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Graphical abstract
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Abstract

We present a novel approach for studying membrane formation by interaction of polymers and
surfactants with opposite charge using a Hele-Shaw experimental setup. A solution of the anionic
biopolymer xanthan gum is placed in direct contact with a ChTAB surfactant solution (n=10, 12,
14 and 16). Thereby, a polymer-surfactant membrane spontaneously forms between the two
solutions due to the precipitation of polymer-surfactant complexes, which grows afterwards in

direction of the polymer solution. The dynamics of the growth of the membrane thickness and the



mass transfer of polymer are evaluated for different surfactant types and concentrations.

The experiments and supporting numerical calculations indicate that polymer mass transfer is
driven by diffusion of the charged macromolecules along the concentration gradient which is
coupled to the electric field induced by the faster diffusion of the more mobile counterions. The
properties and structure of the formed membrane significantly depend on surfactant
hydrophobicity and concentration. In addition, in a wide range of experiments, the formation of a
porous structure in the membrane is observed whose characteristics can be tuned by the process
parameters. A mechanism is proposed for the pore formation explaining it as an instability of the
growing membrane surface in interaction with the supply of polymer across the depleted zone in
the vicinity of the membrane front.

Keywords: Polymer-surfactant interaction, structure formation, Hele-Shaw, membrane

1 Motivation

The coexistence of polymers and surfactants in an aqueous solution leads to a wide variety of
interactions?, specifically when polymer and surfactant bear opposite charges!?. This case is
referred to as “strongly interacting” systems in which attractive electrostatic forces are responsible
for attaching surfactant molecules to the polymer chains. In such systems, surface-active polymer-
monomer complexes turn into non-surface active polymer-micelle complexes by increasing the
surfactant concentration above a certain level at constant polymer concentration. Consequently, a
plateau or even a rise in the surface tension isotherm is observed*®. This is accompanied by a
precipitation of polymer-surfactant complexes in the solution® °. The precipitation is termed both
coacervation®® ® and phase separation* of polymer-surfactant complexes from the main aqueous
phase leading to the formation of a concentrated (polymer-rich) and a dilute (polymer-lean) phase®.

According to previous reports > °, precipitation appears when the polymer chain takes up enough



surfactants to become stoichiometrically neutralized, i.e. the available charge sites on the polymer
chain are progressively occupied by surfactant ions or the polymer counterions. The neutralized
complexes then grow by aggregation and self-association and precipitate out of the solution®. In
some cases, re-dissolution occurs by addition of further surfactant, but in the case of high polymer
charge density, the precipitates remain insoluble’.

Coacervation can be used to produce membranes with different permeabilities '8, making it
attractive for technological applications like encapsulation or separation processes. Until now,
many works have characterized the behavior of oppositely charged polymer-surfactant systems
using miscellaneous techniques including surface tension*® 172 and surface -elasticity
measurements'®2°, potentiometry®’, viscometry®’, neutron reflectometry*?2, conductometry®2!,
microcalorimetry® 2! and turbidimetry?®. Yet, the mentioned techniques are mainly based on the
analysis of solution properties but do not provide any information about the process of membrane
formation.

In this work, the structure and the growth dynamics of the developing polymer-surfactant
membrane (PSM) has been observed in-situ for the first time by using the quasi 2D-geometry of a
Hele-Shaw cell. By a combination of experiments and numerical simulations, we can link the
membrane properties for different surfactant chain lengths and concentrations to the underlying
mass transfer and structure formation processes. This in-depth understanding forms the basis to

control the tunable membrane properties.

2 Experimental setup and procedure

Xanthan gum (XG) as anionic polymer (i.e. polyelectrolyte) and alkyltrimethylammonium
bromide (ChTAB) as cationic surfactants were provided by Sigma Aldrich. Pre-determined

amounts of XG powder and water were weighted in a beaker and then dispersed using an IKA



Ultra Turrax T25 rotor-stator homogenizer (20 minutes, 5000 rpm) to ensure a reproducible sample
preparation. Surfactant solutions were prepared by stirring and mixing in an ultrasonic bath. To
calculate the critical micelle concentration (CMC) of the surfactants, electrical conductivity
measurements were performed (MultiLab-540, WTW). The parameters of the surfactants are given
in Table 1. Since pH can affect the charge of the polyelectrolyte XG, we measured the pH values
of the employed solutions. For the 3 g/l XG solution, a pH of 5.7 was obtained. Surfactant solutions
were used with different concentrations. However, in all cases, the pH was in the range of 5-6.
Hence, we assume an approximately constant degree of dissociation for XG.

