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Direct microscopic visualization experiments are reported to quantify the diffusio-
phoretic migration of oil droplets in high-salinity solutions (¢ > 0.7 mol/L). Contrary
to usual results in the low-salinity limit, we find negligible enhancement in the droplet
migration under electrolyte gradients at high salinity. Rationalization of this observation
suggests nonelectrolyte gradients as possible alternatives to effectively drive diffusio-
phoresis beyond the low-salinity limit. In particular, micelle gradients of the zwitterionic
surfactant clearly enhance droplet migration into dead-end channels at high salinity.
Characterization of such migration—proceeding down the gradient—indicates repulsive
interaction between micelles and droplets, which may involve various micelle dynamics at
different salinity conditions. Furthermore, we identify a synergistic effect from simultane-
ous electrolyte and micelle gradients to further enhance droplet migration. These findings,
together with the robustness of our experimental system, contribute knowledge or enable
more studies to understand and design colloid migration in varieties of systems at elevated
salinity.

DOI: 10.1103/PhysRevFluids.6.053103

I. INTRODUCTION

Diffusiophoresis (DP) is the autonomous and directed migration of colloidal particles under am-
bient chemical gradients [1-3]. As nonuniform solute concentration is generated rather ubiquitously
by many physical, chemical, and biological processes [4], DP has received increasing attention
for understanding and designing colloidal dynamics in various contexts. Examples include film
deposition of latex particles [3,5], membrane fouling [6,7], and filtration, trapping or focusing of
particles [8—11]. In particular, studies have shown that DP can enhance both inward and outward
transport of particles in the dead-end pore geometry [12,13], and suggested applications of such
phenomena for enhanced oil recovery [14] and laundry detergent cleaning [15].

Noticeably, most of these studies focus on the classic DP phenomenon, where the migration of
charged colloids is driven by electrolyte gradients in the low-salinity limit (¢ < 100 mM). On the
other hand, many natural and synthetic systems involve high-salinity conditions, such as seawater
(c = 1 M), wastewater in reverse osmosis (¢ &2 M) [16], and geological reservoirs (¢ > 2 M)
[17,18]. Understanding and designing colloid migration in these systems requires knowledge of
DP beyond the low-salinity limit. Compared with the availability of theoretical work [19-21],
experimental studies of DP at high salinity are limited by the difficulty of finding stable colloidal
systems at such conditions. Thus far, DP at elevated salinity has only been observed under NaCl
gradients and measured indirectly [17].
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Here, we utilize a robust experimental system to study DP migration of mineral oil droplets in
high-salinity solutions. The zwitterionic surfactant CBS (cocamidopropyl hydroxysultaine, Colonial
Chemical) produces stable oil-in-water emulsions in synthetic seawater (SW, ¢ ~ 0.7 M) and
connate water (CW, ¢ ~ 2.5 M) [22]. And the microfluidic device establishes transient chemical
gradients in dead-end channels formed in situ. Altogether our system enables direct visualization to
quantify DP migration in such high-salinity solutions.

Our results show that electrolyte gradients at high salinity could not effectively drive DP as they
usually do in the low-salinity limit. We rationalize this observation by discussing droplets’ zeta
potential and the scaling of DP velocity in our system. The analysis further suggests nonelectrolyte
gradients as possible alternatives for driving DP beyond the low-salinity limit. Specifically, we
observe DP migration that proceeds down CBS micelle gradients, leading to enhanced droplet
transport in dead-end channels. Unique system properties suggest a different surfactant-colloid
interaction from well-known examples, such as electrostatics [15,23-25], solute-capillary flow
[26,27], and micelle solubilization [28]. Instead, we propose a repulsive micelle-droplet interaction
based on which a transport model is developed to understand DP migration under CBS gradients.
Finally, when both micelle and electrolyte gradients exist, droplets migrate deeper into the dead-end
channel compared with experiments involving either gradients. Possible changes of the micelle
structure with ionic compositions are discussed to explain the synergistic effect of multiple chemical
gradients.

