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Abstract: Diffusiophoresis is the migration of a colloidal particle in water driven by concentration
gradients of cosolutes such as salts. We have experimentally characterized the diffusiophoresis
of tyloxapol micelles in the presence of MgSOy, a strong salting-out agent. Specifically, we deter-
mined the multicomponent-diffusion coefficients using Rayleigh interferometry, cloud points, and
dynamic-light-scattering diffusion coefficients on the ternary tyloxapol-MgSO4—water system at
25 °C. Our experimental results show that micelle diffusiophoresis occurs from a high to a low salt
concentration (positive diffusiophoresis). Moreover, our data were used to characterize the effect
of salt concentration on micelle size and salt osmotic diffusion, which occurs from a high to a low
surfactant concentration. Although micelle diffusiophoresis can be attributed to the preferential
hydration of the polyethylene glycol surface groups, salting-out salts also promote an increase in the
size of micellar aggregates, ultimately leading to phase separation at high salt concentration. This
complicates diffusiophoresis description, as it is not clear how salt-induced surfactant aggregation
contributes to micelle diffusiophoresis. We, therefore, developed a two-state aggregation model that
successfully describes the observed effect of salt concentration on the size of tyloxapol micelles, in the
case of MgSO, and the previously reported case of Nay;SO4. Our model was then used to theoretically
evaluate the contribution of salt-induced aggregation to diffusiophoresis. Our analysis indicates
that salt-induced aggregation promotes micelle diffusiophoresis from a low to a high salt concen-
tration (negative diffusiophoresis). However, we also determined that this mechanism marginally
contributes to overall diffusiophoresis, implying that preferential hydration is the main mechanism
causing micelle diffusiophoresis. Our results suggest that sulfate salts may be exploited to induce
the diffusiophoresis of PEG-functionalized particles such as micelles, with potential applications to
microfluidics, enhanced oil recovery, and controlled-release technologies.

Keywords: tyloxapol; magnesium sulfate; sodium sulfate; multicomponent diffusion; dynamic light
scattering (DLS); polyethylene glycol (PEG)

1. Introduction

The transport properties of aqueous colloidal systems are central for many technolo-
gies [1-3] including microfluidics [4-8], purification [6,7,9,10], coating [11,12], enhanced oil
recovery [3,5,13,14], drug delivery [15-17], and detergency [17,18]. One promising way to
induce the transport of colloidal particles in water is by employing directional concentration
gradients of salts [8,19-22]. This transport mechanism, known as diffusiophoresis [23,24],
has attracted much attention because it promotes particle focusing [8], and separation [6,7],
controlled release [15], deposition [25,26], water purification [9,27], and hydrocarbon ex-
traction [28]. Most studies on salt-induced diffusiophoresis have focused on colloidal
particles and proteins that are electrically charged [6,8,9,19,20,22,26]. Here, diffusiophore-
sis has been described as the electrophoretic migration of a charged particle induced by
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the internal electric field associated with ion electrochemical gradients [8,20,24,29-31].
However, diffusiophoresis can also occur for neutral particles such as those coated with
polyethylene glycol (PEG) motifs. Indeed, the diffusiophoresis of PEG chains [32] can be
induced by employing common salting-out agents such as Na;SOj, and even osmolytes
such as Trimethylamine N-oxide (TMAOQ). In these cases, diffusiophoresis is caused by the
preferential hydration of PEG [21,33]. In other words, PEG diffusiophoresis occurs from a
high to a low salt concentration in salting-out conditions due to the hydrophilicity of this
macromolecule. Preferential hydration is characterized by a thermodynamic parameter,
denoted as the excess of water molecules near a macromolecule compared to bulk [34,35].
It quantifies macromolecule—cosolute repulsive interactions (salting-out strength), which
also encourage self-assembly processes, and is ultimately responsible for phase transitions
such as segregative coacervation and crystallization [35,36].

