


potentially enable the implementation of timely measures to
prevent process failure due to wetting.
Electrochemical impedance spectroscopy (EIS) is a versatile

characterization technique that probes the magnitude and phase
of the electrochemical impedance of a system. It works by
measuring the electrical response of a system upon application of
alternating potentials with a wide spectrum of frequencies.29,30

Recently, EIS has been utilized to determine the wetting state of
textured surfaces, taking advantage of the fact that the impedance
varies depending on whether the grooves (or pores) of a rough
(or porous) surface are filled with an electrolyte solution or
air.31−33 Similarly, EIS has also recently been utilized to construct
a novel porometry for characterizing pore size distribution of
microporous membranes.34 In addition, several studies about the
successful implementation of EIS to monitor fouling in
membrane systems such as RO, microfiltration, and forward
osmosis (FO) have been reported.29,35−41 Through the use of
EIS, early detection of RO membrane fouling has been
achieved.29,42 The mechanisms of various types of membrane
fouling have also been investigated using EIS.29,36,37,43,44 MD
differs from all these membrane processes in that pores in a
functional MD membrane should always be filled with air. These
air-filled pores, sandwiched by the feed solution and distillate,
comprise an equivalent capacitor for which impedance-based
characterization is strongly relevant. Surprisingly, however, no
impedance-based study of MD pore wetting has been reported.
This study explores the use of an impedance-based technique

to monitor pore wetting in MD. Here, we construct a direct
contact MD (DCMD) system with the capability of in situ
impedance measurement and use such a system to investigate the
dynamics of surfactant-induced pore wetting. Specifically, we
perform DCMD experiments with a commercial hydrophobic
polyvinylidene fluoride (PVDF) membrane and induce pore
wetting by adding surfactants to the feed solution. Two real-time
monitoring techniques, one based on single-frequency, cross-
membrane impedance and the other based on distillate
conductivity, are employed and compared in probing membrane
pore wetting. Finally, we also employ these two techniques
coupled with a carefully designed experimental scheme using
alternating feed solutions to investigate the possible mechanism
of dynamic pore wetting.

■ MATERIALS AND METHODS

Principle and Experimental Setup of Impedance-Based
Wetting Monitoring. In an MD process, the pores in the
microporous membrane have three possible wetting states: the
nonwetted state, the transition state, and the wetted state (Figure
1a). In the nonwetted state, the membrane pores are fully filled
with air.45 According to the literature,31,32 the air-filled
microporous membrane can be modeled as a parallel circuit of
a resistor and a capacitor when considering its impedance.
Specifically, the polymeric membrane material and the air-filled
pores between the two liquid−air interfaces constitute the
resistor and the capacitor, respectively.
In the presence of surfactant molecules in the feed solution,

the feed solution can partially penetrate the air-filled pores (i.e.,
the transition state). This partial penetration of the feed solution
decreases the average distance between the two liquid−air
interfaces, or the thickness of the air gap within the pores, which
consequently increases the capacitance of the air pocket and
reduces the resistance of the polymeric membrane, both leading
to a reduction of the overall system impedance (at a given
frequency). If such a picture of partial wetting without pore
breakthrough is true, one should expect the observation of
reduced impedance but no change in distillate salinity, as the
pores have not yet been penetrated to become available channels
for direct permeation of the feed solution.
As surfactant-induced wetting proceeds further, some

membrane pores are eventually fully penetrated (i.e., the wetted
state),45 in which case the salt in the feed solution can freely
move through the wetted pores and thereby significantly
undermine the salt rejection of the MD process. In this wetted
state, the equivalent capacitor is short-circuited by the wicked-
through pores, leading to a drastic decrease in the overall
impedance. The final system impedance in the wetted state is
expected to be negligible compared to the initial impedance as
the resistance due to the wetted pores is negligible compared to
the capacitive contribution to the overall impedance.
Following this principle, a DCMD system with the capability

of measuring impedance in the wetting experiments is shown in
Figure 1b. A commercial hydrophobic PVDF membrane coupon
of 8 cm × 2.5 cm (GE Health Life Sciences, Pittsburgh, PA) was
used in this study. The nominal pore size and average thickness of
the membrane are 0.45 and 170 μm, respectively. In all DCMD