II. METHODS

To establish transient chemical gradients and directly visualize droplet migration in a convection-
free environment, we design a microfluidic device that enables in situ formation of dead-ends
[Fig. 1(a), see Supplemental Material for details [29]]. Polymerization of the photocurable glue,
Norland Optical Adhesive 81 (NOA-81), blocks one end of the three horizontal channels and turns
them into dead-end channels [Fig. 1(b)]. By designing solution 1 that initially fills the microfluidic
device and solution 2 that continuously flows in the main channel, diffusion of solute species into
or out of dead-end channels generates transient gradients that are directed outward or inward,
respectively [Fig. 1(c)]. Such a gradient is visualized by the diffusion of a fluorescent dye into the
dead-end channel [Fig. 1(d)], where solution 1 is DI water and solution 2 is the fluorescein solution
(0.5 mg/mL). Without convection, fluorescein concentration in the dead-end channel would follow

c/co =1 —erf(x/~/4Dt), (D)

which describes diffusion in a semi-infinite space [30]. Fitting measured intensity profiles with
Eq. (1) [Fig. 1(e)] yields D ~ 350 um?/s for the diffusion coefficient of fluorescein and Ly ~
150 um for the penetration depth of convective flow streamlines into the dead-end channel, both
consistent with reported values [31,32]. We also use the fit diffusion coefficient (D = 350 um? /S)
and duration of the experiment (t = 30 min) to justify the assumption of diffusion in semi-infinite
space, where the estimated diffusion distance ~/4Dt ~ 1.6 mm is indeed much less than the total
length of the dead-end channel (=6 mm) in our microfluidic device.

Using this microfluidic device, we study the migration of mineral oil droplets (dispersed in
solution 2 at 0.5% v/v) into the dead-end channel driven by different chemical gradients at high
salinity. By labeling droplets with the hydrophobic fluorescent dye Nile Red (0.5 mg/mL), their
migration can be visualized and quantified based on the change of fluorescence intensity profiles
in the dead-end channel (see Supplemental Material for details [29]). Because each experiment of
observing droplet migration lasts for 10 hours, it is necessary to minimize the photobleaching effect
on measuring droplet migration. Indeed, in our gradient-visualization experiments, fluorescein
molecules are continuously exposed to the excitation light for 30 min, and this long exposure time
leads to lower fluorescent intensity than the prediction by Eq. (1) [Fig. 1(e)]. Although Nile Red
has been reported to resist photobleaching better than fluorescein [33], we further automate the
experimental system such that the microfluidic channel is only exposed to the excitation light when
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FIG. 1. Establishing transient and diffusional chemical gradients with in situ formed dead-end channels.
(a) Design of the microfluidic device. (b) Formation of the dead-end with photopolymerization of NOA-81.
(c) Concentration contrast between solution 1 and 2 establishes the transient chemical gradient. (d) Fluores-
cence images of fluorescein diffusing into the dead-end channel. (e¢) Normalized intensity profiles from panel
(d) agree with the error function and confirm no significant fluid convection in the dead-end channel.

the camera is taking the picture, i.e., 175 ms every 3 min. This setup gives a total exposure time of
35 sin a 10 h experiment.

III. RESULTS AND DISCUSSION

Starting with the case of no apparent gradients [Fig. 2(a)], intensity profiles change slowly with
time, indicating limited droplet transport in the dead-end channel. Abnormal peaks also appear
similarly in all intensity profiles and remain near the penetration depth of flows streamlines (x =
150 pum), regardless of the presence or type of chemical gradients. These peaks are likely caused
by local accumulation of droplets due to asymmetric flow streamlines [32] near the entrance inside
dead-end channels. However, this effect is not dramatic as the increase of intensity is about 10%
from the main channel and remains constant during the experiment.