The role of preferential hydration in diffusiophoresis can be understood by examining
this transport mechanism within the framework of multicomponent diffusion [30,37-39].
Specifically, transport properties of a ternary macromolecule—salt-water mixture are de-
scribed by a 2 x 2 diffusion coefficient matrix, in which one of the two cross-term diffusion
coefficients relates to macromolecule diffusiophoresis. The other cross-term, which de-
scribes salt diffusion due to macromolecule concentration gradient, is denoted as salt
osmotic diffusion [21]. It is closely related to preferential hydration and, therefore, is
essential for characterizing the contribution of preferential hydration to PEG diffusiophore-
sis [21,40].

Diffusiophoresis can also occur in the case of supramolecular aggregates such as
micelles [41,42]. These are globular particles that form by the reversible self-assembly of
surfactants in an aqueous solution [43]. Due to their ability to host nonpolar molecules, mi-
celles find applications in detergency [44], extraction [45], and catalysis [46] and as carriers
for the delivery of therapeutic agents [47,48]. Thus, understanding the diffusiophoresis
of micelles is interesting not only for its own sake but also because the diffusiophoresis
of these carriers could be exploited for the manipulation of small guest molecules in the
abovementioned applications. For instance, controlling micelle motion by diffusiophoresis
is relevant to the extraction of hydrocarbons from dead-end pores [28,49], with applications
in oil recovery [13] from porous rocks and soil remediation [45]. In this context, water-
soluble salts such as NapySO4 and MgSOy are particularly important due to their appreciable
presence in natural brines and seawater and their salting-out strength [50-53]. Indeed,
both Na;SO,4 and MgSO, are common examples of salting-out agents, according to the
Hofmeister series [36].

Recently, we have reported an experimental multicomponent-diffusion and dynamic-
light-scattering (DLS) study on the ternary tyloxapol-Na;SO4—water system. The main
goal of this study was to characterize the diffusiophoresis of tyloxapol micelles and its link
to preferential hydration. Tyloxapol is a commercially available polyoxyethylene surfactant
that is essentially an oligomer of octoxynol 9 (Triton X-100) [54-56]. This non-ionic surfac-
tant forms spherical micelles with a radius of ~3.5 nm, as determined by cryo-transmission
electron microscopy [55]. Its critical micellar concentration (cmc, 0.0385 g~dm_3 in water at
25 °C) is significantly lower than that of Triton X-100 (0.17 g-dm~3) [55] and is predicted to
further reduce in the presence of salting-out agents [57]. This implies that tyloxapol micelles
are thermodynamically stable at relatively low surfactant concentrations (1-10 g-L~1), with
negligible free surfactant. Thus, tyloxapol micelle is a good model for globular nanoparti-
cles that are electrically neutral, are stable in aqueous media, and have interfacial properties
governed by commonly encountered PEG functionalities.

However, salting-out salts may affect micelles, not only by preferential hydration but
also by enhancing surfactant aggregation [58]. Specifically, the average size of micellar
aggregates can be a function of salt concentration, especially in strong salting-out condi-
tions [41,58]. Consistent with this observation, our previous DLS experiments showed that
tyloxapol micelles possess a hydrodynamic radius of ~3.5 nm that can be approximated
as a constant only at sufficiently low Na,SO4 concentrations (0.3 M). As Na;SO4 concen-
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tration further increases and approaches the cloud point, the hydrodynamic radius was
found to significantly grow, indicating the formation of relatively large aggregates [41].
This complicates the interpretation of diffusiophoresis, as it is not clear how salt-induced
aggregation contributes to micelle diffusiophoresis together with preferential hydration.

In this paper, our first objective is to determine multicomponent-diffusion coefficients
for the ternary tyloxapol-MgSO4—water system to experimentally characterize and theo-
retically examine micelle diffusiophoresis for another common salting-out agent that is
also geochemically relevant and possesses a stoichiometry that differs from that of NaySOj.
DLS experiments were also performed on aqueous tyloxapol solutions to characterize the
effect of MgSO, concentration on aggregate size. Our second objective is to examine how
salt-induced aggregation affects micelle diffusiophoresis in the case of both sulfate salts.
Specifically, an aggregation model explaining the observed behavior of aggregate radius as
a function of salt concentration was developed and then used to theoretically evaluate its
impact on micelle diffusiophoresis.

