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ABSTRACT

Membrane pore wetting is a unique and important technical challenge for membrane distillation
(MD). While the general principle of pore wetting is well known, the detailed mechanism of pore
wetting induced by surfactants that can actively adsorb onto membrane pore surface has not been
theoretically elucidated. In this study, we developed a theoretical model, based on surfactant
transport in a partially wetted membrane pore under the pseudo-steady state assumption, to
quantify the kinetics of pore wetting. The theoretical model predicts several key dependences of
wetting kinetics on operating parameters and solution properties, which are highly consistent
with results from MD experiments using feed solution containing sodium dodecyl sulfate. It was
found that kinetics of pore wetting is strongly dependent on vapor flux, surfactant concentration,
but relatively independent of the transmembrane hydraulic pressure. The critical surfactant
concentration below which pore wetting does not occur was also predicted by the wetting model.
Finally, impact of surfactant species on wetting kinetics was also discussed.



Nomenclature

B geometric factor accounting for non-cylindrical pore geometry (dimensionless)
c surfactant concentration (mM)

c critical surfactant concentration at the frontier to satisfy AP=LEP (mM)
Co surfactant concentration in the bulk solution (mM)

Co critical (minimum) bulk surfactant concentration to induce wetting (mM)
Crmax maximum c* beyond which wetting does not occur (mM)

D diffusion coefficient of surfactant (m” s™)

Jw water vapor flux (L m” hr'")

K equilibrium constant of surfactant adsorption on PVDF surface (mM™)
LEP liquid entry pressure (kPa)

1 wetting length: depth of the partially wetted portion of the pore (um)
AP transmembrane hydraulic pressure (kPa)

R membrane pore radius ((m)

twetting breakthrough time (min)

YL surface tension of the solution (mN/m)

oy thickness of the boundary layer (um)

Om membrane thickness (um)

€ membrane porosity (dimensionless)

0 intrinsic contact angle (°)

T surface adsorption density of surfactants (mmole m™)

Tmax maximum surface adsorption density of surfactants (mmole m™)

1. Introduction

Membrane distillation (MD) is a membrane-based thermal desalination technology [1-3]. In a
typical MD process, a microporous hydrophobic membrane is employed to separate a hot salty
stream (the feed solution) and a cold salt-free distillate stream. Driven by the partial vapor
pressure difference resulting from the temperature difference between the feed and distillate
streams, water vapor transports through the membrane pores from the feed stream to the distillate
stream. Any non-volatile solute (e.g. salt) is rejected by the hydrophobic membrane. Compared
to reverse osmosis (RO), the state-of-the-art desalination technology, MD has several advantages



including the capability of treating hypersaline brines, the ability to utilize low grade thermal
energy, relatively low capital cost due to the absence of high pressure and high temperature
components, and small system footprint that is important to mobile desalination applications[4—
13].

However, large scale practical applications of MD are still limited due to a variety of technical
challenges, several of which are related to the use of conventional hydrophobic membranes. In
particular, membrane pore wetting is an important technical challenge that is unique to MD (i.e.
it does not exist in other membrane processes) [14—17]. Membrane pore wetting refers to the
penetration of feed solution through membrane pores, which in most cases leads to unacceptable
salt rejection. Membrane pore wetting can be induced by low-surface-tension liquids (e.g.
alcohol), amphiphilic molecules (e.g. surfactants), or other natural surface active agents [18-21].
Much effort has been made on developing novel membrane materials and operating strategies to
prevent or mitigate pore wetting in MD, which includes the development of omniphobic
membranes [20,22-24], composite membranes with a hydrophilic surface layer [25,26], and
superhydrophobic membrane coupled with air-layer recharging during operation [19,27].

Interestingly, despite the technological successes in developing wetting prevention measures,
the exact mechanism of pore wetting in MD has not been fully understood. Most past studies
applied the very simple wetting criterion based on comparing transmembrane pressure and liquid
entry pressure [3,28,29]. Some recent studies suggested amphiphilic contaminants can render the
membrane surface hydrophilic and thereby induce wetting [30,31]. In a recent study, we showed
the fundamental difference between pore wetting induced by alcohol, with which the impact of
surface adsorption is negligible, and by surfactants, with which the impact of surface adsorption
is significant[32]. It was shown that alcohol-induced wetting was instantaneous whereas
surfactant-induced wetting was progressive[33,34]. Our study also suggests that, while the
presence of surfactants in feed solution promotes wetting, the adsorption of surfactants onto pore
surface does not promote wetting by rendering the pores hydrophilic, but instead deters pore
wetting by reducing the surface tension of the feed solution at the liquid-air interface [32]. To
accurately describe the kinetics of surfactant-induced wetting, we need to develop a model that
accounts for all major mechanisms for mass transport of surfactants into the membrane pores,
which has never been reported in literature.

In this study, we investigate the kinetics of pore wetting in MD with feed solutions containing
surfactants. We first develop a theoretical model to predict the kinetic rate of wetting frontier
propagation in a progressively wetted membrane pore. This model is based on three major
assumptions including force equilibrium at the liquid-air interface, pseudo-steady state transport
of surfactants, and pseudo-equilibrium surfactant adsorption. This kinetic model accounts for the
major transport mechanisms of convection, diffusion, and adsorption of surfactants in a slowly
expanding volume of feed solution in a partially wetted pore. We use sodium dodecyl sulfate
(SDS) as a model surfactant to validate several key characteristics predicted by the model, and
then use the model to extend the analysis for more operating conditions and other types of
surfactants.



2. Theory and model development

The widely accepted wetting criterion in an MD process is that the transmembrane hydraulic
pressure (AP) exceeds the liquid entry pressure, LEP, of the membrane pore (Eq. 1)[35-37].