Next, by choosing solution 1 as CW and solution 2 as SW [Fig. 2(b)], the concentration difference
in NaCl and CaCl, between CW and SW (Acnaci ® 1.6 M and Accacr, ~ 0.25 M, [22,34])
establishes electrolyte gradients pointing into the dead-end channel. Surprisingly, the temporal
change of intensity profiles in this case is not substantially different from that in Fig. 2(a). We
rule out the effect of initially higher viscosity in the dead-end channel, which would quickly reduce
from new (R1.22 mPas at 25 °C, [34]) to nsw (*0.95 mPas at 25°C) in the droplet migration
region, due to fast diffusion of ions while SW continuously flows in the main channel. Therefore,
Fig. 2(b) suggests that electrolyte gradients do not drive significant DP migration at high salinity as
they usually do in the low-salinity limit.

To rationalize this result, we notice that the droplet’s zeta potential is very small in our system—
¢ measured by Malvern ZetaSizer is —5 to —7 mV for droplets stabilized by 2.5 mM CBS in SW.
This small ¢, would reduce the electrostatic interaction between colloids and ion species, yielding
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FIG. 2. Droplet migration when (a) no apparent gradients, (b) electrolyte gradient, and (c) CBS gradient
are established in the dead-end channel. The top panel shows the design of solution 1 in the dead-end channel
and solution 2 in the main channel for each experiment. Fluorescence intensity profiles at different time points
in the dead-end channel are displayed in the bottom panel.

slow DP migration. A similar scenario could broadly exist in colloidal systems at high salinity
for two reasons. First, many emulsions are stabilized by nonionic or zwitterionic surfactants to
resist high salinity, where droplet’s surface charge density is small by design. Second, maintaining
sufficiently large ¢, at high salinity is usually rather difficult due to the screening and neutralization
of surface charges by electrolyte ions [35]. Particularly, the charge neutralization is not considered
in Refs. [17,21] but likely to exist in many systems like ours involving divalent ions. In addition
to small £, the grad-log scaling Upp ~ V¢/c [36] suggests that a steeper electrolyte gradient (Vc)
is needed at elevated ¢ to yield DP velocity (Upp) similar to that in the low-salinity limit. While
mechanisms such as chemical reaction could reduce ¢ by scavenging background electrolytes [37],
they require specific chemical compositions and thus are not applicable in general systems.

From the analysis, nonelectrolyte gradients could be possible candidates to drive DP at high
salinity. Such migration usually does not require charged colloids nor has the grad-log scaling with
electrolyte concentration [36,38]. Specifically in our system, a CBS gradient pointing outward in the
dead-end channel could be established between 50 mM (2% w/v) and 2.5 mM CBS [Fig. 2(c)].
Indeed, temporal changes of intensity profiles clearly indicate effective DP proceeding down the
CBS gradient, which leads to enhanced droplet transport into the dead-end channel. Because CBS
solution in this experiment is always above its critical micelle concentration (1.2 mM in IM
NaCl [39]), the difference in CBS concentration would generate micelle gradients with a relatively
constant distribution of monomers [23]. Specifically, 50 mM CBS gives a micelle concentration
of 0.5 mM based on the reported micelle aggregation number N, ~ 100 [39], whereas the micelle
concentration in 2.5 mM CBS solution is only 0.013 mM.

Given the droplet migration down the micelle concentration gradient, it is unlikely driven by
soluto-capillary flow, which would require CBS monomer gradients [26,27,40] and induce droplet
migration up the gradient [11]. Similarly, the solubilization interaction between micelles and
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FIG. 3. Quantitative measurements of DP migration of oil droplets under CBS gradients in high-salinity
solutions. (a) Repulsive interaction between droplets and micelles generates the diffusio-osmotic (DO) flow.
(b) Progression of x;_, 5 extracted from intensity profiles in panels (c)—(e). The shaded area in panel (b) shows
the standard deviation from experiments (symbols) and solid lines are model predictions. In panels (b)—(e),
symbols are experimental results and solid lines are fitting outcomes from the transport model.

droplets [28] would also drive DP up the surfactant gradient. Furthermore, due to the amphoteric
nature of CBS and high salinity in the solution, the electrostatic interaction in our system is expected
to be much weaker than that reported under ionic surfactant gradients in the low-salinity limit
[15,23-25].