2. Theoretical Background

We introduce micelle diffusiophoresis within the framework of multicomponent diffu-
sion. Specifically, we consider a ternary surfactant(1)-salt(2)-water system in isothermal
conditions [19,21,29,30,59-61]:

—J1 = D1uVCi + D1 VG, (1a)

— ]2 =DnVCi +DpVEG (1b)

where J; and |, are the fluxes of surfactant (1) and salt (2) in the volume-fixed reference
frame [62], C; and C; are the corresponding molar concentrations, and the four D;’s (with
i,j = 1,2) are multicomponent-diffusion coefficients. The main-term coefficients, D11 and Dy,
describe the flux of surfactant and salt due to their own concentration gradients, while the
cross-term coefficients, D1, and D;q, describe the flux of a solute due to the concentration
gradient of the other solute. The cross-term, D1y, corresponds to salt-induced micelle
diffusiophoresis, while the other cross-term, D;1, describes the salt osmotic diffusion due
to the surfactant concentration gradient [41].

The tyloxapol cmc is sufficiently low, such that extrapolation of thermodynamic
or transport quantities at C; = 0 yields infinite-dilution values of the micelles within
experimental error [17]. Within this limit, micelle diffusiophoresis may be described by the
following linear law based on non-equilibrium thermodynamics [20,37,40]:

~ Vi

v1 = —Dy (V InC; + D1y RT) (2)
where vy is the surfactant diffusion rate in the solvent-fixed reference frame [40,62,63],
and D, is the micelle tracer-diffusion coefficient. Values of D; as a function of C; may
be obtained from DLS measurements [58,64]. In Equation (2), y; is the salt (2) chemical
potential, with R and T being the ideal-gas constant and absolute temperature, respectively,
and Vy, represents the thermodynamic driving force of diffusiophoresis. This can be
rewritten as Vi /RT = v51,/Cy, where v; is the number of ions in the salt formula (v, =2
for MgSOy,), and , is the known non-ideality thermodynamic factor of the binary salt-water
system [21,50,65]. The unitless coefficient, D1y, is a reduced diffusiophoresis coefficient
characterizing the magnitude of particle diffusiophoresis compared to the particle Brownian
mobility, D;. Finally, the term, VInCj, describes the restoring Brownian entropic force, as
in the case of sedimentation in the presence of a gravitational field. The diffusiophoresis
coefficient, D15, can be obtained from the cross-term, Di», using [21]:
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Dyp=[—=—Ilm —=+ —= | — 3
12 (Dl Clugo C1 + o >1/2y2 ®)

where 171, /C, is the conversion factor between the salt concentration gradient, VCy, and
the thermodynamic driving force, Vi, /RT, while Vy/a is a small correction accounting for
the change from the volume-fixed reference frame to the solvent-fixed reference frame [40],
with V; being the salt partial molar volume, o = D7 /D; being the micelle-to-salt mobility
ratio, and D, being the salt diffusion coefficient in the solvent-fixed frame.

To describe salt osmotic diffusion, we introduce the reduced diffusiophoresis coef-
ficient, Dy, characterizing the relative magnitude of the salt cross-term coefficient, D»;,
compared to the salt main-term coefficient, Dy [21]:

(4)

As for particle diffusiophoresis, the second term in Equation (4) is a small correction
due to the reference-frame change [40], with V; being the surfactant partial molar volume.

Salt osmotic diffusion is linked to particle-salt thermodynamic interactions,
thereby providing information on the thermodynamic component of micelle diffusio-
phoresis [19,21,40]. Given the hypothetical limit in which particle mobility is infinitely slow
compared to that of salt ions («—0) [40]:

lim D21 = C21 (5)
a—0

where Cp; = —lim¢, ,0(dC2/9C1)y2 is a thermodynamic coefficient [66] describing the
equilibrium salt distribution along a static surfactant concentration gradient (temperature
and pressure subscripts are omitted to simplify the notation). The negative sign in the
definition of Cy; implies that this coefficient is positive in salting-out conditions.