Figure 1. (a) Illustration of the possible membrane pore wetting states and corresponding equivalent circuit for impedance-based monitoring. The
equivalent circuit captures only the region of the MD membrane with air pockets and does not consider contributions to impedance at and outside the
membrane−solution interfaces. (b) Schematic of a DCMD system equipped with in situ impedance measurement capability.
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experiments, a 0.6 MNaCl solution was used as the feed solution
and deionized water was used as the distillate. The influent
temperatures of feed and distillate streams were maintained at 60
and 20 °C, respectively. The hydraulic pressure of the feed
stream was kept higher than that of the distillate stream to
facilitate unequivocal detection of membrane pore wetting that
will be reflected by the increased salinity of the distillate.5,11,46,47

A potentiostat (SP-150, BioLogic Science) was coupled with
the DCMD system to conduct in situ measurement of the
impedance across the membrane during MD. Two titanium
electrodes (1 cm× 0.5 cm) were placed in direct contact with the
two sides of the MD membrane. To identify a suitable
operational frequency for time-resolved impedance measure-
ment, a frequency scan was first conducted in an operating
DCMD system. On the basis of the results of the frequency scan,
we chose 100 kHz as the operational frequency for measuring
time-resolved impedance (justifications given in the Supporting
Information).
Surfactant-Induced Membrane Wetting Experiments.

For each membrane wetting experiment, the time-resolved
impedance and the salt rejection rate of the membrane were both
monitored. Cross-membrane impedance at a single frequency of
100 kHz was measured over time to probe the dynamics of
membrane wetting. Real-time salt rejection of the membrane was
obtained from real-time water flux and distillate conductivity. In
each wetting experiment, the system was first operated with a
feed solution free of surfactants to establish a stable baseline for
flux. After ∼30 min, a different amount of Triton X-100 was
added to adjust the surfactant concentration of the feed solution
to 10 and 25 ppm in two separate experiments conducted to
investigate the impact of surfactant concentration on wetting
kinetics. We also measured the surface tension of these feed
solutions with 10 and 25 ppm Triton X-100, in the presence of
0.6 M NaCl and at 60 °C, using the drop shape analysis method.
To further understand the mechanism of membrane wetting

caused by surfactants, we conducted another membrane wetting
experiment with alternating feed solutions with and without
Triton X-100. The concentration of Triton X-100 after addition
was maintained at 10 ppm. Once a 15% decline in membrane
impedance was detected with a surfactant-dosed feed solution,
we rinsed the PVDF membrane with deionized (DI) water and
replaced the surfactant-dosed feed solution with a surfactant-free
feed solution. This process was repeated for three cycles.

■ RESULTS AND DISCUSSION

Impedance Enables Early Detection of Wetting.With a
surfactant-free feed solution, both constant impedance and
perfect salt rejection were observed (Figure 2a,b), indicating that
the PVDFmembrane was in a nonwetted state (Figure 1a). Soon
after the addition of surfactants, the impedance began to
decrease, whereas the salt rejection remained almost perfect until
the impedance became negligibly small. This stage marked by
decreasing impedance suggests the system to be in a transition
state of membrane wetting (Figure 1a). In this state, the
impedance was constantly reduced as the feed solution−air
interface gradually propagated toward the distillate. However,
because the membrane pores were not yet wicked through by the
feed solution in this transition state, the partially air-filled
membrane pores still served as a barrier for direct liquid
permeation and maintained a near-perfect salt rejection. In
addition, the normalized water flux remained at unity during this
transition stage (Figure S2), again supporting the argument that
none of the pores were fully penetrated.

