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ARTICLE INFO ABSTRACT

Keywords: Pore wetting is a major constraint to the performance of membrane distillation (MD) for hypersaline brine
Membrane distillation treatment. Despite the existence of surfactants with diverse properties, an explicit relationship between the
Surfactants

properties of surfactants and their capabilities of inducing pore wetting has yet to be established. In this study,
we perform a comparative analysis of the wetting behaviors of various surfactants with different charges and
molecular weights in MD desalination. The induction time of surfactants to initiate pore wetting was correlated
to the apparent contact angle and surface tension of the feedwater. Our results show that different surfactants
resulting in similar feedwater surface tensions can lead to drastically different wetting potential, suggesting that
both charge of the head group and molecular weight of surfactants have a significant influence on membrane
pore wetting. Further, we demonstrate that parameters that have been commonly used to indicate wetting po-
tential, including apparent contact angle and solution surface tension, are not reliable in predicting the wetting
behavior of MD membranes, which is intricately linked with surfactant properties such as charge and molecular
size. We envision that our results not only improve our fundamental understanding of surfactant-induced wetting
but also provide valuable insights that necessitate thorough consideration of surfactant properties in evaluating

Pore wetting
Surface tension
Apparent contact angle

wetting potential and membrane wetting resistance for MD desalination.

1. Introduction

In recent years, membrane distillation (MD) has emerged as a
promising technology for hypersaline brine treatment. The advantages
of MD include its exceptional tolerance to high salinity, nearly perfect
rejection of inorganic ions and non-volatile contaminants, the capability
of leveraging low-grade thermal energy, and the potential for valuable
resource recovery (Deshmukh et al., 2018; Horseman et al., 2021). For
example, MD has a great potential for the treatment of hypersaline
wastewater such as the produced water from the oil and gas industry,
which has salinities of up to greater than 300,000 mg/L of total dis-
solved solid (TDS) (Chang et al., 2019).

However, the applications of MD desalination are challenged by the
pervasive issue of membrane pore wetting (Boo et al., 2016). In MD, the
transport of water vapor across a hydrophobic membrane is driven by a
partial vapor pressure difference between the hot feedwater and the cold
permeate. Pore wetting takes place when the saline feedwater permeates
through the membrane pores, contaminating the treated water product.
There is a prevalent belief that pore wetting occurs when the
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transmembrane pressure exceeds the liquid entry pressure (LEP) of
membrane pores, which is determined by the membrane surface
chemistry, pore structure, and surface tension of feedwater (Rezaei
et al., 2018; Wang et al., 2018). Membrane wetting experiments have
been commonly performed to evaluate the robustness (e.g., wetting
resistance) of MD process or novel MD membranes, in which surfactants
are typically added to the feedwater in a stepwise manner to induce
membrane wetting (Wang and Lin, 2017; Rezaei et al., 2017; Huang
et al., 2017). The presence of surfactants in MD can simultaneously
reduce the surface tension of feedwater and cause active adsorption of
surfactant molecules on the surface of membrane pores, resulting in an
occurrence of progressive surfactant-induced wetting (Rezaei et al.,
2018; Wang et al., 2018; Wang et al., 2019). The critical surface tension
and/or surfactant concentration at which membrane pore wetting oc-
curs have been used to assess the wetting resistance of newly developed
membranes or to test the viability of MD for the treatment of hypersaline
wastewater (Wang and Lin, 2017; Rezaei et al., 2017; Huang et al., 2017;
Eykens et al., 2017; Rezaei and Samhaber, 2016). Furthermore, the
contact angles of liquids with different surface tensions (e.g.,
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surfactant-laden feedwaters) are also widely employed to evaluate the
wetting properties of the membranes and infer their wetting resistance
(Liao et al., 2021; Chen et al., 2017).