3. Results and Discussion
3.1. Phase Diagram

The isothermal addition of a sufficient amount of salting-out salt to an aqueous solution
of polyoxyethylene surfactants leads to the separation of colloid-rich coacervates from the
salt-rich phase [41,56,67]. To determine the stability domain of ternary tyloxapol-MgSO4—
water solutions, the isothermal binodal curve (cloud points) of this system was determined
at 25 °C. This phase boundary is represented in the (Cy, ¢1) phase diagram of Figure 1A,
together with that previously determined for the tyloxapol-NaySOs—water system [41].
Here, ¢ = C1V7 is the tyloxapol volume fraction. Volume fractions are calculated using
the known [17,68] molar volume of V; = 3.98 dm>-mol~! (based on the molecular weight
of 4.5 kg-mol’l). Within our low volume fraction range (0.02-0.7%), clouding occurs at
Cy = 0.9 M with MgSO, and C; =~ 0.65 M with NapSO4. As shown in Figure 1B, these
two salt concentrations approximately correspond to the osmolarities of v,C, ~ 1.8 M and
~2.0 M, respectively. Thus, our cloud-point results indicate that MgSOy, is a salting-out
agent that is somewhat stronger than Na;SOy4, when the data are compared with respect to
the total ion concentrations.
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Figure 1. (A) Isothermal (Cy, ¢1) phase diagram, where C; is salt concentration, and ¢, is surfactant
volume fraction, showing the binodal phase boundary for the tyloxapol-MgSO4—water (l) and
tyloxapol-Nap;SO4—water (o) systems. Curves are eye guides. (B) Phase diagram in which salt
osmolarity, v,Cy, replaces C,. Salt osmolarity needed to reach cloud point is lower in the MgSO; case
than in the NapSOy case, thereby showing that MgSQy is a stronger salting-out agent than NaySOy.

3.2. Multicomponent Diffusion Coefficients

Multicomponent-diffusion data are reported in Table 1. These data were obtained at
the same low tyloxapol concentration of C; = 1.00 mM (¢ = 0.4%). At this composition,
surfactant aqueous mixtures can be regarded as dilute micellar solutions (¢ << 1).

Table 1. Ternary diffusion coefficients, D;;, at 25 °C for the tyloxapol-MgSOs—water system and

ijr
tyloxapol molar concentration of C; = 1.00 mM.

CIM Dy ? Doy D12/Cq D21/D2y
0 6.96 + 0.01P

0.100 6.33 £+ 0.02 5854+ 0.1P 594+1°¢ 1.18 + 0.15

0.300 5.14 4+ 0.03 489 £+ 0.1 50+1 3.09 &+ 0.06

0.500 3.51 +0.02 442 + 0.2 54 +3 5.57 + 0.06

0.650 2.33 +0.01 422 + 0.2 39+4 7.08 £ 0.05

@ Subscripts “1” and “2” indicate surfactant and salt, respectively. See Equation (1a,b) for definitions of D1, D12,
D51, and Dyp. b Values in 10~ m2-s~1. ¢ Values in 107! m2-s~1.M 1.

In Table 1, the salt main-term, Dy, is at least about 10-fold larger than the surfactant
main-term, Dy;. This is consistent with micelles being significantly larger than inorganic
salt ions. The surfactant main-term diffusion coefficient, D11, substantially decreases as
C increases. At Cp = 0.65 M, D11 becomes only 33% of its value at C; = 0. The observed
decrease in Dy is large compared to the prediction based on salt viscosity alone (64%) [69].
The observed significant decrease in D11(Cy) is related to a corresponding increase in
osmotic compressibility as the surfactant cloud point is approached [70]. In other words,
micelle concentration gradients become less effective in dissipating surfactant-rich domains
in the proximity of phase separation.

The values of Dy, in Table 1 are found to be just slightly lower (1.5-2.6%) than those
of the binary salt-water system at the same salt concentrations (Supplementary Materi-
als Section S1). This small difference can be attributed to a small obstruction effect [71]
exerted by globular particles such as micelles on the diffusion of salt ions. At low surfac-
tant concentration, micelles have a negligible effect on salt thermodynamic non-ideality,
and p/RT = vpy,/Cy is approximately independent of Cq, even in the proximity of the
binodal curve.