Eventually, the feed solution penetrated through some
membrane pores, resulting in a noticeable drop in the salt
rejection rate. Such a drop in the salt rejection rate, however, was
not observed until the impedance became negligibly small. The
time difference between the onsets of impedance reduction and
salt rejection rate reduction represents the duration of the
transition state in a membrane pore wetting process. Even with
these surfactant-containing feed solutions of a relatively strong
wetting propensity, such a delay was still quite significant (Figure
2). Therefore, this impedance-based technique, capable of

Figure 2. Impedance (red squares, left Y-axis) across the PVDF
membrane and salt rejection rate (blue circles, right Y-axis) in DCMD
experiments in the presence of (a) 10 ppmTriton X-100 and (b) 25 ppm
Triton X-100. The impedances are normalized by the initial impedances
of the respective measurements (4740 and 4800 Ω for panels a and b,
respectively). We note that detection of the change in conductivity in
the distillate reservoir was delayed for the time required for the distillate
stream to exit the DCMD system. However, such a delay is calculated to
be <26 s and negligible compared to the delay between the onsets of
decreases in impedance and conductivity shown in these figures. The
real-time water fluxes in these two experiments are shown in Figure S2.
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capturing the transition state, can be utilized for early detection
of membrane wetting before any pore is completely wicked
through.
The duration of the transition state strongly depends on the

surfactant concentration. In the experiments with feed solutions
containing 10 and 25 ppm Triton X-100, the delays of complete
pore wetting were observed to be ∼1000 and ∼500 s,
respectively. In addition, the surfactant concentration also had
a significant impact on the final salt rejection rate in the wetted
state. While the salt rejection dropped to <20% with 25 ppm
Triton X-100, it was only reduced to ∼75% with 10 ppm Triton
X-100.
Mechanism of Dynamic Wetting by a Surfactant-

Dosed Feed Solution. The criterion for maintaining a
nonwetted state is that the hydraulic pressure is lower than the
liquid entry pressure (LEP) as given by eq 1:

γ θ
= −

B

r
LEP 2

cos
L 0

(1)

where γL is the liquid surface tension, θ0 is the intrinsic liquid
contact angle (CA) with the membrane materials (not the
apparent CA), r is the pore radius, and B is a geometric factor
accounting for noncylindrical pores. The presence of surfactants
reduces both γL and θ0, thereby lowering the LEP and causing
intrusion of the feed solution into the pores.2,19,46,48,49 On the
other hand, surfactants also adsorb to the pore surface via the
attractive interaction between the hydrophobic tails of the
surfactants and the hydrophobic pore surface. While adsorption
of surfactants can reduce the surface tension of membrane pores,
it does not occur until the pore surface is wetted by the
surfactant-containing solution; i.e., surfactants cannot attach to
the dry region of a pore to make it hydrophilic and thereby
facilitate further pore wetting. Consequently, a decrease in
membrane surface tension by surfactant adsorption cannot

explain the progressive, instead of instant, propagation of the
liquid−air interface.
Previous studies of capillary imbibition with surfactant

solutions suggest that the adsorption of the surfactant to the
capillary surface reduces the kinetic rate of pore wicking.50−52 In
the case of MDwetting, the rapid adsorption of surfactants to the
wetted pore region depletes the surfactant at the liquid−air
interface and thus significantly mitigates the effect of surfactants
on reducing γL. In other words, the γL at the liquid−air interface is
higher than the γL of the bulk solution because of the reduced
surfactant concentration at the liquid−air interface. After initial
pore intrusion, the characteristic length for diffusion of the
surfactant to the pore surface (i.e., surfactant depletion) is
significantly smaller than that for diffusion of the surfactant from
the bulk solution to the liquid−air interface (i.e., surfactant
replenishment). Therefore, the gradual propagation of liquid air
is kinetically limited by the bulk-to-interface diffusion of
surfactants. In other words, surfactant adsorption does not
promote progressive wetting by rendering the pores hydrophilic
but rather deters instant wetting by maintaining a moderate
surface tension near the liquid−air interface, which in turn results
in progressive wetting.
This theory of a higher γL near the liquid−air interface (than