Table 1. Molecular weight (MW) and critical micelle concentration (CMC) of the C,TAB surfactants

MW (g/mol) CMC (mM)

CwTAB 280.29 63.83
C12TAB 308.34 14.94
CuuTAB 336.39 3.76
Ci16TAB 364.5 0.91

The Hele-Shaw experimental setup is depicted in Figure 1. A specifically cut PTFE sheet with a
thickness of 0.5 mm is inserted as a spacer between two glass plates (held together by a metal
frame) and thus sets a gap width of 0.5 mm. The fluids can be injected into the Hele-Shaw cell
through inlet bores, which are connected to filling tubes by PTFE plugs. The gap width is
considerably smaller than the length (70 mm from inlet to inlet) and lateral width of the cutout (23
mm at the position of the interface between both solutions). Thus, the cell can be assumed as quasi
two-dimensional. The orientation of the Hele-Shaw cell is horizontal, i.e. the gravity vector is
perpendicular to the quasi 2D cell. More details on the design of the Hele-Shaw cell can be found

elsewhere?. For each experiment, the surfactant solution was injected up to the middle of the cell



where it is pinned at the lateral edges of the PTFE sheet. Then the polymer solution was injected
to contact the surfactant solution and afterward the growth of the PSM was recorded by a CCD
camera (Dalsa DS-21-02M30, 1600 x 1200 pixels, run with 2 x 2 binning and a frame rate of 2
Hz). According to the observations, the flow in the bulk fluid ceases until 10 seconds after the XG
injection stops. Slight convection after the filling can be due to pressure equalization when trapped
bubbles are present in the exhaust channels in some of the experiments. A LED light source
(Imaging Solutions) was used for illumination. Since the XG macromolecules have a size in the
order of microns®*25, their scattered light appears as bright dots in the recorded images. This allows
us to track their movement in the fluid layer and hence to quantify the mass transfer of XG toward
the membrane. Furthermore, the regions of XG depletion can be identified as darker areas in the
recorded images. Each of the Hele-Shaw experiments was repeated to ensure reproducibility of

the results.
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Figure 1. Hele Shaw cell geometry as used in the experiments with schematic representation of flow
during filling



3 Results and discussion

3.1 Polymer-surfactant membrane formation and growth in Hele-Shaw cell

As stated previously, a membrane is formed immediately at the beginning of the experiment as a
result of the precipitation of polymer-surfactant complexes. The binding of the cationic surfactant
to the anionic polymer (polyelectrolyte) reduces the electrostatic repulsion between the charged
polymer chains and hydrophobizes the initially hydrophilic XG. This induces agglomeration and
phase separation (coacervation) of the hydrophobic polymer-surfactant complexes at the interface
between both solutions. Due to the absence of convective mixing in our set-up, concentration
gradients evolve at the reaction front. The ensuing mass transfer processes bring further XG and
surfactant into contact in the boundary layer adjacent to the membrane. The short distances to the
membrane and the absence of convective re-distribution facilitate the agglomeration of the
complexes with the membrane. Hence, the membrane grows in thickness towards the polymer
solution in the course of the experiment. The developing membrane is like a soft tissue, which can
be easily removed from the Hele-Shaw cell after opening the cell. Figure 2 depicts the PSM growth
for 3 g/l XG solution and different C12TAB concentrations. The PSM cannot develop in the
direction of the surfactant solution because that would require penetration of XG macromolecules
through the membrane, which is prevented by their large size. However, the smaller surfactant
molecules can diffuse through the PSM and come in contact with non-precipitated polymers. The
interaction between the polymer and the surfactant molecules depending on surfactant
concentration is described by the surfactant binding isotherm*®. The critical aggregation
concentration (CAC) is a characteristic point of the binding isotherm, which gives the minimum
surfactant concentration for beginning polymer-surfactant complex formation. Above CAC, the

amount of bound surfactant increases until the polymer is saturated at a certain surfactant



concentration (polymer saturation point - PSP). The free surfactant molecules are present as
monomers. However, if the local free surfactant concentration exceeds CMC, monomers in a
concentration of approximately CMC are coexisting with micelles in a local equilibrium.
According to this, free micelles only can be present if the polymer is saturated by surfactant.