According to Equations (3) and (4), it is convenient to report cross-term diffusion
coefficients such as D1, /C; and Dy /Dyp. Both ratios are positive (see Table 1), implying
that micelle diffusiophoresis occurs from a high to a low salt concentration, and salt osmotic
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diffusion occurs from a high to a low micelle concentration, respectively. At low surfactant
concentration, D15/Cy and Dy1/Djy can be assumed [19,41] to be independent of Cy,
within the experimental error. Thus, they are directly used to calculate D1, and Dy from
Equations (3) and (4). Their behavior will be discussed in Section 3.4.

3.3. DLS Diffusion Coefficients

In Figure 2A, the DLS diffusion coefficient, D; (see Supplementary Materials Section S1
for experimental values), is plotted as a function of surfactant volume fraction, ¢1, ranging
from 0.08% to 0.40% at constant salt concentrations, Cp, ranging from 0 to 0.73 M, near
the binodal curve. To examine our D1(¢1,C;) data, the method of least squares based
on the linear relation, D; = D1(1 + K¢1), was applied. The unitless normalized slope,
K(Cy), is known [64] to decrease as inter-micellar attractive interactions increase. At any
given Cy, the tracer-diffusion coefficient, D1(Cy), is used to calculate the corresponding
hydrodynamic radius, Rp, by employing the Stokes-Einstein equation for spheres (Stokes’
radius) [64] and the known [69] viscosity of the binary salt-water systems. In Figure 2B, Rp
and K are plotted as a function of C,. As expected for salting-out agents, K decreases as salt
concentration increases. As in the NaySO4 case, we identify two concentration domains
from the behavior of Rp(C,). For salt concentrations less than 0.5 M, Rp ~ 3.5 nm is
approximately constant. At salt concentrations higher than 0.5 M, Rp significantly increases,
reaching the value of Rp ~ 6.7 nm at C; ~ 0.7 M.

(A) (B)

L S m—
6 M % 0.10
\éﬂ_ﬂ_\é\ 00.20
A0.30

K

£

7 4 >0.50
= M 060
S V069
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0 0.73 ]
. , , , _ . : . . 3
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6
6/ % C,/™m

Figure 2. (A) DLS diffusion coefficient, D1, as a function of tyloxapol volume fraction, ¢1, at several
MgSO4 concentrations, C; /M (listed on the right) and 25 °C. Solid lines are linear fits through the data.
The lines associated with C, > 0.50 M were obtained without employing the highest concentration
of ¢1 = 0.4% due to curvature. Values of D; with uncertainties are reported in Supplementary
Materials Section S1. (B) Micelle hydrodynamic radius, Rp (), and slope, K (W), as a function of salt
concentration. Curves are eye guides.

3.4. Micelle Diffusiophoresis and Salt Osmotic Diffusion

Cross-diffusion parameters, D15/C; and Dj;/Dyp, in Table 1 were converted into
the corresponding micelle diffusiophoresis coefficient, D15, and salt osmotic diffusion
coefficient, D1, by employing Equations (3) and (4), respectively. Here, D; and « = D1/D;
were extracted from our DLS results in Figure 2 and our binary salt diffusion measurement.
Values of y, and V for the binary MgSO,~water system were taken [50,51] from the
literature (see Supplementary Materials Section S1). Our results are shown in Figure 3. Both
D12(Cy) and Dy;(C,) increase with Cy, with D15(0) = D51(0) = 0, as expected [21] for neutral
colloidal particles. The upward curvature in the behavior of D1(Cy) is mostly related to
the significant decrease in micelle mobility D1(Cy) occurring at high salt concentrations, as
indicated by the behavior of Rp(Cy) in Figure 2B.
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Figure 3. Micelle diffusiophoresis coefficient, D, (), describing micelle diffusion induced by the salt
concentration gradient; salt osmotic diffusion coefficient, Dy (W), describing salt diffusion induced
by the micelle concentration gradient; and preferential-interaction coefficient, C51 (), describing salt
equilibrium distribution along a micelle concentration gradient as a function of MgSO, concentration,
C,. Curves associated with D1y (solid curve), Dy; (solid line), and Cpq (dashed line) are fits through
the data.