AP = LEP (1)
By definition, LEP is the minimum pressure for a liquid to enter a pore and can be calculated
using with Eq. 2.
2By, cosO
LEP = — YLT 2)
where y; is the surface tension of the feed solution, 8 is the intrinsic contact angle between the

feed solution and the membrane surface, R is the equivalent radius of the membrane pore, B is
the geometric factor accounting for the non-cylindrical pore geometry (B = 1 for cylindrical
pore). The presence of surfactants (e.g. SDS) in an aqueous solution reduces both y; and cosf in
Eq. 2 and thereby results in a decreased LEP [18,22,38,39]. The LEP decreases as the surfactant
concentration increases. We note that transmembrane hydraulic pressure, instead of just the
hydraulic pressure of the feed stream, should be used in Eq. 1. This is rather counter-intuitive but
has been thoroughly explained by Zmievskii [37].

If the SDS concentration in the feed solution is sufficiently high (Fig. 1(a)), the corresponding
LEP would be lower than AP, and the feed solution would enter the membrane pore according to
the wetting criterion. As the feed solution intrudes into the membrane pore, the SDS in the feed
solution would adsorb onto the hydrophobic surface in the membrane pore. The adsorption
causes a decrease of SDS concentration at the wetting frontier and consequently leads to an
increased LEP (calculated based on the reduced frontier SDS concentration), which impedes the
further progression of wetting frontier in the membrane pore. With the supplement of SDS to the
wetting frontier by convection induced by vapor flux and diffusion induced by concentration
gradient, the SDS concentration in the wetting frontier could be maintained at a critical
concentration (c*) if force equilibrium at the liquid-air interface (i.e. LEP=AP at the wetting
frontier) is assumed. This force balance assumption is reasonable because a hypothetic Hagan-
Poiseuille flow of a force unbalanced water column would take only a fraction of a second to
penetrate the pores, which is significantly faster than what have been observed. The force
equilibrium at the wetting frontier can be maintained until the SDS concentration at the wetting
frontier has to increase beyond c* when SDS can no longer adsorb onto the pore surface near the
wetting frontier due to surface saturation. Because the surface tension of the feed solution at the
wetting frontier, which is dependent on c*, and the surface tension of the unwetted pore surface,
which is relevant to LEP calculation, are both constant, the static contact angle at the triple phase
boundary at the wetting frontier can also be approximated to be constant.
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Fig. 1. Schematics of a cylindrical pore wetting by SDS at (a) a high concentration and (b) low
concentration, respectively. In both scenarios, for the SDS solution to enter the membrane pore,
the SDS concentration in the solution frontier must reach the critical concentration c*
(corresponding to LEP=AP). Once the SDS solution enters the membrane pore, within a control
volume (orange dash rectangle) consisting of the solution inside the membrane pore and the
boundary layer outside the membrane pore, the mass balance of SDS can be performed
considering SDS transports via convection, diffusion, accumulation (in the solution) and
adsorption. The distinction between (a) and (b) is the concentration profile of SDS in the control
volume (green lines). SDS diffuses into and out of the control volume in (a) and (b), respectively.

For a low SDS concentration in the feed solution, the LEP corresponding to the bulk SDS
concentration may be higher than AP, which may suggest that pore intrusion should not occur.
However, the SDS concentration at the pore entrance (i.e. the feed/membrane interface) can be
significantly higher than the bulk concentration due to concentration polarization (CP) [40,41]. If
the elevated SDS concentration reaches the critical concentration (c*), the feed solution is able to
enter the membrane pore. Once in the pore, the SDS can adsorb onto the pore surface. The sole
effect of adsorption is to reduce the SDS concentration and thus the liquid surface tension at the
wetting frontier, not to change the pore surface tension used in LEP calculation. On the other
hand, convective transport of SDS tends to increase the SDS concentration at the wetting frontier.
These two effects of convective transport and surface adsorption are exactly the same as in the
case with high bulk concentration of SDS described in the last paragraph. However, with low
bulk concentration of SDS, the direction of diffusion along the pore is opposite to that when the
bulk concentration of SDS is high. In another word, diffusion tends to reduce the SDS



concentration at the wetting frontier when the bulk SDS concentration is low. The concentration
profile of SDS in the case of low bulk SDS concentration is illustrated in Fig. 1b.

Regardless of the SDS concentration in the feed solution, the transport of SDS within an ideal
cylindrical pore can be described by Eq.3 that is derived based on the mass balance of SDS in a
control volume including the solution in the boundary layer and the partially wetted membrane
pore (Fig. 1):

dc(x,t)
<]WCO —-D % X=0> dx

Sp
= f [c(x, t + dt) — c(x, t)]dx
0

Sp+1(t+dt)
+s{f [Er(x,t+dt)(1—S)+C(x,t+dt)] dx
8

b

— LSbH(t) [%T(X, (1 —¢) +c(x, t)] dx}

b

3)

where ], is the vapor flux in MD, ¢ is the porosity of the membrane (¢ = 0.6 in our simulation),
Cp 1s the SDS concentration in bulk solution, t is time, R is the radius of the ideal cylindrical pore,
D is the diffusion coefficient of the SDS (D = 7.3x1071° m? /s according to literatures[42]), X is
the position of a certain point from the starting point of the boundary layer (x=0, see Fig.1) in the
direction pointing from the feed solution to the distillate, c(x,t) is the SDS concentration at
position “x” and time “t”, 8, is the thickness of the boundary layer (estimated to be 15 pm based
on Sherwood correlation and the flow conditions [40,41,43]), 1(t) is distance between the pore
entrance and the wetting frontier, T(x,t) is the surface density of SDS adsorbed on the pore
surface at position X, and time t. The left-hand-side of Eq. 3 represents the amount of SDS
entering the control volume in the period from time t to t + dt, with the first and second terms
representing the convective and diffusive components to the flux at the entrance of the
membrane pores, respectively. The right-hand-side of Eq.3 represents increase of the total
amount of SDS in the control volume within that time period. More detailed explanation of the
development of Eq. 3 is given in Appendix A. We note that the control volume as defined is
expanding over time as the wetting frontier moves deeper into the pore.