A generalized repulsive interaction between micelles and droplets can be inferred based on the
expression of DP velocity [10,41],

vu <
Upp = —Upo = T Z(nm — Ny )dz. (2)
0

In Eq. (2), z is the direction vertical to the droplet surface, 7 is the viscosity of the continuous phase,
and Vu = kgT'V In n, represents the chemical gradient of micelles. The integration measures the
deficiency of micelles in the sublayer close to the droplet (n),) compared with that in the bulk
solution (n,,). Because n, < n,, for the repulsive interaction, the diffusio-osmotic flow (Upo) is
directed along the micelle gradient near the droplet surface, yielding DP migration down the CBS
gradient [Fig. 3(a)].

To characterize the repulsive droplet-micelle interaction, we perform systematic measurements
of DP migration under CBS gradients of different magnitudes. The migration velocity is quantified
by the temporal progression of x;j_ 5, which is the location in dead-end channels with normalized
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intensity of 0.5 [Fig. 3(b)]. Higher CBS concentration in the main channel (1) results in larger
Xj_g 5, Or deeper migration of drops into the dead-end channel. In the case of absent micelle gradients
[Fig. 3(b), diamonds], xj_, 5 ~ 450 um after 10 hours. After subtracting the penetration depth
of flow streamlines (Ly &~ 150 pum), this value (300 wm) becomes close to the droplet diffusion
length xgigr, where c¢/co = 0.5 in Eq. (1) leads to xgitr ~ /D)t ~ 240 um. D, ~ 1.57 /Lmz/s is
estimated via the Einstein-Stokes relation using the droplet size (r, = 139.8 &£ 24.6 nm, determined
by dynamic light scattering, DLS) and solution viscosity (nsw ~ 0.95 mPas).

Measured intensity profiles can be modeled by solving [Figs. 3(b)-3(e)] the diffusion equation
for CBS micelles in above-cmc (critical micelle concentration) solutions [42],

Oy
2 = DV, 3)
ot
and convection-diffusion equation for droplets
ny 2
T +V .- Uyn,) =D,V-n,. 4)

The diffusion coefficient of micelles D,, is estimated via the Einstein-Stokes relation based on size
measurements from DLS (r,, = 3.44 4+ 0.48 nm). The convection term U, = Upp + ug in droplet
transport includes DP migration Upp > 0 and osmotic flow uy < O of the fluid near the channel
wall, both of which are induced by micelle gradients. Although depletion forces between droplets
may arise due to CBS micelles, the interaction energy is on the order of thermal energy for the low
micelle volume fraction (<5%) and quickly decays once the distance between droplets exceeds r,,
[43]. Therefore, droplets are considered noninteracting in this model.

First, the expression of Upp depends on the interaction energy & between micelles and droplets.

From Eq. (2),
kgT o -
Upp = —Vlnn, nplexp| —= ) — 1 |zdz
n 0 kgT

kgT ° -
— _NAVnm eXp — —_ 1 ZdZ7
n 0 kgT

where the unit of n,, is molar concentration so the Avogadro constant N, is included. We assume an
inner region near the droplet surface z < r; = r,, where & — o0, and an outer region z > r; where
the integration in Eq. (5) depends on n,,,

kgT 1
Upp = BTNAVnm[—Ewm)Z - f(nm)}. (6)

(&)