To theoretically examine the observed behavior of D12(Cy) and D51 (Cy), it is convenient
to rewrite Equation (2) in terms of thermodynamic driving forces, Vi (surfactant) and

Vuy (salt):
__p(LVm _ Vi
o= Dl(m RT RT) ©)

where m(jiy) is an apparent micelle aggregation number, and A is a unitless Onsager
transport coefficient describing the salt-induced diffusiophoresis at a constant micelle
chemical potential. The negative sign preceding A makes this coefficient positive in salting-
out conditions [21,40]. The differentiation of y1(Cy, y#2) in Equation (6) yields:

Vi _ Vi
where vy = m limc, _,0(0u1/9p2)c1 is another thermodynamic coefficient [66] describing the
effect of salt (y12) on the micelle chemical potential. This is thermodynamically linked to
(21 (see Equation (5)) by

Cn = (1-CVy) % + Gy 8)

where Vi = V| — (vay2) "'V, /m, with V1 = V; being an excellent approximation [37,41].
The combination of Equations (6) and (7) allows us to express D1,(Cy) as the difference

between 7 (Cy) and A (Cy):
Dip=vy-A 9)

The salt osmotic diffusion coefficient, Dy, is important for determining the thermo-
dynamic and transport components in the particle diffusiophoresis coefficient, D15. If the
mobility ratio, «, is small, the preferential-interaction coefficient, Cy1, is approximately
equal to the salt osmotic diffusion coefficient, Dy1, based on Equation (5) [19,21,40]. The
preferential-interaction coefficient, 7, can then be extracted from Equation (8), provided
that m is known. Finally, the transport coefficient, A, is calculated from the micelle diffusio-
phoresis coefficient, D15, using Equation (9). More generally, we do not need to neglect a.
Indeed, we can use the Onsager Reciprocal Relation [37,72] to show that:

" A
Dy = Cy1 —a — (10)
m
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with the second term being small compared to Cy;. In Figure 3, we include the values of
(2 extracted from Equations (8)—(10), using the aggregation number value of m = 7 based
on previous work [68]. Values of Cy; are found to be just 3-8% larger than Dy, thereby
validating that D5y is approximately a thermodynamic quantity. Note that the chosen value
of m is not critical for the determination of this preferential-interaction coefficient because
satisfactory values of Cp; can be directly obtained from Cy; ~ Dy;.

The value of 7y /m is also approximately independent of m because it can be directly
calculated from Cj; using Equation (8), with Vi~ V. However, its interpretation is
expected to generally depend on how salt affects both micelle preferential hydration
and surfactant aggregation. In our case, micelle size is approximately constant for salt
concentrations up to ~0.5 M, according to Figure 2B. Thus, we may assume that micelles
are colloidal particles with a fixed aggregation number within this salt concentration range.
We can then describe v by considering a preferential-hydration model [40,73], in which
the increase in micelle chemical potential with y is caused by the depletion of salt ions
in the local domain of micelle (i.e., near the micelle surface). According to this model,
we can write 7 /m ~ vy Vw-Cp, where Vy is water molar volume, and vy is a constant
representing the number of water molecules of the local domain, in excess with respect
to bulk per surfactant unit [40,41]. We extract vyy = 450 £ 30 from our Cy; data. If we
assume that tyloxapol consists of ~50 ethoxy groups, based on its chemical structure [55],
we determine a thermodynamic excess of ~9 water molecules per ethoxy group in the
presence of MgSOj,. For comparison, the value extracted for tyloxapol in the presence of
NaySOy is ~7 water molecules. Note that our comparison considers the difference in salt
ions (v =2 for MgSO4 and v, = 3 for NaySO,) because v is defined with respect to y;, not
C,. This trend is qualitatively consistent with the cloud-point results showing that MgSO,
is a somewhat stronger salting-out agent than Nay;SO4 (see Figure 1B).

This preferential-hydration thermodynamic model can be extended to particle diffu-
siophoresis by considering the presence of a slip surface boundary around the migrating
particle, positioned inside the local domain of the particle [40]. It encloses the fraction of
water molecules and salt ions inside the local domain that are dragged by the migrating
particle (inner domain). According to this model, the ratio A/7 is a positive constant
smaller than one (inner domain fraction). Furthermore, A/ weakly depends on the salt
salting-out strength compared to vy. For tyloxapol in the presence of MgSO,, we determine
A/ =0.89 £ 0.03 from Equation (9), using our Dy, and «/m data, with m = 7. This agrees
with the value of 0.885, previously reported [41] for tyloxapol in the presence of NaySOy.