Surfactants are amphiphilic molecules with a long hydrophobic tail
and a hydrophilic head group (Moo-Young, 2011). The head group of a
surfactant molecule can carry a positive, negative, or neutral charge
(Moo-Young, 2011), with the corresponding surfactants being classified
as cationic, anionic, and non-ionic surfactants, respectively. The chain
length of hydrophobic tail and charge of the head group affect the
behavior of surfactants in aqueous environments. A longer hydrocarbon
chain relates to a higher molecular weight and decreased solubility
(Farn, 2006). Also, the Stokes-Einstein equation establishes an inverse
relationship between molecular size and diffusion coefficient of the
surfactant (Anon). Hence, a larger surfactant generally has a smaller
diffusion coefficient and less mobility (Liao et al., 2021; Chen et al.,
2017). In the case of MD, the diffusion of surfactants has been found to
influence wetting kinetics due to their different rates of transport to the
membrane surface (Wang et al., 2019). Additionally, the head charges
affect the fate and transport of surfactants in aqueous environments. In
natural waters, it has been found that electrostatic interactions affect the
adsorption of surfactants to particulate matter and minerals (Farn, 2006,
Anon). Cationic surfactants have been found to have the highest
adsorption rate due to its electrostatic attraction to soil particles (Ying,
2006).

Although the wetting behavior of MD membrane is potentially linked
to surfactant properties, an explicit correlation between wetting
behavior and surfactant properties has yet to be established. In recent
years, several studies have aimed to delve into understanding the
mechanisms of surfactant-induced wetting in MD (Wang et al., 2018;
Wang et al., 2019; Hou et al., 2020; Wang et al., 2018). Specifically,
attention has been directed towards assessing how varying the hydro-
phobicity of surfactants influences the wetting behavior. The prevailing
consensus suggests that surfactants with a lower hydrophilic-lipophilic
balance (HLB), or greater hydrophobic characteristics, tend to be more
readily adsorbed onto the membrane surface, thereby enhancing pore
wetting (Hou et al., 2020; Wang et al., 2018). However, it remains un-
clear how surfactants varying in other properties such as size and charge
might lead to differences in wetting behaviors in MD for feedwaters of
similar surface tensions. As a result, it is imperative to design experi-
ments that reasonably correlate the structure and properties of surfac-
tants with their capabilities of inducing pore wetting.

In this study, we conduct a comparative analysis of the wetting be-
haviors of various surfactants with different charges and molecular
weights in MD desalination. Our approach involves both contact angle
measurements and wetting potential characterization through direct
contact membrane distillation (DCMD) experiments. Multiple concen-
trations of each surfactant were used to examine the changes in the
wetting potential as function of surfactant type for a hydrophobic pol-
yvinylidene fluoride (PVDF) membrane. The induction time of surfac-
tants to initiate pore wetting was correlated to contact angle and surface
tension of the feedwater. Our results demonstrate that different surfac-
tants resulting in similar surface tensions can lead to drastically different
wetting potential, suggesting that both charge of head group and mo-
lecular weight of surfactants have significant influence on membrane
pore wetting. Further, while contact angles generally correlate with the
wetting potential of feed solution, higher contact angles of surfactant-
containing feedwater do not necessarily lead to longer induction time.
We envision that these results are not only paving the way for improving
our fundamental understanding of surfactant-induced wetting, but also
important for assessing wetting behaviors and membrane wetting
resistance for MD desalination.
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2. Materials and methods
2.1. Materials and chemicals

The MD membranes used in this study were commercial PVDF
Durapore membranes (HVHP, Merck Millipore) with a nominal pore size
of 0.45 pm. For all the experiments conducted in this work, commercial
PVDF membranes of the same batch were used and expected to have
very similar (if not the same) pore size distribution, which was charac-
terized in our prior work (Wang et al., 2019). Sodium chloride (NaCl)
and Tween 20 were acquired from Fisher Scientific and used as received.
The other surfactants, including sodium dodecyl sulfate (SDS, 99%),
Triton X-100, hexadecyltrimethylammonium bromide (CTAB, 99%),
dodecyltrimethylammonium bromide (DTAB, 99%), were purchased
from Sigma-Aldrich and used as received.

2.2. Surface tension and contact angle measurements

The dynamic surface tensions of 1 M NaCl solutions containing sur-
factants at different concentrations were measured using the inverted
pendant bubble method. In a typical measurement, a quartz cell filled
with the solution was placed in an environmental chamber, which was
mounted on the leveling stage of a contact angle goniometer (Rame-Hart
260). An inverted stainless steel needle attached to a micro-syringe was
submerged into the solution. The environmental chamber was then
heated using a temperature controller. When the temperature of the
solution reached 60 °C (i.e., the operating temperature of MD experi-
ments), an air bubble attached to the needle tip was created using the
micro-syringe. The dynamic surface tension of the solution was deter-
mined by analyzing the time evolution of bubble shape.