Our ultimate goal of solving Eq.3 is to identify 1(t), which quantifies the kinetics of wetting
frontier propagation. Solving Eq. 3 requires the relationship between t(x,t) and c(x,t) which is
described by the adsorption isotherm. The simplest adsorption isotherm is the stepwise
adsorption isotherm:

max’ 4 0
Y= {OT, E?f( ?) 2o @)



where Ty, 1S the maximum surface adsorption density of SDS on polyvinylidene fluoride
(PVDF) surface (~10 x 10~® mole m™ according to literature[44]). The stepwise adsorption
isotherm is a valid approximation of Langmuir adsorption isotherm for SDS adsorption onto
PVDF membrane surface as justified in Appendix B. With the assumption of stepwise adsorption
isotherm, the surface of the wetted pores has t,,,x everywhere except for the negligibly small
differential area at the wetting frontier.

Finding 1(t) from Eq.3 also requires the knowledge of c(x,t), which is described by the
convection-diffusion equation in the boundary layer (Eq. 5) and by the convection-diffusion-
adsorption equation within the pore (Eq. 6):

dc(x,t) dc(x, t) 0%c(x,t)
= — <x< 5
5t w oy +D 92 (for0 <x<§) (5)

dc(x,t woc(x t d%c(x,t) 20
Y __Jwdct) 0t 20T o< syt 100) (6)

ot e  0x 0x?2 R 0t

The initial condition of these two equations is c(x,0) = 0 except for c(0,0) = c,. The two
boundary conditions are c(0,t) = ¢y, and c(6;, + 1(t), t) = c*, respectively.

The challenge for solving Eqgs. 5 and 6 is the moving boundary of the feed solution with in the
pore (i.e. I(t) is a function of t). To overcome this problem, we assume a pseudo-steady state for
SDS transport at any moment (i.e. dc/ dt = 0). This is a reasonable approximation because the
time scale for wetting frontier propagation is significantly larger than the relevant time scale for
surfactant transport. With the pseudo-steady assumption, Egs. 5 and 6 can now be rewritten as:

0= Olc+DGlzc for0<x<§ (7)
- ]WdX dX2 (OI' =X= b)
J dc d?c
=X — <x< 8
0 T g (for §, < x < §, +1(t)) (3)

with the boundary conditions being c(0) = ¢y, and c(§;, + 1(t)) = c*, respectively.

We note that Egs. 7 and 8 are similar to the equations describing the concentration polarization
(CP) phenomenon in forward osmosis, FO[45-47]. Specifically, Eq. 7 accounts for CP in the
boundary layer, which is the analogous to external concentration polarization (ECP) in FO;
whereas Eq. 8 accounts for CP within the membrane pore, which is equivalent to internal
concentration polarization (ICP) in FO. Analytical solutions of Eqs. 7 and 8 are available and
presented as Egs. 9 and 10 for the boundary layer and the wetted region within the pore,
respectively:
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Given the position of wetting frontier as quantified by I(t), the SDS concentration profile can
be obtained using Eqs. 9 and 10. Inserting the spatial distributions of solution concentration of
SDS, c(x), at time t and t + dt, into Eq.3 allows us to perform a numerical evaluation of the
differential time, dt, that is required for the wetting frontier to move forward by a differential
distance, dl. Numerical integration of d from 0 to §,,, with §,, being the membrane thickness
(180 pm for the membrane tested), yields the time required for the feed solution to fully
penetrate a cylindrical pore after the introduction of surfactants into the feed solution. We define
this as the wetting breakthrough time, tyetting-

3. Materials and methods

Direct contact membrane distillation (DCMD) experiments were performed to validate the
results simulated using the model presented in Section 2. Here, we provide relevant information
regarding these experiments.

3.1. Materials and chemicals

The hydrophobic PVDF membrane with a nominal pore size of 0.45 um and a thickness of
180 um was procured from GE Healthcare (Pittsburg, PA). Sodium chloride (NaCl), SDS, and
Triton X-100 were all purchased from Sigma Aldrich (St. Louis, MO) and used without further
purification.



3.2. Surface tension measurements

The surface tensions of aqueous NaCl solutions (0.6 M) containing different concentrations of
SDS were measured at 60 °C using drop shape analysis of air bubbles in respective solutions by
an optical tensiometer (TL100, Attension Finland). The surface tensions of NaCl solution (0.6 M)
with 0.5 mM SDS at different temperatures from 35 to 70 °C were also measured using the same
method. For each solution, the reported surface tension is the average of five different
measurements.

3.3. Intrinsic contact angle measurements

The direct measurements of contact angle (CA) using PVDF membranes cannot yield relevant
information that can be used for calculating LEP based on Eq. 2. This is because the CA in Eq. 2
is the intrinsic CA which can only be measured using a smooth and non-porous surface, as
otherwise the system would be in a Cassie-Baxter state and yield a CA that is significantly higher
than the intrinsic CA. Therefore, a smooth and non-porous PVDF film was fabricated by first
melting the PVDF membrane at 200 °C and then cooling it at room temperature. The roughness
of the reconstructed PVDF film was measured by atomic force microscopy (AFM, Dimension
ICON, Bruker, Billerica, MA). With the reconstructed PVDF film, the intrinsic CA between the
PVDF membrane and the given solutions were measured using captive bubble method. For each
SDS concentration, CA measurements were conducted at 5 different positions on the
reconstructed PVDF film and the average and standard deviation of the measurements are
reported.

3.4. Determination of LEP

With the surface tension of the feed solution and intrinsic CA of the feed solution on the
reconstructed PVDF film, we use Eq. 2 to calculate the LEP for each feed solution assuming
perfect cylindrical pores (B=1) with a pore radius of R = 0.225 pm and B = 1. We note that
due to fast adsorption of surfactants in membrane pores, LEP cannot be accurately determined
using conventional experimental protocol [48,49] because the properties of the wetting frontier
differ significantly from those of the bulk solution. We also note that the calculated LEP based
on measured parameters and Eq. 2 is merely an estimation due to the simplifying assumption of
ideal cylindrical pore.