Hence, the surfactant concentration plays an important role in the structure of the PSM and its
growth rate, defined as the change of the PSM thickness with time dLL‘i'%. A smooth membrane is

observed for 10 mM C1.TAB while coarse pores are created at 40 mM accompanied by an
enhanced PSM growth rate. When the surfactant concentration is raised to 80 mM, the growth rate
does not change significantly but a higher number of fine pores forms. Figure 3 depicts the changes
of PSM thickness in time.

For obtaining the PSM thickness at each time step (as provided in supporting information), a
Gaussian smoothing function was applied to each frame to reduce the noise and details of the
image. Then the image was binarized to divide between membrane and non-membrane regions by
applying a threshold operation. The membrane thickness was calculated by averaging over the
whole image height of the membrane part. All image processing routines were programmed in
MATLAB. The error bars exemplary given in Figure 3 indicate the standard deviation of the

membrane thickness from the mean value.

10 mM




40 mM

80 mM

1 min 10 min 30 min 60 min

Figure 2. PSM structure development with time for 3 g/l XG concentration and 10, 40 and 80 mM
C12TAB concentration. In every picture, the black area at the right edge is the surfactant solution, and the
dark area filled with small bright dots at the left is the XG solution. As an example, a zone of strong XG
depletion is illustrated as a dark region surrounded by a red rectangle for the case of 80 mM-1 min. The
growing dense, white-grey area is the PSM. The pores are darker areas within the PSM. Length and width

of the images are 3.0 mm and 2.3 mm, respectively.
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Figure 3. PSM thickness vs. time for 3 g/l XG concentration and different C;oTAB concentrations.

The results of Figure 3 demonstrate a direct relationship between PSM growth rate and surfactant
concentration. However, the relation is not linear. This can be understood by considering the mass
transfer processes in the system since the permeation through the membrane declines with
increasing membrane thickness. This leads to a retardation of the PSM growth in Figure 3.
Furthermore, at low surfactant concentration, the supply of surfactant through the membrane limits

the formation of PSM, resulting in a small growth rate. When the surfactant concentration is high



enough, the PSM growth initially is limited by the supply of XG, which restricts a further
acceleration of membrane growth at 80 mM C1.TAB compared to 40 mM. This limitation can
cause the coinciding curves for 40 mM and 80 mM C1TAB at early times (t < 10 min) even if the
supply of XG is not necessarily of the same magnitude, because the XG concentration in the
membrane also varies with the surfactant concentration (cf. S, Figure 4 and 5). At later times, the
mass transfer resistance of the membrane discussed above again reduces the PSM growth rate, first
for 40 mM and later for 80 mM surfactant concentration.

Furthermore, the development of different PSM structures observed in Figure 2 can be explained
by this combined mass transfer. In the case of excess XG at low surfactant concentration, a smooth
PSM is formed. When the supply of surfactant is high, XG is consumed rapidly generating a
depletion zone near the membrane which cannot be compensated by the supply from the XG bulk
solution. The depletion zone can be observed as a dark area just at the left of the PSM front in
which the number of bright dots representing XG is strongly reduced for the cases of 40 mM and
80 mM at 1 min (example marked as red dashed rectangle in Figure 2). Under these circumstances,
a porous structure forms. This probably is caused by an instability of the developing membrane
surface described in the following. Consider a small disturbance in membrane thickness, such that
a point on the membrane surface reaches slightly wider into the XG depletion zone. The supply of
XG from the bulk solution is facilitated at this point compared to the surrounding since the distance
to the XG bulk solution is slightly lower there. This amplifies the small initial disturbance meaning
that further polymer-surfactant complexes preferably form at this position. This mechanism is
analogous to a diffusive instability?” where the scale of the pattern is determined by the competing
effect of the driving force, i.e. the concentration gradient, and interfacial tension which tends to

smooth small-scale structures in the surface?’. With higher driving force, i.e. stronger XG