that in the bulk), widely accepted for capillary imbibition, is also
supported by our observation that the feed solution with 25 ppm
Triton X-100 wetted the membrane much faster than that with
10 ppm Triton X-100 (Figure 2). We note that the surface
tensions of the feed solutions with 10 and 25 ppm Triton X-100
were measured to be 26.85 ± 0.19 and 27.10 ± 0.29 mN/m,
respectively, as high salinity and temperature both reduced the
critical micelle concentration and the surface tension of the
surfactant solution.53,54 The feed solution with a higher
concentration of Triton X-100 was kinetically favored in wetting
the hydrophobic membrane, not because it imparted a lower

Figure 3. Impedance (red squares, left Y-axis) across the PVDFmembrane and salt rejection rate (blue circles, right Y-axis) in DCMD experiments with
alternating feed solutions. The green dashed lines indicate the addition of Triton X-100, which resulted in a feed solution with 10 ppmTriton X-100. The
blue dashed−dotted lines indicate the points at which the membrane surface was rinsed with DI water, followed by replacement of the surfactant-
containing feed solution with a surfactant-free feed solution of the same salinity. Such a cycle comprising surfactant dosing, membrane rinsing, and feed
solution replacement was repeated for multiple cycles. The water flux in this experiment is shown in Figure S3 in the Supporting Information.
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surface tension to the feed solution but because it sustained a
larger concentration gradient for diffusion of surfactants from the
bulk to the liquid−air interface.
Because surfactants were continuously removed from the feed

solution in the pore, if the source for surfactant replenishment
was removed, progressive wetting would stop. To support this
argument, MD experiments with alternating feed solutions with
and without surfactants were conducted, and the results are
presented in Figure 3. The addition of 10 ppm Triton X-100
reduced the impedance, similar to what is presented in Figure 2a.
Rinsing the membrane with DI water and replacing the feed
solution with a surfactant-free saline feed solution stopped the
decline of impedance, because the source for replenishing the
surfactant at the liquid−air interface was no longer available.
After three cycles of operations with a feed solution containing

Triton X-100, certain membrane pores were eventually wicked
through and salt rejection was finally compromised. Upon the
fourth operation with a surfactant-containing feed solution, the
impedance became negligibly small, and the salt rejection rate
further dropped to 70% (unacceptably low for MD applications).
In this wetted state, a fraction of the pores was fully wicked
through whereas the rest of the pores remained partially wetted
but not wicked through.
Implications. The impedance-based technique for probing

pore wetting in DCMD can be a powerful tool for in situ
monitoring of the wetting state of operating DCMD systems.
The ability to identify the transition state, in which none of the
pores is fully wicked through, makes possible the early detection
of imminent membrane failure. Such early detection may
potentially lead to the development of effective measures that
can prevent the operational failure of a DCMD system in a timely
manner. For instance, results from Figure 3 suggest that if one
removes surface active agents soon after a decline in impedance is
observed, membrane wetting inMD can be effectively prevented.
In addition to the potential practical benefit of wetting

management, this novel impedance-based technique also
provides tremendous insight in unveiling the dynamics and
mechanism of pore wetting in DCMD processes. The existing
method of monitoring distillate salinity for wetting detection is
straightforward but sheds limited light on the dynamic process of
wetting. Here, for example, the impedance technique reveals that
pore wetting induced by Triton X-100 is a progressive process
with gradual movement of the liquid−air interface, instead of one
in which parts of the pores are instantly wicked through. Our
results also suggest that, similar to capillary imbibition,
adsorption of surfactants to the pore surface plays a critical
role in deterring wetting. We expect this impedance technique,
when coupled with well-designed experimental schemes, can lead
to new opportunities to understand the impacts of chemical
composition, concentration, and other operating conditions on
the dynamics of pore wetting in MD.
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