The apparent contact angles of all solutions on the porous PVDF
membranes at 60 °C were characterized in the environmental chamber
using the contact angle goniometer. In a typical measurement, the PVDF
membrane was placed in the environmental chamber, which was then
heated until the surface temperature of the membrane reached 60 °C.
Subsequently, a solution droplet with a volume of 8 pl (the solution was
pre-heated to 60 °C in an oven) was placed on the membrane surface.
The apparent contact angle was measured within 10 s after placing the
droplet on the surface. For each solution, three contact angle measure-
ments were conducted. Furthermore, the apparent contact angles of
surfactant solutions on the PVDF membrane at room temperature (~20
°C) were also measured.

2.3. MD wetting experiments

A custom-built, crossflow DCMD system equipped with the hydro-
phobic PVDF membrane was used to treat surfactant-containing saline
feed solutions. The membrane flow cell has a dimension of 77 mm x 26
mm x 3 mm, with an effective membrane area of 20.02 cm?. The volume
of the feed solution was 1000 mL, and the temperatures of the feed and
permeate streams were maintained at 60 °C and 20 °C, respectively. For
each experiment, 1 M NaCl solution was used as the feed solution, and
deionized water was used as the distillate. For each surfactant used,
multiple concentrations that correspond to different surface tensions
were used. The crossflow velocities were 9.6 cm s * and 6.4 cm s~ for
the feed and permeate streams, respectively. The real-time water vapor
flux and salt rejection rate were calculated based on the changes in
weight and conductivity of the permeate reservoir. These values were
measured using a top-loading digital balance (Cole-Parmer) and a
bench-top conductivity meter (Oakton Instrument), respectively.

Before the addition of surfactant, the DCMD system was operated for
30 min to establish a consistent baseline flux. Next, the surfactant was
added to the feed solution to reduce the surface tension of the feed so-
lution in a stepwise manner. During the experiments, the mass and
conductivity of the permeate were recorded every minute to calculate
the water vapor flux and salt rejection rate. In these experiments, an
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induction time of pore wetting was defined as the time when the salt
rejection dropped below 95%. For each surfactant concentration, the
experiments were replicated three times, using a fresh membrane for
each experiment.

3. Results and discussion
3.1. Surface tension and contact angle

The equilibrium surface tensions of 1 M NaCl solutions containing
different surfactant at 60 °C (the operational temperature of MD) were
measured using the inverted pendant bubble method (see Materials and
methods section). Five different surfactants were used in the current
study (Fig. 1A), which have either the same carbon chain length but
head groups of different charges (e.g., SDS vs. DTAB) or the same charge
but different chain lengths (e.g., DTAB vs. CTAB). The shape of an air
bubble formed in the surfactant solution was analyzed to determine the
surface tension yj,. When a new liquid-air interface is formed in a sur-
factant solution, the adsorption of surfactant molecules at the interface
leads to the reduction of interfacial tension. The adsorption kinetics of
the surfactant is affected by both the surfactant properties (i.e., molec-
ular structure and charge type) and the liquid properties, which is a
time-dependent process until the equilibrium interfacial tension is
reached. Therefore, temporal evolution of the liquid-air interfacial
tension (i.e., dynamic surface tension) was characterized, and the
plateau value was used as the equilibrium surface tension (Figure S1,
Supplementary Materials). For all surfactant solutions, the surface ten-
sion decreased rapidly with increasing the surfactant concentration
(Fig. 1B). The temporal evolution of surface tension indicates that the
equilibration time (i.e., the time required to reach the equilibrium sur-
face tension) decreased with increasing the surfactant concentration
(Figure S1), which was due to increased adsorption rate of surfactant
molecules at the interface as the bulk surfactant concentration increases
(Atkin et al., 2000; Atkin et al., 2003; Daniel and Berg, 2003). The time
scale for attaining equilibrium surface tension can vary significantly for