depletion, the wavelength of the porous structure decreases as shown by the snapshots at 40 mM
and 80 mM surfactant concentration in Figure 2 which agrees with the concept of diffusive
instability. It should be noted that in our experiments, not classical diffusion is present, but
diffusion-migration (cf. Section 3.3). Besides, additional interaction forces between the complexes
like hydrophobic or depletion attraction can influence the morphology of the formed structures. In
the later stages of the experiment, when the availability of surfactant levels down due to the higher
membrane thickness, a second smooth part of PSM forms. Therefore, the pore formation is the
result of a high availability of surfactant and a low availability of polymer which persists only at
the initial stage and does not span over the whole experiment. Since pattern formation often is an
interaction of different processes, and our membrane is a soft material with both continuous and
particle-network properties, the full picture of pore formation in the membrane is complex and not
completely understood yet. Possible contributing mechanisms could be depletion flocculation of
the complexes, in the presence of a high micelle concentration in the solution surrounding the
complexes, and the ensuing phase separation into a micelle-rich solution and a polymer-rich phase.
Both flocculation and phase separation lead to pattern formation with fractal structures in the first
case and more continuous morphologies of spinodal decomposition in the latter case, growing in
wavelength by coarsening mechanisms like coalescence and Ostwald ripening. However, due to
the pronounced and consistent observation of a XG depletion zone in the porous membrane cases,
we believe that the diffusive instability mechanism probably is a main cause for the observed
structure formation.

Since the mass transfer of the surfactant considerably influences the membrane formation process,
we discuss important aspects of the transport mechanisms in the following. In the surfactant

solution at the right hand side of the membrane, only monomers are present at 10 mM



concentration whereas at 40 and 80 mM, both monomers and micelles exist (CMC =~ 15 mM for
C12TAB). Although the micelles are larger than the monomers and have smaller diffusion
coefficients, they also may be able to penetrate the membrane depending on the pore size of PSM.
In that case, different species including free surfactant monomers, XG-bounded monomers, or XG-
bounded micelles and free micelles 22-2° exist in the membrane. Micelles and monomers diffuse
individually but a local equilibrium is expected in regions where the free surfactant concentration
exceeds CMC. Under these conditions, the monomer concentration approximately equals CMC.
The hindrance of surfactant diffusion by the membrane is much more significant for the micelles
compared to the monomers. However, the driving force for monomer diffusion becomes negligible
between regions where the surfactant concentration is above CMC so that the surfactant transport
in the form of micelles is the dominant mechanism there %,

The surfactant type influences the PSM development as well. At a fixed surfactant concentration
of 10 mM, Figure 4 shows higher growth rates for shorter tail surfactants. However, at this
concentration, the surfactant with the shortest chain, i.e. C1oTAB, is not able to form a membrane
even at long times. The coacervation is a result of the polymer charge neutralization and
hydrophobization. For short-chain surfactants, the hydrophobicity of the formed complexes is
lower compared to the long-chain surfactants. Furthermore, the tendency of the surfactants to bind
at the charged polymer sites decreases for small chain lengths (in analogy to their higher
solubility), i.e. a larger part of the surfactant molecules is dissociated from the complexes. Hence,
higher C1oTAB concentrations are required for membrane formation. Note that C1oTAB and
C12TAB are below CMC at 10 mM while C14TAB and CisTAB are above (Table 1). A better
comparison is possible if concentrations above CMC are used for all surfactants. Figure 5 and

Figure 6 show the PSM formation at 3 times the CMC concentrations of each surfactant, which



divulge the impact of surfactant type on membrane structure and growth.

The results imply that the reduced growth rate for long-chain surfactants is associated with an
increasing PSM compactness, which can be caused by the higher hydrophobicity of the formed
polymer-surfactant complexes. A weak pore structure formation sets in for C12TAB and becomes
pronounced for C14TAB. However, due to the high PSM compactness at C16TAB, it is unclear
whether pores also form in this case or not. Similar to the observations for varying surfactant
concentration, the PSM growth rate and structure again are influenced by the supply of surfactant

and polymer as detailed in the next section.
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Figure 4- PSM thickness vs. time for 3 g/l XG concentration and 10 mM concentration of different
CnTAB surfactants.
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Figure 5. PSM structure development with time for 3 g/l XG concentration and 3 times the CMC
concentrations of A) C1cTAB, B) C12TAB, C) C1.4TAB and D) C1sTAB. Length and width of the images
are 3.0 mm and 2.30 mm, respectively.
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Figure 6- PSM thickness vs. time for 3 g/l XG concentration and 3 times the CMC concentrations of
different C,TAB surfactants.