3.5. DCMD wetting experiments

The membrane wetting experiments were conducted with a standard DCMD experimental
setup that was described in detail in our previous studies [50,51]. The feed solution was 0.6 M
NaCl aqueous solution with SDS, whereas deionized water was utilized as permeate stream.
Both the vapor flux and the conductivity of the permeate stream were continually monitored and
recorded with a time interval of 1 minute. The real-time salt rejection of the membrane was
calculated using the monitored vapor flux and conductivity data. Without wetting, the salt



rejection of the PVDF membrane is always above 99.9%. In this study, we quantify the kinetic
rate of pore wetting by measuring the breakthrough time. tetting. The breakthrough moment is
defined as the point at which a small portion of membrane pores have already been fully
penetrated by the feed solution. To be consistent between experiments, we arbitrarily set the time
when salt rejection dropped to 99% as the breakthrough moment.

In each experiment, prior to the addition of SDS to induce membrane wetting, the system was
operated for half an hour to establish a stable baseline of vapor flux. Three different sets of
wetting experiments were performed for the purposes of studying the impacts of three
parameters on membrane wetting process. These three parameters include bulk concentration of
SDS in feed solution, vapor flux, and transmembrane hydraulic pressure, respectively. In each
set of experiments, only the target parameter under investigation was varied, while the other two
parameters were maintained constant. The detailed experimental conditions are given in the
following discussion section and also summarized in Table Al in Appendix C.

4. Results and discussions

4.1. The impact of SDS concentration

The model predictions for DCMD membrane wetting with different bulk concentrations of
SDS, ¢y, are remarkably consistent with the experimental data (Fig. 2). In general, a higher c,
results in a shorter tyeing. Based on the mass transfer model elaborated in section 2, the
kinetics of forward propagation of wetting frontier largely depends on how fast the pore surface
is saturated by SDS adsorption, which in turn depends on how fast the SDS molecules are
transported from the bulk solution to the wetting frontier. When water flux, J,, is constant, a
higher ¢, enhances both the convective and diffusive transport of SDS to the wetting frontier
(when ¢y < ¢*, a higher ¢, deters the back diffusion), which leads to faster pore wetting as
indicated by Fig. 2.
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Fig. 2. Experimental results (blue circles) and model prediction (red line) of MD membrane wetting time
with different SDS concentrations in feed solution. For the DCMD wetting experiments, different SDS
concentrations ¢ ranging from 0.17 to 0.85 mM were evaluated. All other experimental conditions are
maintained constant except for c,. Specifically, the feed and permeate solution temperatures were
maintained at 60 and 20 °C, respectively, which resulted in a constant vapor water flux J,, at 32.3 £0.9 L
m~h™' prior to the addition of SDS. The transmembrane hydraulic pressure AP was maintained at 6 kPa.
The time series of water flux and salt rejection for DCMD wetting experiments are given in Fig. Al in
Appendix C. For the simulation, the c, and J,, are based the experimental conditions, and the critical SDS
concentration c* in the wetting frontier is assumed to be 0.42 mM which corresponds to an LEP of 6 kPa.

Fig. 2 also suggests that when c, was lower than a critical bulk concentration cj (~0.35 mM),
the membrane was not wetted by the feed solution, which can also be explained by the wetting
model. For the feed solution to enter the membrane pore, the SDS concentration at the pore
entrance must at least equal the critical SDS concentration c* (0.42 mM for AP = 6 kPa) so that
AP is higher than LEP calculated using the bulk concentration. If the bulk concentration, ¢, is
too low, the concentration at the membrane surface cannot exceed c* even considering the effect
of external concentration polarization (ECP), in which case the feed solution cannot even enter
the pores. This critical bulk concentration ¢y below which feed solution cannot enter membrane
pore can be determined based on the equation that describes ECP:

wO
Co = c*exp(—]Tb) (11)

4.2. The impact of vapor flux

When flux is increased, convective transport of SDS to the wetting frontier is faster, which in
turn accelerates the saturation of the pore surface by SDS and thus the forward propagation of
the wetting frontier. Such an effect of vapor flux on wetting kinetics is consistently observed
from both experimental data and model simulation (Fig. 3). Specifically, Fig.3 suggests that
1/twetting 18 a linear function of vapor flux, i.e., the wetting time is roughly inversely
proportional to the vapor flux. We note that the surface tension of the feed solution did not
change much with temperature varying from 35 to 70 °C indicated by all of the measured values
fell in the range of 32.4 £3.5 mN/m.

11
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Fig. 3. Experimental results (blue circles) and model prediction (red line) of MD membrane wetting at
different vapor fluxes. In the DCMD wetting experiments, the permeate solution temperature was
maintained at 20 °C, whereas the feed solution temperatures varied from 35 to 70 °C, which resulted in
varied vapor water flux J,, from 6.0 to 45.8 L m™ h'. Except for the feed solution temperature, all
experimental conditions are maintained the same. Specifically, the SDS concentration ¢, of the feed
solution was 0.43 mM, and the transmembrane hydraulic pressure AP was 6 kPa. The detailed water flux
and salt rejection rate data for DCMD wetting experiments were shown in Fig. A2 in Appendix D. For
model simulation, c, and J,, are based on the experimental conditions, and the critical SDS concentration
c* in the wetting frontier is assumed to be 0.42 mM which corresponds to an LEP of 6 kPa.

We also observe that the simulated the “1/tyetting V. flux” line does not pass the origin,
which suggests that wetting can still occur with zero vapor flux, although it takes a very long
breakthrough time. Wetting can occur in the absence of vapor flux due to transport of SDS to the
wetting frontier via diffusion, if the bulk surfactant concentration is sufficiently high. However,
in the case described by Fig.3, we can conclude that vapor flux induced convective transport has
a dominant effect on the overall SDS transport as long as the flux is not too low.