SDS
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different surfactants due to different adsorption kinetics, which is
affected by the surfactant properties as well as the surfactant-electrolyte
(NaCl) interaction (Atkin et al., 2003; Atkin et al., 2000; Diamant et al.,
2001; Qazi et al., 2020). Prior work has demonstrated that the adsorp-
tion of surfactant at the interfaces affects the kinetics of membrane pore
wetting in MD process (Wang et al., 2018). Although not quantified in
this study, the varied adsorption kinetics of different surfactants at the
interfaces and the associated surfactant transport, which have been
studied extensively in prior work, can potentially significantly affect the
pore-wetting process in MD (Atkin et al., 2000; Diamant et al., 2001;
Zhang et al., 2007; Diamant and Andelman, 1996). Therefore, surfac-
tants exhibiting different adsorption kinetics may lead to distinct pore
wetting behaviors and consequently different induction times.

We further measured the apparent contact angles of surfactant so-
lutions at 60 °C on PVDF membranes. For all surfactant solutions, the
apparent contact angle decreased with decreasing surface tension (i.e.,
increasing surfactant concentration) (Fig. 1C). However, at very similar
surface tensions, the surfactant solutions exhibited different wetting
behaviors, which were signified by the variation of apparent contact
angle. For example, the surface tensions of 0.06 mM SDS, 0.4 mM DTAB,
and 0.005 mM CTAB are 50.1 mNM/m, 51.1 mN/m, and 50.5 mN/m,
respectively. However, their apparent contact angles on the membrane
surface were 109°+2°, 105°+£2°, and 115°+3°, respectively (statistical
analysis confirms a significant difference in comparing apparent contact
angles between SDS and DTAB solutions, between SDS and CTAB solu-
tions, and between CTAB and DTAB solutions, with the p-values at
0.071, 0.009, and 0.045, respectively). Furthermore, some surfactant
solutions with lower surface tensions displayed higher apparent contact
angles than other surfactant solutions with higher surface tensions. For
example, the contact angle of 0.04 mM Tween 20 with yj, of ~33 mN/m
was ~110°, which was higher than that (~106°) of 0.03 mM Triton X-
100 with yy, of ~41.3 mN/m. These results are due to the fact that the
interactions (e.g., hydrophobic and electrostatic interactions) between
surfactant and solid surface as well as the surfactant properties (e.g.,
chain length and charge type) have significant influence on the packing
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of the surfactant molecules at the liquid-solid interface, which could
alter the solid surface energy and consequently affects the wetting
behavior of the surfactant solutions (Abdel-Rahem, 2008; Mohammadi
et al., 2004).

3.2. The effects of surfactant property on induction time of membrane
wetting

To explore the relationship between surfactant property and capa-
bility of inducing pore wetting, we investigated the wetting behaviors of
dynamic, crossflow MD experiments in the presence of different sur-
factants. All the surfactants were able to cause membrane wetting in MD
(Figure S2, Supplementary Materials), with membrane wetting (indi-
cated by a decrease of salt rejection accompanied by an increase of water
vapor flux) occurring earlier at a higher surfactant concentration (cor-
responding to a lower surface tension of feedwater). We observed that
pore wetting induced by these surfactants was transient (which was
clearer for relatively low surfactant concentrations) rather than instan-
taneous. Such an observation is consistent with the findings of Wang
et al. (2018, 2018), who described surfactant-induced wetting as com-
bined processes of adsorption-driven depletion and transport-driven
replenishment. To compare the wetting capabilities of surfactants
fairly, we determined the induction time of each surfactant at different
concentrations and correlated it with the feedwater surface tension
(Fig. 2).