3.2 Estimation of polymer mass transfer

The mass transfer of XG is characterized by a directional motion of bright dots towards the
membrane as visible from the recorded image sequence of the Hele-Shaw experiments (exemplary
movies are available in supporting information). This feature, which is discussed later in more
detail, is utilized to estimate the XG transfer rates by applying a particle image velocimetry routine

(PIVIab®, available for use in MATLAB) to the XG solution region. This software calculates a



velocity vector field from the cross-correlation of two consecutive images. Figure 7 shows a
sample of the obtained velocity plots for 3 g/l XG and 3 times the CMC C10TAB concentration
superposed with the binarized image of the PSM. The orange solid curve displays the velocity

component in x-direction averaged over the y-direction, i.e. the velocity profile. The velocities are

um

generally less than 2.5 o

For an ideal experiment, only velocity vectors pointing in x-direction would be expected. As
indicated in Figure 7, the velocity component sometimes is non-zero in the y-direction. This is due
to marginal deviations of the membrane from being parallel to y-axis (as depicted in Figure 1),
noticeable in the upper part of the images, which continue in the parts that are not visible in the
frame. This deviation creates a slight gradient in the y-direction. However, the magnitude of the
y-component is much smaller than the x-component, especially in the near-membrane regions. At
the beginning of the experiment, large velocity values are observed in the region near the PSM
representing an intense XG mass transfer in the direction of the membrane. In this stage, the
velocities are almost zero at the left side of the cell since the concentration gradient is localized in
the vicinity of the PSM. Furthermore, there is a notable shift of the membrane position toward the
XG solution in the earlier stage of the membrane development. Since this shift is most pronounced
for the experiments with high surfactant concentration and low CMC values, it probably is caused
by a water exchange between XG and surfactant solutions due to different osmotic pressures at
both sides of the membrane. The driving force for the water exchange is highest in the beginning
of the experiment where it can affect the mass transfer of XG and surfactant. However, this is only
significant for the very initial stage. For the case of 3 times the CMC C10TAB, the speed of the
membrane movement already is five times lower than the maximum velocity of the XG particles

at t = 2 min, compared to the similar velocities at the start of the experiments. In the later stage,



when the membrane is thick and mechanically stable, no more membrane movement is detectable.
The influence of the membrane shift was considered in the calculations of the XG concentration

distribution presented in section 3.4.

At later times, the XG concentration gradient gradually propagates through the entire cell. The
maximum velocity is also decreasing with time due to the relaxation of the steep initial gradients.
This fact together with the reduced surfactant supply across the growing membrane leads to the

declining PSM development with time as shown in Figure 3-Figure 6.
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Figure 7. Velocity distribution in XG solution at different times for the experiment with 3 g/l XG and 3
times the CMC C1oTAB and profile of horizontal velocity component (orange solid line) superposed to
the binarized image of the PSM.



The directional mass transfer of XG has two reasons: (i) the consumption of XG during PSM
formation, creating the driving horizontal concentration gradient and (ii) probably the migration
of XG in an internal electric field 332, This electric field is generated by the diffusion of the anionic
XG, the cationic surfactant and their dissociated counterions along concentration gradients due to
their different mass diffusivities (similar to the diffusion potential). In other words, since the small
counterions have larger diffusion coefficients, they move faster in the concentration gradient field
resulting in a local potential difference. The effect is enhanced when short-chain C,TAB
surfactants are used since in that case the absolute surfactant concentration is higher at 3 times the
CMC (according to their higher CMC value). This agrees with the higher velocity magnitudes in
the velocity profiles of Figure 8 for short-chain C,TABs. Nevertheless, the growth in PSM
thickness is almost the same in Figure 6 for C1oTAB and C12TAB at initial times. This can be
explained by the different membrane structures observed. Due to the pore formation in the case of
C12TAB, the initial PSM thickness can be similar to C1oTAB in Figure 6 even if the XG influx is
lower.