4.3. The impact of transmembrane hydraulic pressure

In addition to the influences of surfactant concentration and vapor flux, the impact of
transmembrane hydraulic pressure, AP, was also investigated. As described in section 2, the
system is considered to be always in a force equilibrium described by the continuous equality
between AP and LEP. Because LEP is a function of y;cosf (we do not separate y; and cosé,
because 6 is dependent on y;, anyway.) which is in turn a function of surfactant concentration,
each AP corresponds to a critical surfactant concentration, c*, at the wetting frontier. With the
force equilibrium condition (LEP = AP), the impact of AP is eventually exerted via the

12



corresponding c* that serves as the boundary condition for solving the pseudo-steady state
surfactant transport equation (Eq. 8).

We note that for a given AP, c* is dependent on the surfactant species, salt composition, and
surface tension of the pore surface, which all have significant influence on y; cosé (as a function
of surfactant concentration), and on pore geometry, which also has a strong impact on LEP.
However, the dependence of c* on temperature is weak due to the weak dependence of y; on
temperature. Due to the complex relation between c* and AP the establishment of which requires
the knowledge of other parameters and relation (e.g. y,cosf as a function of surfactant
concentration), in the following analysis, we will use c* as a proxy variable of AP when we
systematically study the impact of AP on the wetting kinetics. For a given system with known
surfactant species, salt composition, material and morphological properties of the membrane,
there exists a one-to-one relation between AP and its proxy variable c*. Although not particularly
straightforward, this treatment using c* as a proxy variable allows us to focus on the wetting
mechanism itself without having to arbitrate several unknown parameters and relations. In the
following analysis, all simulation will be carried out using c* as the variable to generate the
wetting time. In the few experimental measurements, however, we will estimate the c* based on
AP and other estimated properties and relations.

Fig. 4 shows the simulation results of 1/t,yeting @8 @ function of ¢* with different ¢, at the
same vapor flux. The relative positions of the different 1/tyetting Vs ¢* curves with different ¢y
suggest that increasing the bulk concentration of SDS in the feed solution accelerates the wetting
process, which is consistent with the results in Fig. 2. Within each curve, increasing c*, which is
equivalent to decreasing AP, slows down pore wetting. While AP itself does not have direct
impact on SDS transport, a lower AP leads to a higher c* based on the force equilibrium
assumption. Regardless of ¢y, a higher c* always contributes negatively to the transport of SDS
to the wetting frontier. In particular, when c* is sufficiently high, the forward convection is offset
by the back diffusion, resulting in no net transport of SDS to the wetting frontier. This maximum

C*, Cmax» beyond which wetting does not occur is given by
. Jwb
Cmax = COeXp( WD b) (12)

This cpax correspond to a critical AP below which wetting would not occur. Such AP is

essentially the LEP calculated using Eq.2 with the y;cos@ the surfactant concentration of the
Cmax- We note that LEP can even become negative when the surfactant concentration is
sufficiently high, in which the force equilibrium condition requires that distillate hydraulic
pressure be higher than the feed hydraulic pressure.
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® Experimental Data
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Fig. 4. Experimental results (blue circles) and model predictions (red line for ¢, = 0.43 mM, black line for
co = 0.51 mM, and green line for cy = 0.68 mM) of DCMD membrane wetting experiments with different
critical concentrations c* that depends on the transmembrane hydraulic pressure AP and is thus employed
to serve as a proxy variable to AP without the detailed knowledge of solution and membrane properties.
For DCMD wetting experiments with ¢y = 0.43 mM, three different AP were employed (0, 6, and 12 kPa),
and the critical concentrations c* were estimated by LEP calculation results in Appendix I. For DCMD
wetting experiments with ¢y = 0.51 and 0.68 mM, AP was controlled to be 6 kPa. In all wetting
experiments, the feed and permeate solution temperatures were maintained at 60 and 20 °C, respectively,
which resulted in a constant vapor water flux J,, at 32.1 £ 0.8 L m™h™" prior to the addition of SDS. The
detailed water flux and salt rejection rate data for DCMD wetting experiments were shown in Fig. A3 in
Appendix E. For the model simulations, three different ¢, (0.43, 0.51, 0.68 mM) were investigated with
the same J,, at 32 L m™”h™', respectively. For the experimental results, with ¢, = 0.43 mM, twetting 18 25,
24, and 24 min for AP =0, 6, and 13 kPa, respectively; with ¢y = 0.51 mM, tyetting = 17 min for
AP = 6 kPa; with ¢o = 0.68 mM, tyyetting = 9 min for AP = 6 kPa.

To compare the model prediction with the experimental data from MD wetting experiments
using different AP, the quantitative relationship between AP and c* is required. However,
accurate measurement of LEP using conventional approach is not applicable for solution with
surfactants due to the rapid adsorption of surfactants onto the pore surface which leads to a
significant difference of surfactant concentration between the bulk solution and the wetting
frontier. Therefore, we have estimated the LEP using Eq. 2 with measured surface tension and
the intrinsic CA of the solution on a smooth, reconstructed PVDF surface. (detailed results are
shown in Fig. A4, AS and A6). The intrinsic CA cannot be measured using the PVDF membrane
due to the presence of the pores, as a sessile drop on a porous PVDF membrane surface is in a
Cassie-Baxter state that yields a CA significantly higher than the intrinsic CA [52,53].
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As shown in Fig. 4, LEP decreases with the increasing c*. It can be observed from Fig. A3 and
A7 (Appendix F and J) that the range of AP investigated in our experiments only corresponds to
very small change in c*. Using linear interpolation, we estimate the c* corresponding to the
tested AP of 0, 6, and 12 kPa to be 0.43, 0.42, and 0.41 mM, respectively. Within such a small
range of c*, the kinetic model predicts that breakthrough time should be very similar, which is
indeed observed from experiments. While the range of c* of the three investigated cases seems
small, the corresponding range of AP is actually significant in the context of MD, because (1)
MD is not a pressurized membrane process and only requires relatively small hydraulic pressures
to circulate the feed and distillate streams, and more importantly, (2) AP represents the
transmembrane hydraulic pressure which is typically zero when the feed and distillate stream
have the same hydraulic pressures. Therefore, the experimental data was not collected to validate
a full simulated curve on Fig. 4 because AP for the lower range of c* is too high in the context of
MD and is thus practically irrelevant.