As shown in Fig. 2A, SDS demonstrated a longer induction time than
DTAB at comparable feedwater surface tensions, despite their same
lengths of the carbon chain. For example, the induction time of SDS at a
feedwater surface tension of ~51 mN/m was ~77 min, which was much
longer than that of DTAB at a very similar feedwater surface tension
(~51 mN/m, ~12 min). This result indicates that positively charged
DTAB led to a faster rate of pore wetting than negatively charged SDS.
Such a difference in the kinetics of pore wetting between SDS and DTAB
can be explained by their electrostatic interactions with the membrane
surface. We note that electrostatic interactions are weakened under
high-salinity conditions. However, Li et al. demonstrated that in a va-
riety of high salinity brines an anionic polyelectrolyte successfully
removed cationic pollutants through electrostatic attraction, indicating
that electrostatic interaction can still exist in highly saline brines (Li
et al., 2024). Indeed, debates still exist regarding the mechanism of pore
wetting induced by surfactants. The autophilic effect, which assumes
that the adsorption of surfactants on the hydrophobic surface reverses
surface wettability to hydrophilic, has been used to explain membrane
wetting in MD (Horseman et al., 2021; Chang et al., 2023; Nthunya
et al., 2024). According to this theory, the electrostatic attraction be-
tween DTAB and the negatively charged PVDF membrane (Boo et al.,
2016) results in easier adsorption of DTAB onto the membrane surface
and consequently a faster pore wetting, whereas the adsorption of SDS is
retarded due to its electrostatic repulsion by the PVDF membrane
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surface (Fig. 3A). However, Wang et al. suggests that the transport of
surfactants to the wetting frontier by advective transport and diffusion is
the key to inducing pore wetting during MD desalination (Wang et al.,
2018; Wang et al., 2019; Wang et al., 2018). According to this theory,
the electrostatic repulsion between the PVDF membrane and SDS hin-
ders the transport of SDS towards and inside the membrane pores,
thereby slowing the reduction of surface tension for solution near the
wetting frontier and the consequent migration of the liquid—air inter-
face towards the distillate.

Fig. 2B compares the induction time of DTAB and CTAB, both of
which are positively charged but have different molecular weights.
Compared to CTAB, DTAB has a smaller molecular weight and a shorter
carbon tail, demonstrating lower induction time and a higher capability
of inducing pore wetting. The results for non-ionic surfactants mirrored
those for cationic surfactants, where Tween 20 with a smaller molecular
weight displayed a shorter induction time to initiate membrane wetting
than Triton X-100 (Fig. 2C). The variations in wetting behavior between
surfactants with the same type of charge were probably driven by the
difference in the rate of molecular diffusion, which determines the time
required to reduce the feedwater surface tension at the wetting frontier
(Ying, 2006; Alves et al., 2020). The surfactants of higher molecular
weights (CTAB and Triton X-100 in this study) possess smaller diffusion
coefficients, and thus a smaller number of surfactants are able to
transport to the wetting frontier within the same timeframe (Fig. 3B),
leading to longer induction times when sufficient surfactants are accu-
mulated to lower the feedwater surface tension below a certain
threshold.

Further, the results of this study contradict the belief that surfactants
with a lower HLB, or greater hydrophobic characteristics, tend to be
more capable of inducing wetting (Hou et al., 2020; Wang et al., 2018).
As such a statement was obtained using a single molar concentration
with highly variable surface tensions (Hou et al., 2020; Wang et al.,
2018), its validity needs to be revisited. In the current study, the cationic
and non-ionic surfactants with higher HLB (i.e., DTAB and Tween 20)
indeed exhibited higher wetting capabilities (Table S1, Figs. 2B and 2C).
Our results are consistent with a recent publication where surfactants
with higher HLB values were more likely to induce membrane wetting
(Liao et al., 2021). The authors explain that the weaker
hydrophobic-hydrophobic affinity between surfactant and membrane
allows surfactants with higher HLB (and correspondingly lower hydro-
phobicity) to stay in the feed solution in free states, as opposed to
absorbing into the membrane pore wall, thereby reducing feed solu-
tion’s surface tension and membrane LEP more effectively (Liao et al.,
2021). Additionally, the membrane surfaces attached by surfactants of
higher HLB are more hydrophilic, aiding in the formation of hydrophilic
channels and further promoting wetting (Liao et al., 2021). Our results
demonstrate that when surfactants with varying properties are tested at
comparable surface tensions, higher hydrophobicity of surfactants does
not necessarily enhance the wetting potential. Instead, molecular
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Fig. 2. The induction time of membrane wetting in MD for (A) surfactants of the same carbon chain length but different charge types (SDS vs. DTAB, B) positively
charged surfactants of different chain lengths (DTAB vs. CTAB), and (C) non-ionic surfactants of different molecular structures and weights (Tween 20 vs. Triton X-
100). The error bars represent the standard deviation calculated from at least three independent tests.
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properties such as size and charge should be considered when evaluating
the wetting potential of surfactant-containing solutions.