The mass flux of XG towards the membrane could be associated with several other effects. Even
if the gap width of the horizontal Hele-Shaw cell is narrow, a weak buoyancy-driven convection
might develop due to concentration gradients evolving during mass transfer3. However, the solutal
volume expansion coefficient of XG in water is low3*. Furthermore, the buoyancy-driven
convection would include a backflow of opposite direction in the Hele-Shaw gap. To evaluate the
impact of possible buoyancy effects on the mass transfer of XG, we conducted an additional
experiment with a vertical orientation of the Hele-Shaw cell to augment the influence of gravity
forces. Nevertheless, no considerable change was observed in the results, demonstrating that the

influence of buoyancy-driven flow is negligible. Another cause for convection could be the volume



change during the phase separation of PS complexes. By continuity, this flow should extend over
the whole liquid domain but it is limited to the vicinity of the membrane in our experimental
observations. These facts support the coupled diffusion-electromigration as probable cause for the
directional motion of XG. The next sections estimate the mutual influence of diffusion and internal

electric field in a XG concentration gradient both experimentally and by a simple numerical model.
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Figure 8. Experimentally determined velocity profiles in XG solution vs. distance for 3 g/l XG and



different surfactants with 3 times the CMC concentrations. The dashed vertical line corresponds to the
initial contact line of polymer and surfactant solutions. As an example, the error bars obtained from the
standard deviation between three repeated experiments are added to one of the curves in the C1oTAB case.

3.3 Diffusion of ionic polymer macromolecules in a concentration gradient
To circumvent the additional complexity of mass transfer across the growing membrane and the

consumption of XG by the precipitation, we performed an experiment for the case of diffusive
mixing of a 3 g/l XG solution and pure water in the Hele-Shaw cell. The velocity profiles (Figure
9) were obtained by applying the PIV analysis on consecutive images as described previously in
section 3.2. The main result of Figure 9 is that both the directional movement of XG is also
observed in this case and the velocity magnitudes are in the order of the PSM experiments. To
confirm these findings, we implemented a simplified numerical model of the process observed in

Figure 9, which is described in the following section.
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Figure 9. Velocity profile in the polymer solution vs. distance for the diffusion of 3 g/l XG into pure
water.

3.3.1 Modeling of XG mass transfer in water
The electric field results from the diffusion of the charged ions and is given by the charge
conservation:

E=-¢ )



V- (EOErE) = Pv 2
Here E is the electric field, ¢ is the electric potential, €, is the vacuum permittivity, €, is the

relative permittivity and p, is the space charge density which takes the following form 3:

PVZFZZL' Ci @)
i

where F is the Faraday constant given by F = eN, = 96485% (with e = 1.6 x 1071°C —

charge of an electron, N, = 6.022 x 1023 — Avogadro number), z; and c¢; are the charge number
and the concentration of species i, respectively. The concentration field is calculated by the Nernst-

Planck-equation *:

ac; D; (4)
a_tl = ZiFﬁv ' (Clv¢) + DiACi

Where D; denotes the diffusion coefficient of species i, R is the universal gas constant and T is the
absolute temperature. The first and the second terms on the right hand side of Eq. (4) denote the
migration due to the electric field and the diffusion, respectively. Note that this model neglects the
colloidal properties of the XG macromolecule for a simplified coupling to the diffusion of the
small counterions.

3.3.2 Numerical setup

As shown in Figure 10, a simplified one-dimensional model with two species was adopted. Species
1 and 2 denote the anionic XG macromolecule (average MW of 2 x 10° g/mol) and its positively
charged counterion. According to the literature, XG has two dissociable counterions per monomer,
which can be Na*, H*, K* and Ca?* 25-%6.37-39_For the sake of simplicity, we assumed Na* as the
representative counterion. For an accurate simulation, the knowledge of the XG dissociation rate
is required. As a rough estimation, we assumed z; = —2000 (corresponding to a charge number

of -1 per monomer with a MW of 1000 g/mol, which is close to reality *’) and z, = +1. The



domain is divided into two parts. The initial concentrations of XG and the counterion are 1.5 X
1076 M (equivalent to 3 g/l XG concentration) and 3 x 103 M on the left and zero on the right
side. The diffusion coefficients 2° are assumed to be constant values of D; = 3.2 x 1072 m?/s
(diffusivity of the XG macromolecule) and D, = 1 x 10~2 m? /s (diffusivity of Na*). As species
2 diffuses much faster than species 1, it is expected that the transport of species 2 to the right side
will enhance the electric potential in this region, resulting in an electric field which will augment
the migration transport of species 1. For comparison, an additional simulation of the species

transport was conducted where the electric field is neglected.
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Figure 10. Simplified one-dimensional model as used in the simulations with two species: the XG
macromolecule and its counterion Na*, which are initially located in the left part of the domain (0 < x <
35 mm).