The “clustering” of the three data points for AP=0, 6, and 12 kPa (when ¢, = 0.43 mM)
suggests that wetting kinetics in MD is virtually independent of AP, which is quite counter-
intuitive because the very criterion of wetting is AP > LEP. The key to resolve this counter-
intuition is to understand the pseudo steady-state and force equilibrium assumption in the wetting
model, that, AP does not exert its impact directly by inducing force unbalance, but rather by
affecting the SDS concentration at the wetting frontier required to maintain the force balance,
which in turn impacts the mass transfer rate of SDS to the wetting frontier.

4.4. Interplay of multiple factors in membrane wetting kinetics

Now that kinetic model of wetting has been validated experimentally by varying individual
operational parameter including SDS concentration, vapor flux, and transmembrane pressure,
such a model can be employed to systematically investigate the combined effect of different
parameters. We simulate the “1/tyetting VS. Co” curves by varying ], ¢* (as a proxy of AP), and
the type of surfactants. In all cases, the simulated curves show the characteristic shape observed
in Fig. 2. Specifically, wetting does not occur (i.e. 1/ty.etting=0) until ¢, reaches a certain critical

concentration, c,. Beyond such critical concentration, 1/t,etting €ventually becomes linear to co.

a b c
(a) ®) 4, (c)
020F ——J =46 LMH c'=03mM 0.00
—J,=32LMH 0.15} | 0.004
015 | =10 LMH o 0.0
E " E 010 000 0.03
=,0.10}t e
< 0.05} <*0.05} —— Triton X
- - ——CTAB
——SDS
000 i 1 1 000 1 1 1 i OO 1 1 I 1
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
¢, (mM) ¢, (mM) c, (mM)

Fig. 5. (a) Simulations of 1/tyetting as a function of ¢ in MD wetting with different SDS concentrations
co and vapor fluxes J,, (green line for J,, = 46 L m™>h™ blue line for J,, = 32 L m™h™',and red line for
Jw = 10 L m™>h™). In the predictions, the critical SDS concentration c* in the wetting frontier is 0.42 mM.
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(b) Modeling predictions of DCMD membrane wetting with different ¢, and c* (green line for c* =

0.5 mM, blue line for c* = 0.42 mM, and red line for c* = 0.3 mM). In the preditions, ], is fixed at 32 L
m~h™. (c) Modeling predictions of DCMD membrane wetting with different c, of different surfactant
species (red line for Triton X-100, green line for cetrimonium bromide (CTAB), and blue line for SDS).
The inset is the zoom-out view of the model predictions of Triton X-100 and CTAB with very small c,.
In the predictions, J,, is constant at 32 L m™>h™. For different species, both the maximum surface
adsorption density T, and c* are different. The Ty,,x, ¢* and D for Triton X-100 are 3.1 X

107° mole m™2, 0.04 mM and 4 X 10711 m? s~ respectively[54,55]. The Tpax, ¢* and D for CTAB are
5x 107® mole m™2, 0.02 mM and 3.9 X 101 m? s™1, respectively[56,57].

With SDS surfactant and a fixed AP (equivalent to c*=0.42 mM), wetting in general occurs
faster (i.e. 1/tyetting increases) with a higher J,, across the full range of ¢, (Fig. 5(a)), which is
consistent with the discussion in section 4.2. Interestingly, the critical concentration, cg,
decreases with increasing J,,, which suggests that pore wetting becomes easier in an operation
with a high vapor flux. This can be explained by the ECP effect as described by Eq. 11. The
stronger effect of ECP as a result of a higher J,, reduces the bulk concentration required to
achieve c* at the pore entrance, which is necessary for pore wetting to start.

On the other hand, increasing c*shifts the “1/ twetting V8. Co” curve toward the right (Fig 5(b)),
which suggests that reducing AP actually deters pore wetting. This dependence of wetting
kinetics on AP has been explained in detail in section 4.3. Although c* is introduced as a proxy
variable for AP given all other parameters maintained constant, it can also be employed to
capture the impacts of other parameters. For example, increasing the salt concentration of the
feed solution will reduce the surface tension for a given surfactant concentration, and thereby
reduces the c¢* for a given AP. Therefore, we can conclude that increasing the salt concentration
without changing other parameters will accelerate pore wetting. Similarly, if the surface tension
of the membrane material increases, the intrinsic CA of a given solution will increase.
Consequently, the c* needed to reach a certain LEP (=AP) according to Eq.2 increases, which
will slow down pore wetting.

For membrane wetting with different surfactants including nonionic surfactant Triton X-100,
cationic surfactant CTAB, and ionic surfactant SDS, the dynamic wetting behaviors are
qualitatively similar but quantitatively very different (Fig. 5(c)). There are three major attributes
of a surfactant that influence the kinetics of wetting based on our model. These three attributes
include (1) the effectiveness of surfactant in modifying the surface tension of the feed solution
and the intrinsic CA, which affects the c¢* for a given AP, (2) the diffusion coefficient, which
affects the mass transfer of surfactants to the wetting frontier, (3) the maximum packing density
of surfactants, T,,,x, Which affects how fast the pore surface is saturated by adsorbed surfactants.