In addition, we explored the relationship between the induction time
of pore wetting and the apparent contact angles measured at both room
temperature and 60 °C for the same surfactant solutions. As shown in
Fig. 4, although a higher apparent contact angle generally led to longer
induction time, the induction time could vary significantly for the same
(or very similar) contact angle. For example, when the apparent contact
angle at room temperature was ~120°, the induction time of pore
wetting varied between ~120 min and <20 min (Fig. 4A). A similar
phenomenon was observed when the apparent contact angles at 60 °C
were used (e.g., when the apparent contact angle was ~110°, Fig. 4B).
These results suggest that the apparent contact angle of aqueous solu-
tions containing surfactants on the membrane surface (regardless of the
temperature at which the contact angle is measured), which has been
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widely used to indicate solution wetting potential, is an unreliable
measure for assessing the solution wetting potential for MD process
(Wang and Lin, 2017; Ismail et al., 2022; Gekas et al., 1992; Kung et al.,
2019; Huhtamaki et al., 2018). Indeed, according to the results of our
study, it is unlikely that a single descriptor can accurately forecast
membrane pore wetting caused by surfactants under MD conditions due
to the multifaceted nature of the problem. We anticipate that
multi-parameter modeling, which considers various surfactant and
membrane properties, is a potentially feasible approach for establishing
a predictive model for forecasting pore wetting caused by surfactants.

4. Conclusion

In this study, we performed a systematic study to investigate and
compare the wetting behaviors of various surfactants with different
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Fig. 4. The induction time of membrane wetting as a function of apparent contact angle of the surfactant solution measured at (A) room temperature (~20 °C) and
(B) 60 °C. The error bars represent the standard deviation calculated from three independent measurements.
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charges and molecular weights in MD desalination. Several previous
studies have compared surfactants at a single molar concentration,
thereby neglecting the unique surface tension-concentration relation-
ship of each surfactant. As wastewater generated from different sources
may have highly variable surfactant constituents and surface tensions,
applying a sole surfactant at a singular concentration is not sufficient to
evaluate the capability of surfactants to induce pore wetting in MD
desalination. When surfactants at similar surface tensions are compared,
we discovered that surfactant properties such as charge and molecular
weight play an important role in regulating the wetting behavior.
Especially, when comparing surfactants of similar size but differing
charges, cationic surfactants exhibited a higher wetting capability likely
due to electrostatic attraction between surfactant molecules and mem-
brane surface. When comparing surfactants of similar charges, surfac-
tants with larger molecular sizes exhibited a lower wetting potential,
because of slower rates of surfactant transport to the membrane surface.

Furthermore, our results demonstrate that parameters that have been
commonly used to indicate wetting potential, including apparent con-
tact angle and solution surface tension, are not reliable to predict wet-
ting behavior of MD, which is intricately linked with surfactant
properties such as charge and molecular size. As a result, the wetting
behavior of MD is likely different from those revealed in studies where a
single type of surfactant is used. We suggest that it is necessary to use
surfactant-containing feed solutions with not only varying surface ten-
sions but also different types of surfactants to comprehensively under-
stand the wetting behavior of MD desalination and evaluate the wetting
resistance of newly developed membrane materials. In the future
research, a comprehensive investigation, which involves liquid
spreading and imbibition kinetics, is perhaps needed to further under-
stand the influence and significance of surfactants in regulating mem-
brane pore wetting in MD. Additionally, membrane properties, such as
pore size distribution, charge, and hydrophobicity, can significantly
affect pore wetting. Performing the experimental protocol with altered
membrane properties could affect the membrane-surfactant interactions
and dictate the liquid’s propensity to penetrate the membrane pores.
Although this study’s purpose is to convey the ideas that surfactant-
induced pore wetting in MD processes is complex and that the conven-
tional criteria used to assess the wetting potential are not reliable for MD
membranes, expanding the experimental protocol to evaluate the effects
of membrane properties is an avenue for future work that could provide
more insight into predicting the wetting capabilities of surfactant-laden
solutions.
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