3.3.3 Simulation results

The electric potential at different time instants is shown in Figure 11. At the beginning of the
process, the electric field is extremely strong as the concentration gradient and the associated
diffusive transport of species 2 is very high. With the ongoing process, the electric field is

weakened due to the migration transport of both species.
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Figure 11. Electric potential ¢ at times of 1 min, 5 min, and 1 h.

Figure 12 shows the flux of XG with and without electric field. In general, the flux at the beginning
of the process is much stronger than in later stages, which corresponds to the high concentration
gradient and the high electric potential at the beginning. The electric field enhances the polymer
flux to about 15 times at the beginning and later stages of the process. Such a significant increase
agrees with the observations in literature “°. In view of the strong simplifications inherent in our
numerical model, this value rather provides a rough order of magnitude than a quantitative
comparison. For example, the spatial extension of the XG macromolecules is not included in our
model, as well as concentration dependencies of the XG conformation and diffusion coefficients.
The modeling and simulation of the process in presence of the surfactant solution is even more
complicated and requires consideration of the mass fluxes of surfactant ions and counterions, the
surfactant monomer-micelle equilibrium as well as incorporating the precipitation of polymer-
surfactant complexes according to the binding isotherm. The precipitation not only changes the
polymer and surfactant concentration but also forms a porous membrane with varying porosity and
permeability again influencing the mass transfer processes of surfactant monomers and micelles.

An example for these complex interdependencies is discussed in Sec. 3 of the SI.



However, the numerical results provide instructive insights into the contribution of the internal
electric field to the mass transfer of polymers. In the polymer-surfactant case, it can be expected
that the difference in diffusivities of surfactants and their counterions further amplifies the electric
field. The consumption of polymers and surfactants at the front maintains high concentration
gradients what furthermore intensifies the mass transfer. This explains the large velocity values

for the cases reported in Figure 8.
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Figure 12. Flux of XG with and without electric field E at times of A) 1 min and B) 60 min.

3.4 XG concentration distribution
According to Figure 5, the different surfactant chain lengths lead to varying compactness of the

PSM. The velocity profiles obtained in Section 3.2 now allow us to roughly quantify the local
concentration of XG in the membrane as well as in the polymer solution. This procedure is more
robust than directly correlating the PSM compactness to the brightness information from the
images. Since the illumination is newly adjusted with each run, the brightness may change slightly
from one experiment to another. For estimating the time-dependent XG distribution, a
homogeneous XG concentration of 3 g/l in the solution was considered as initial condition, marked

as a horizontal red line in Figure 13. Furthermore, a one-dimensional flow of XG in x direction



was assumed. To obtain the polymer flux in the x direction, we used the horizontal velocity
components (cf. the profiles in Figure 8). The Hele-Shaw cell was discretized in x direction with
a grid size determined by the resolution of the vector field as displayed in Figure 7. The
concentration in each grid cell was updated in every time step by the inflow from and the outflow
to the adjacent grid cells. Since the inflow and the concentration of the leftmost cell were not given
by this analysis, they both were approximated by a linear extrapolation of the three neighboring
cells. Different extrapolation schemes were tested but yielded similar results due to the smooth
gradients in this part of the experimental domain. The time step corresponds to the frame rate of
the image processing, 0.1 Hz, which is appropriate to capture the slow dynamics in the phase of
membrane growth. The short initial phase however is characterized by a highly transient evolution
and very fine structures in the concentration field. Besides, the moment of contact of both solutions
coincides with the filling procedure. In this stage, a thin, dense membrane layer facing the
surfactant solution instantaneously forms for all studied surfactant chain lengths in Figure 5. This
feature therefore is not represented in Figure 13. The depletion zone in the polymer solution and
the elevated XG concentration within the PSM are observed for all surfactant chain lengths.
Furthermore, the pore structure appears as decreased XG concentration at the right side of the
membrane (x > 2.5 mm) for C12TAB and C14TAB. A marked increase of the XG concentration
within the PSM compared to the initial XG concentration however is only obtained for long-chain
CnTABs. For short-chain ChTABs, the PSM consists of a rather loose network of polymer-
surfactant complexes on account of their lower hydrophobicity. Moreover, the larger degree of
dissociation of surfactant ions from the complexes for short-chain C,TABSs yields a higher ionic
strength in the PSM and thus a larger water content of the membrane at equilibrium. Hence, we