Due to the combined effect of these three contributions, the simulated “1/tyetting V8- Co”

curves for the three surfactants are very different in two aspects: (a) the critical bulk
concentration of surfactants, cy, below which wetting does not occur, and (b) the slope of the
“1/twetting VS- Co~ curve when ¢, is higher than ¢y, which represents the effectiveness of
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increasing c, beyond the critical concentration in accelerating pore wetting. The first aspect (a) is
primarily determined by attribute (1), i.e., the effectiveness of surfactant in modifying the surface
tension of the feed solution and the intrinsic CA. To reduce y; cosf to any given level from that
of surfactant-free feed water, the surfactant (molar) concentration required for SDS is
significantly higher than that for CTAB and Triton X-100. Therefore, the critical bulk
concentration cg for SDS is also significantly higher than that for CTAB and Triton X-100.

The second aspect (b) is intricately dependent on both diffusion coefficient, D, and maximum
surface packing density, Tp,ax. Such an intricate dependence can only be revealed by numerically
solving the full kinetic model established in section 2. In general, a large diffusion coefficient
and a small t,,4 both promote faster pore wetting, leading to more sensitive response of tyetting
to the increase of bulk concentration c,. The diffusion coefficients and maximum surface
packing density of the three surfactants are summarized in Table 1. Fig. 5(c) suggests that
increasing ¢, beyond c; has approximately equal effectiveness in accelerating pore wetting
induced by SDS and Triton X-100 (i.e. the slopes are roughly the same in both cases), even
though the two surfactants have large differences in D and t,,,4 as shown in Table 1. On the
other hand, CTAB has as similar D as Triton X-100, but its T, 1S ~60% higher. Consequently,
increasing c, for CTAB is not as effective in accelerating pore wetting as increasing c, for Triton
X-100, as represented by a smaller slope for CTAB.

Table 1. Diffusion coefficient and maximum surface packing density for different surfactants

SDS CTAB Triton X-100
Diffusion coefficient,
RN 73 3.9 4.0
D (X107 m"s™)
Maxi f; ki
aximum surface packing 10 5 31

density, Tpax (X10° mole m™)

5. Conclusion

In this study, we developed and numerically solved a kinetic model for dynamic pore wetting
induced by surfactants in MD. This kinetic transport model is developed by solving the coupled
convection-diffusion-adsorption mass transport equations using assumptions of pseudo-
equilibrium adsorption and force equilibrium at the wetting frontier, as well as pseudo-steady
state for surfactant transport in the boundary layer and within the partially wetted pore. The
kinetic model suggests several characteristic dependences of wetting kinetics on bulk surfactant
concentration, vapor flux, and transmembrane hydraulic pressure, which have been validated by
MD experiments with pore wetting induced by addition of SDS surfactant. We believe the
developed model is universally applicable for predicting kinetics of pore wetting induced by
other surfactants or any highly surface-active agents that can (1) significantly change the surface
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tension of an aqueous solution even at low concentration, and (2) strongly adsorb onto the pore
surface.

The proposed and validated model reveals several important insights regarding surfactant-

induced pore wetting, which are summarized below:

(1) Surfactants promote wetting by reducing the surface tension of the feed solution, not by
making the pore surface hydrophilic.

(2) For the above reason, adsorption of surfactants onto the pore surface does not promote
wetting. On the contrary, it deters pore wetting by continuously removing the surfactant at
the wetting frontier and thereby increasing its LEP.

(3) The kinetics of surfactant-induced pore wetting is determined dominantly by the transport
of surfactants to the wetting frontier, which is governed by convection, diffusion, and
surface adsorption.

These insights will help us better understand pore wetting in MD and develop effective strategies
to mitigate pore wetting in MD operations.
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Appendix A. Derivation of mass balance equation for surfactants (Eq. 3).

Eq.3 with a slight modification is shown below and denoted as Eq.3’. Eq.3 in the main text can
be obtained by dividing both sides of Eq.3’ by mR2. Eq. 3 or Eq. 3’ describes the mass balance of
surfactants in the control volume (CV, including boundary layer and pores). The definition of
each term can be found in the main text and the nomenclature. Here, we provide a more detailed
description of the meaning of each term.

mR? b oc(x, t) dt
€ ]WCO aX <=0

mtR2 [8p
= [c(x,t+ dt) — c(x,t)]dx

0

Sp+1(t+dt) (3’)
+ {f [t(x, t + dt)2nR(1 — €) + c(x, t + dt)mR?]dx
8

b

Sp+1(t)
- j [t(x,£)2mR(1 — €) + c(x, t)nRz]dx}
8

b

Here we consider a cylindrical pore of radius R and its corresponding portion in the boundary
layer. Because the boundary layer has no solid material and is 100% porous, the area of the
boundary layer corresponding to a pore of an area wR? is TR? /. The first term on the left-hand-
side (LHS), JCoTR? /¢, is the convective flux of the surfactants into the CV corresponding to a
pore (including the boundary layer outside the pore). The second term on the LHS is the
diffusive flux of surfactants into the same CV. The first integral on the right-hand-side (RHS)
represents the accumulation of surfactants in the boundary layer from t to t + dt.

The first part of the second integral on the RHS, fssbb+l(t+dt)r(x,t+dt)21TR(1 —g)dx,

quantifies the amount of surfactant on the pore surface at time t + dt. The term (1 — €) accounts
for the fact that a pore does not have continuous, non-porous wall across the thickness of the
membrane. Rather, we assume the isotropy for the membrane porosity so that the available area
of solid surface in the pore is (1 — €) of the area calculated using a cylindrical tube (i.e. TR?1(t +
dt)). The second part of the second integral on the RHS is the amount of surfactant in the
solution within the pore. The third integral on the RHS is almost exactly the same as the second
integral on the RHS except for a different time point, t + dt (instead of t). Together, the
difference between the second and the third integrals on the RHS represents the accumulation of
surfactants within a pore (not including the boundary layer). The RHS quantifies the
accumulation of surfactants within a CV including both the pore and the boundary layer.

