blue squares, bottom row, left axis), and Na;SO4 rejection (red squares, bottom row, right axis) for PEM-NF membranes fabricated using different
deposition time. All four sets of data are presented for PEM-NF membranes with one bilayer (PD-PS, first column), two bilayers ((PD-PS),, second column), and three

bilayers of ((PD-PS)s, third column).

Fig. 4A also presented in Fig. 5A, B and 5C to facilitate comparison.

Regardless of the number of PD-PS bilayers, the surface potential of
the PEM-NF membranes as a function of adsorption time followed the
opposite trend for the temporal evolution of R;,. As the EIS data in Fig. 3
suggests, the polyelectrolyte deposition completed at ~30 min. This is
again confirmed by the temporal evolution of surface potential that
reached its minimum at ~30 min. Similar behaviors were also observed
with the membrane performance. Specifically, the water permeability
decreased, and the salt rejection increased, with increasing deposition
time, before they leveled off at ~30 min, which is in a good agreement
with the change of R, (Fig. 5). These evidences are congruent in sup-
porting the conclusion that ~30 min is required for this specific PEM
system to reach completion of each deposition step (i.e., reaching an
adsorption equilibrium beyond which membrane properties no longer
change).

The validation of the hypothesis derived from EIS measurement
suggests that we can indeed use data from a single EIS measurement to
determine the extent of the deposition as a function of the deposition
time. However, EIS measurement is substantially more convenient and
efficient as compared to all the other measurements of membrane
property or performance. For example, constructing each surface po-
tential curve in Fig. 5A, B, and C requires the fabrication of ten mem-
brane samples and at least ten surface potential measurements (even
without replicate). The same number of membrane samples and mea-
surements are also required for constructing the permeability and
rejection curves in Fig. 5D, E, and F. All these series of measurements are
time-consuming and laborious due to the requirements of fabricating
multiple membranes and performing separate experiments on different
membrane samples. In many cases when a membrane with the highest
rejection is of primary interest, one can simply perform a single EIS
measurement to identify the minimum deposition time for reaching
surface saturation.

The EIS measurements do not only provide insights into the dy-
namics of polyelectrolyte adsorption in each step of LbL deposition, the
film resistance of the membrane also correlates with the membrane
performance such as water permeance and solute rejection. Specifically,
this film resistances, R, were extracted from the EIS spectra at the end
of each deposition step (i.e., the final points of Ry, in Fig. 5A, B, and C).
As discussed before, R, quantifies the resistance of ion transport through

the PEM layer and is dependent on both film thickness and surface
charge. The small difference between R;, of the three PS-capped PEMs,
which was nonetheless detectable by the four-electrode EIS setup, led to
substantial variation of water permeability and NaySO4 rejection of the
resulting NF membranes (Fig. 6). Specifically, NaSO4 rejection in-
creases with increasing R, as more difficult ion transport results in
higher salt rejection; whereas water permeability decreases substan-
tially with increasing R, primarily due to the increase of PEM film
thickness.

4. Conclusion

In summary, we have developed a novel approach for in-situ and
non-destructive monitoring of the adsorption kinetics of polyelectrolytes
in the process of fabricating PEM-NF membranes using LbL deposition.
The four-electrode EIS system is capable of detecting subtle electro-
chemical change of the properties in the solution near the membrane
surface (interfacial solution resistance) and in the PEM layer (film
resistance). The measurements of these properties in the adsorption
process can reflect status of the adsorption process. Moreover, the film
resistance extracted from EIS also correlates with the NF performance of

(PD-PS), (PD-PS), (PD-PS),
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Fig. 6. Dependence of water permeability and Na,SO, rejection on film resis-
tance, Ry, extracted from the EIS spectrum at the end of each deposition step for
PS-capped PEM. Such an R, was measured when polyelectrolyte adsorption
reached equilibrium.
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the PEM membrane.

Although the EIS technique cannot provides spatial distribution of
the PEM properties, the ability to in-situ monitor global kinetics of the
dynamic growth of the polyelectrolyte thin film has substantial practical
implications for fabricating NF membranes using LbL deposition of
polyelectrolytes. One obvious application of this EIS-based monitoring
technique, as shown in this study, is to identify the minimum adsorption
time to achieve surface saturation, which is critical for achieving the
most efficient fabrication without compromising membrane perfor-
mance. This technique may also help us better understand how the ki-
netics of polyelectrolyte deposition and membrane performance are
affected by fabrication conditions such as temperature, pH, ionic
strength, and the addition of solvents. Specifically, the dynamic infor-
mation extracted from EIS can provide fundamental insights that cannot
be derived from merely testing the performance of the fabricated
membrane. Last but not least, this EIS-based monitoring approach ap-
plies not only to NF membrane fabrication, but also to any process of
modifying membrane surfaces and many other substrate surfaces with
polyelectrolyte adsorption.
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