can expect a higher membrane permeability in those cases.



The compact XG accumulation for long-chain CoTABSs points to low membrane permeability, and
accordingly to a reduced mass transfer of surfactants across the membrane. This induces a weaker
XG delivery as shown by the velocity values depicted in Figure 8 for long-chain C,TABs. At the
same time, a lower surfactant to polymer ratio in the solution is needed for the long-chain Ch,TABS
to induce phase separation on account of their higher hydrophobicity. Both effects result in a
stronger depletion of XG before the PSM which is confirmed in Figure 13. It is worth mentioning
that the higher compactness of membranes formed by the long-chain surfactants is not only a
dynamic effect. It is also observed when we produce membrane-like precipitate by mixing polymer

and surfactant solutions in a beaker and stir long enough to reach equilibrium.
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Figure 13. Concentration of XG in the cell for different surfactants after 30 minutes superposed with the
binarized PSM image. The initial polymer and surfactant concentration were 3 g/l (red line) and 3 times
the CMC, respectively.

Considering a spatially constant surfactant-to-polymer ratio in the PSM, we can expect the same
concentration profile as XG (as depicted in Figure 13) for the membrane-bound surfactant
multiplied by a proportionality constant. In addition, surfactant molecules diffuse through the PSM
and further into the XG solution inducing a surfactant concentration gradient in the left side of the
membrane. Under conditions where further complex formation is observed, the surfactant
concentration starts at a value larger than the critical aggregation concentration in the XG solution
near the membrane and reaches zero after some distance in the bulk solution. Figure 14 illustrates
a qualitative sketch of the concentration changes through the cell as an aid for a better

understanding of the overall mass transfer processes.
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Figure 14. Qualitative description of XG and C,TAB concentration profiles through the cell.

4 Conclusions

We used a quasi-two-dimensional Hele-Shaw setup to study the formation and growth of a
membrane by electrostatic interaction of oppositely charged polymers and surfactants. At the
initial contact of the polymer and surfactant solutions in the Hele-Shaw cell, a thin membrane
forms spontaneously which separates both solutions. Afterwards, the membrane continues to grow
by penetration of surfactants through the membrane and diffusion and migration of polymers from
the bulk solution. The migration of polymers in the concentration gradient is accelerated by the
consumption of polymers at the front of membrane development as well as the electric field
originating from the different diffusivities of ionic polymers, surfactants and their counterions. We
further identified the main mechanisms underlying the membrane growth and structure formation
by employing different surfactant chain lengths and concentrations. It was revealed that the
surfactant hydrophobicity plays an important role as more compact and less permeable structures

are formed using longer chain surfactants. Increasing the surfactant concentration leads to thicker



membranes and increases the frequency of pore structures. On this basis, it is possible to tune the
membrane thickness, compactness, porosity and pore structure. These properties are essential for
technological applications since they determine the selectivity, permeability and mechanical
stability of the membrane. The porous structures obtained in this work have the potential to be
used as asymmetric membranes providing high mechanical stability and selectivity together with
a large specific permeate flux, a concept that already is applied in ceramic membranes.
= Associated content
Supporting information
The supporting material contains
e the video files of the membrane development for the cases of 3 g/l XG and 3 times the
CMC concentration of C10TAB, C12TAB, C14TAB and C16TAB (video frames are 3 mm
length * 2.3 mm width, the playback speed is 300 times faster than real-time),
e the image processing routine to calculate the membrane thickness,
e more information on modeling the mass transfer of XG and its counterion, and

e additional figures for 3 g/l XG and 10, 40 and 80 mM C1>TAB tests.
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