Fitting measured intensity profiles with Eq. (6), however, is difficult because f(n,,) is not known
and may involve multiple fitting parameters. Therefore, we approximate it with the power law of
M,

ksT .
Upp ~ TNAvnm[_AO(nm) 1 @)

where Ag > 0 is the scaling constant. When o = 0 and Ay = %(rm)z, Eq. (7) recovers the formula
derived by assuming a hard-sphere repulsion energy [36,44,45]. Our fitting results yield « ~ —0.75
and Ag ~ 20 nm?> mM’7 (see Supplemental Material for details [29]), suggesting a non-negligible
repulsive interaction that decays with n,, in the outer region. In addition, A(n,,)~*7> > 20 nm? for
i, < 1 mM. Thus, in Eq. (6), contribution from the outer region f(n,,) = Ag(1,,) %" — %(rm)2 >
14 nm? is more significant compared with %(rm)2 = 6 nm? from the inner region.

Second, the osmotic flow arises from the exclusion of micelles from the channel wall, and thus
is similarly directed along the micelle gradient as Upg. The effect of this flow on droplet migration
is represented by the convection velocity ug, which depends on the balance between the osmosis
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FIG. 4. (a) Design of solution 1 and 2 for establishing CBS gradients in different salinity conditions.
(b) Progression of xj_, 5. Diamond, hexagon, and circle symbols are the same experiments as in Figs. 2(a)—
2(c), respectively. (c) Intensity profiles of droplets migration under CBS gradients in uniform CW. Model
prediction is plotted in solid lines in panels (b) and (c).

and pressure-driven flow, micelle-wall interaction, and vertical distribution of droplets affected by
the buoyancy (see Supplemental Material for details [29]). Due to the complexity of such factors,
ug is treated as a fitting parameter (the other two in the model are o and Ap) that is spatially
and temporally constant, accounting for the average effect of osmotic flow on droplet transport.
Fitting results reveal that ug is smaller than 0.01 um/s and increases with the magnitude of micelle
gradients. On the other hand, this osmotic flow does not affect the diffusion of micelles, which are
buoyancy-neutral and diffuse much faster than droplets (i.e., Pe = uph/D,, < 1, h = 15 pum is the
height of the channel).

So far, CBS gradients only involves homogeneous SW, whereas solutions of higher or mixed
salinities exist in many systems such as geological reservoirs [46,47]. To investigate such effects on
DP migration, we establish CBS gradients in two additional salinity conditions, one with uniform
connate water (CW, higher salinity than SW) and the other with simultaneous salinity gradients.
The design of solution 1 and 2 for these two conditions is described in Fig. 4(a) triangle and square,
respectively.

Before discussing specific results of droplet migration, we first analyze the structure change of
CBS micelles with salinity. In fact, DLS measurements yield 5% ~ 3.44 £+ 0.48 nm and r$V ~
10.4 £ 1.84 nm (including the viscosity increase), where the micelle size increases by a factor of
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three with elevated salinity from SW to CW. While antipolyelectrolyte effect [48—50] has been
proposed for the size increase of zwitterionic surfactant micelles, the carbon space number (n = 3)
between positive and negative charged groups in the CBS molecule is too small to dominate the
threefold increase in r,,. A more reasonable factor for larger CBS micelles in higher salinity is the
increased micelle aggregation number N, [51,52], which is utilized to explain the observation in
Fig. 4(b).

Considering DP under CBS gradients in homogeneous CW [Fig. 4(b), triangles] and SW
[Fig. 4(b), circles], both experiments involve no salinity gradients and the one with larger micelles
[Fig. 4(b), triangles] yields slower DP migration. Such observation seems to disagree with Eq. (6)
that intuitively suggests otherwise. This is because the increase in r,, triggers two opposite effects
on DP migration under CBS gradients in homogeneous CW. On the one hand, assuming spherical
micelles, r,, ~ (Ng)l/3 [35] so Upp ~ (Ng)z/3 by ignoring f(n,) in Eq. (6). On the other hand,
given the total CBS concentration, Vn,, ~ n% ~ (N,)~" and thus Upp ~ (N,)~'. The overall effect
of such two opposing factors gives Upp ~ (Ng)~'/* ~ (r,,)~!, which qualitatively agrees with the
observation.