Appendix B. Surfactant adsorption isotherm.
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Assuming Langmuir adsorption isotherm for SDS adsorption onto PVDF surface [44,58], the
area density of the adsorbed SDS on PVDF surface, T, can be expressed as

Kc

_ Al
Tmax 7T g (AD)

T

where Ty, 18 the maximum area density of SDS on PVDF surface and K is an equilibrium
constant that governs the partition of SDS between the pore surface and the solution phase.
According to literatures [44], K can be approximated as 180 mM™. In our study, the minimum c,
we utilized was over 0.1 mM. According eq. Al, with K= 180 mM"'and c = 0.1 mM, t =
0.951,,,x- With all other concentrations tested, the pore surface can be considered to be
practically saturated with SDS as long as the it is in contact with the solution, in which case we
can simplify the Langmuir adsorption isotherm to a stepwise adsorption isotherm:

_ (Tmax ¢ >0
T—{ 0.c=0 (A2)

Appendix C. Summary of experimental conditions of DCMD wetting

experiments
Table S1. Summary of experimental conditions of DCMD wetting experiments

Experiment SDS Feed Permeate Feed velocity Permeate
No. concentration temperature  temperature (m/s) velocity (m/s)
(mM) (O (9)
(1) 0.85 60 20 0.29 0.18
(2) 0.77 60 20 0.29 0.18
3) 0.68 60 20 0.29 0.18
(4) 0.60 60 20 0.29 0.18
(5) 0.51 60 20 0.29 0.18
(6) 0.43 60 20 0.29 0.18
(7) 0.34 60 20 0.29 0.18
(8) 0.17 60 20 0.29 0.18
9) 0.43 70 20 0.29 0.18
(10) 0.43 65 20 0.29 0.18
(11) 0.43 55 20 0.29 0.18
(12) 0.43 50 20 0.29 0.18
(13) 0.43 40 20 0.29 0.18
(14) 0.43 35 20 0.29 0.18
(15) 0.43 62 20 0.18 0.18
(16) 0.43 62 20 0.29 0.02
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Appendix D. Water fluxes and salt rejection rates data for Fig. 2.
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Fig. Al. Normalized water fluxes and salt rejection data for DCMD membrane wetting
experiments (experiments 1-9 in Appendix C). In each panel, the water vapor fluxes were
normalized by the initial vapor flux. The initial water vapor fluxes were (a) 31.2, (b) 32.7, (c)

32.2, (d) 31.2, (e) 314, (f) 32.7, (g) 31.8, and (h) 33.5 L m™ h', respectively. The

transmembrane hydraulic pressure in all the experiments was 6 kPa. We note that after the
membrane was wetted, the normalized water flux increased over unity. This is because the higher
hydraulic pressure of the feed stream (than that of the distillate stream) drives convective flow of
feed solution through the wetted pores, thereby increasing the total flux.

Appendix E. Water fluxes and salt rejection rates data for Fig. 3.
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Fig. A2. Normalized water fluxes and salt rejection rates data for DCMD membrane wetting
experiments (experiments 6 and 10-14 in Appendix C) with initial vapor fluxes of (a) 6.0, (b)

10.3, (¢) 16.5, (d) 23.1, (e) 32.2, (f) 39.2, and (g) 45.8 L m?h', respectively. In each panel, the

water fluxes were normalized by the initial vapor flux. The SDS concentration of 0.43 mM and
the transmembrane hydraulic pressure of 6 kPa were used in all the experiments. The normalized
water flux increased over unity after wetting occurred, as explained in the caption Fig. Al.

Appendix F. Water fluxes and salt rejection rates data for Fig. 4.
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Fig. A3. Normalized water fluxes and salt rejection rates data for DCMD membrane wetting
experiments (experiments 6, 15 and 16 in Appendix C) with SDS concentration of 0.43 mM and
transmembrane hydraulic pressure of (a) 0 kPa, (b) 6 kPa, and (c) 13 kPa, respectively.
Normalized water fluxes and salt rejection rates data for DCMD membrane wetting experiments
(experiments 5 and 3 in Appendix C) with transmembrane hydraulic pressure of 6 kPa and SDS
concentration of (d) 0.51 mM and (e) 0.68 mM, respectively. In each panel, the water fluxes
were normalized by the initial vapor flux. The initial vapor fluxes were (a) 31.2, (b) 32.2, (¢)
33.5, (d) 31.2 and (e) 32.7 L m™ h™, respectively. The normalized water flux increased over
unity after wetting occurred, as explained in the caption Fig. Al..

Appendix G. Surface roughness of the reconstructed PVDF film

Fig. A4. AFM images of the PVDF film reconstructed from porous PVDF membrane. The
measured Ra and Rq were 2.5 and 3.12 nm, respectively. No pore was observed and the
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roughness is negligibly small. Therefore, CA measured using this film can be considered as a
approximation of the intrinsic CA.

Appendix H. Surface tensions of SDS solutions with different concentrations
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Fig. AS. Surface tensions of NaCl solutions (0.6 M) with different concentrations of SDS.
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Appendix I. Intrinsic contact angles of NaCl solutions with different
concentrations of SDS on a PVDF surface;
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Fig. A6. Intrinsic contact angles of NaCl solutions (0.6 M) with different concentrations of SDS
on PVDF surface.

24



Appendix J. Estimated LEP for NaCl solutions with different SDS
concentrations

LEP (kPa)
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Fig. A7. Estimated LEP of the PVDF membrane for NaCl solutions with different SDS
concentrations. These values were calculated using Eq. 2 based on the surface tensions (Fig. AS)
and intrinsic contact angles (Fig. A6) of NaCl solutions with different SDS concentrations.
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Highlights

We developed a kinetic model for pore wetting induced by surfactants;

The model accounts for convection, diffusion, and adsorption of surfactants;
Kinetics of pore wetting mostly depends on how fast the pore surface is saturated;
Surfactant concentration and vapor both have strong impact on wetting kinetics;
Transmembrane hydraulic pressure has little impact on pore wetting kinetics;
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