Our analysis based on preferential hydration assumes that micelles can be treated as
colloidal particles with a fixed molecular weight. However, the observed increase in micelle
hydrodynamic radius, Rp, at high salt concentrations (see Figure 2B) indicates that salt
induces the formation of surfactant aggregates with a molecular weight larger than that of
micelles in water. Here, diffusiophoresis may be related not only to preferential-hydration
but also to the salt-induced change in the surfactant aggregation state. The contribution of
the latter mechanism to diffusiophoresis will be examined in Section 3.5.

3.5. Role of Salt-Induced Surfactant Aggregation

In Figure 4, we plot the normalized behavior of Stokes’ radius, Rp (Cy), for tyloxapol
in the presence of MgSO, and NaySO;, with R% being Rp at C; = 0. For both salts, there is a
salt concentration range in which Rp is approximately constant. After salt concentrations
of ~0.3 M (for NaySOy4) and ~0.5 M (for MgSO;) are reached, Rp/ R} significantly increases
with C;. Note that salt-induced aggregation follows the same trend shown for the cloud
points in Figure 1 (see figure inset for comparison with respect to osmolarity).



Int. ]. Mol. Sci. 2022, 23, 13710

9o0f 16

0
[

R,/R

0 0.2 0.4 0.6 0.8
C,/M

Figure 4. Normalized Stokes’ radius, Rp/ RY, as a function of salt concentration, Cy, with RIO, being Rp
at Cy = 0 (NapSOy, o; MgSO,, W). Curves are fits through the data based on Equations (12) and (14),
as discussed in the text below. Employed values of a (see Equation (11) for definition) are appended
to each curve. Inset shows the same data plotted as a function of salt osmolarity, v,C,.

The observed strong upward convexity of Rp/RY indicates that salt is not promoting a
stepwise steady growth in the aggregate size but rather a substantial cooperative change in
the surfactant aggregation state. We can approximately describe this process by assuming
that surfactant aggregation can occur in two distinct aggregation states in a chemical equi-
librium. At low salt concentrations, spherical micelles are more stable thermodynamically.
As C; increases, micelles’” thermodynamic stability decreases due to preferential hydration.
Correspondingly, a different aggregation state, which involves a relatively large number of
surfactant unimers, becomes thermodynamically more favorable. In other words, relatively
large aggregates can better tolerate harsh salting-out conditions than micelles. For instance,
these aggregates may optimize contacts between PEG chains and reduce their exposure to
salt ions by having a relatively large curvature radius compared to micelles. Furthermore,
according to geometric considerations based on surfactant molecular structure [54,74],
surfactant aggregates that are large compared to micelles cannot be spherical. Accordingly,
an increase in micelle ellipticity occurs, which may lead to the formation of worm-like
aggregates with a thickness comparable with micelle diameter, as illustrated in Figure 5.
Consistent with the description, we propose that micelles (M) are in chemical equilibrium
with relatively large aggregates (A). Since tyloxapol cmc is low, we shall ignore free unimers
and focus on the reversible reaction aM = A, where a > 1 is the molecular-weight ratio
between the aggregate and micelle. The extent of aggregation, which increases with salt
concentration, can be described by introducing the fraction of surfactant in the aggregate
state, X, with 1 — X being the corresponding fraction in the micelle state (neglecting the
small contribution of free unimers).

Figure 5. Spherical micelle (M) and worm-like aggregate (A) with the same diameter as a micelle.

From a qualitative point of view, we expect that an increase in X4 with C; should
produce diffusiophoresis from a low to a high salt concentration (negative diffusiophore-
sis). This effect negatively contributes to the observed value of D12(Cy). To explain this
mechanism, we consider two solutions in contact with each other, with the same surfactant
concentration but different salt concentrations, as illustrated in Figure 6. Since the extent
of aggregation is larger in the solution at a higher salt concentration, the concentration of
micelle species (M) is larger in the solution at a lower salt concentration. This causes micelle
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diffusiophoresis from a low to a high salt concentration. Note that the compensating
difference in the aggregate (A) concentration is responsible for the aggregate diffusio-
phoresis in the opposite direction. However, the latter effect is relatively less important
because the mobility of aggregates is low compared to that of micelles. Thus, salt-induced
surfactant aggregation should produce surfactant diffusiophoresis from a low to a high
salt concentration.