We further apply the transport model to quantitatively predict the droplet migration under CBS
gradients in CW. The expression of Upp,

kgT o
Upp ~ TNAV”lm[_AO(nm) — Arpl, (®)

involves the additional term Ar,, = 1(rSV)* — 1(+3W)? ~ 48.6 nm? to account for the increase of

7 in Eqs. (6) and (7). And fitted values of & = —0.75, Ag = 20 nm?> mM®7>, and uy = 0.008 um/s
are used for calculating Upp. Meanwhile, the transport of micelles in homogeneous CW also
follows Eq. (3). However, their concentration in the main channel n,% drops by a factor of (r,,)°,
assuming the size variation is mainly contributed by changes in N,. Calculation indicates a good
agreement between the model prediction [solid lines in Figs. 4(b) and 4(c)] and the experimental
data [Figs. 4(b), triangles and 4(c), symbols].

By contrast, compared with CBS gradients alone in SW [Fig. 4(b), circles], additional salinity
gradients [Fig. 4(b), squares] yield faster DP that enhances the delivery of droplets. In this case, the

transport of CBS follows
8nT 0 8I’ZT
. = Dm_ 5 9

ot 8x< ax > ©

where ny = cmc + N,n, is the total CBS concentration including monomers dispersed in the
solution and associated in micelles [42]. Different from the migration in homogeneous SW or CW
given by Eq. (3), salinity gradients produce variations of cmc and N,, which in turn change r,, and
thus D,, as micelles diffuse. To solve for n,,, additional diffusion equations for all electrolyte ions are
required since their local compositions determine micelle properties in Eq. (9). More importantly,
the complicated monomer-micelle-ion interaction has not reached a consensus and quantitative
conclusion, making the computation of Upp under simultaneous CBS and salinity gradients rather
challenging.

However, even without referring to details of such dynamics, our transport model offers a quali-
tative understanding of the synergistic effect of salinity and micelle gradients. First, measurements
of r,iw and r,ﬁw suggest that r,, increases along the salinity gradient, and so does N, assuming it
dominates the change of r,,. Meanwhile, given n’, = 0.5 mM at the pore mouth, the increasing
N, along the salinity reduces 7, to yield stronger Vn, compared with the case without salinity
gradients [Fig. 4(a), circle and triangle]. Although the cmc of CBS reduces with salinity from
1.2 mM at the pore mouth [39], the resulted increase in n,, is less dramatic than the effect of
increasing N,. This is because, for droplet migration near the pore mouth, both the value and
variation of cmc (<1.2 mM) are much smaller than ny, which is on the same order of CBS
concentration in the main channel (50 mM). Therefore, compared with CBS gradients in uniform
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SW, additional salinity gradients yield larger r,,, stronger Vn,,, and smaller n,,, all contributing to
faster DP migration based on Egs. (6) and (7).

IV. CONCLUSION

In summary, we present direct visualization and quantitative measurement of diffusiophoresis at
high salinity. The negligible DP migration under electrolyte gradients is rationalized by the reduced
electrostatic interaction between ions and droplets. Switching from electrolyte to nonelectrolyte
gradients yields effective DP migration of droplets proceeding down CBS gradients, which is mod-
eled by considering the repulsive micelle-droplet interaction. Notably, although electrolyte gradients
alone do not effectively drive DP at high salinity, they show a synergistic effect with CBS gradients
on DP migration. Putting these conditions in the context of subsurface reservoir flooding for oil
recovery, salinity gradients arise when seawater is initially injected into the reservoir containing
connate water, while homogeneous SW corresponds to the later stage when connate water is mostly
displaced by seawater. Our results then suggest that the DP migration under zwitterionic surfactant
gradients can be exploited to improve colloid delivery during different stages of reservoir flooding
operations.
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