% *
*
* ¥

Figure 6. Two aqueous surfactant solutions with the same surfactant concentration but different salt

concentrations are interfaced. The salt difference is portrayed as a color contrast for simplicity (left,
low salt; right, high salt). The aggregate (elongated particle) depicted on the right side corresponds
to the mass of three micelles. Consequently, the number of micelles on the left side (five) is higher
than that on the right side (two).

We use our two-state model together with the experimental behavior of Rp/RY shown
in Figure 4 to quantitatively evaluate the role of salt-induced aggregation on diffusiophore-
sis. Details on this model are in Supplementary Materials Section S2. Since the formation
of aggregates becomes appreciable only at a high salt concentration, we assume that
Xa << 1at Cy =0. The chemical-equilibrium condition between micelles and aggregates
may be written in the following way:

XA/LI

1 _—AarT
I NE

= K (G~ ) an

where the argument in the logarithm is the equilibrium constant associated with chemical
equilibrium aM = A. On the right side of Equation (11), K is a salting-out constant
characterizing salt effectiveness in promoting aggregate formation, while C; is a critical
salt concentration above which aggregates become thermodynamically favored compared
to micelles. For a given set of 4, K, and C; values, Equation (11) can be numerically
solved to yield X as a function of Cp. To establish that this model is consistent with
the observed increase in the Stokes’ radius, we need to derive mathematical expressions
for both Rp/ R% and D1. This is achieved in the following way (see Section S2 for more
details). We first assume that individual diffusion of the micelle (M) and aggregate (A)
can be described by the simple diffusion law: J; = —D;VC;, withi =M and A, and J;, D;
and C; denoting the flux, diffusion coefficient, and concentration of species i, respectively.
We then express concentration gradients, VCy; and VCjy, as a function of VC; and VCy,
using Equation (11) and assuming that chemical equilibrium is fast [42] compared to
diffusion. Finally, we derive the expression of the total surfactant flux from themass balance,
M +aJa = J1/m, noting that J; = —ClDM(R%/RP)(Van + D1y v,VInG,) and ignoring the
salt thermodynamic non-ideality. This leads to (see Supplementary Materials Section S2):

Rp 1-Xa+aXa
RY  1—Xa+aXang

(12)

and
A (1-Xa)Xa (1 —a7)KrC

Dy, = —
12 1—Xa+aXawg vy

(13)

where «; = Dp /Dy is a mobility ratio. Consistent with the previous qualitative analysis,
Dip <0, if aggregates are slow compared to micelles (¢, < 1). To reduce the number of
parameters in our model, we assume that worm-like aggregates can be treated as prolate
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ellipsoids, with a minor axis equal to the micelle diameter. In this case, a; becomes the
following function [75,76] of a:

ln(a + \/m)
kg = po— (14)

with &, ~ a1, when a — oo (see Section S2 for more details). For comparison, &, = a~1/3

for spherical aggregates. Figure 4 shows the best fits obtained by applying the method
of least squares to Equation (12), with three representative values of a = 10, 20, and 100,
which reasonably describe the experimental behavior. We found that the observed two-fold
increase in Rp/RY shown in Figure 4 is not described well by Equation (12) if 2 < 10. This is
related to the dependence of &, on a, which is generally weaker than a~!. The extracted
values of K, and C; (see Table S5 in Section S2) were then used to calculate D12(Cy) from
Equation (13). As we can see from this figure, the calculated values of D15(Cy) are either
small or comparable with the experimental error (5%) of the diffusiophoresis data shown
in Figure 7. Thus, our analysis indicates that salt-induced aggregation plays a marginal
role in surfactant diffusiophoresis compared to preferential hydration.

0
-0.1 F
~ -02 |
-
Q
-0.3 |
_0‘4 i 1 1 1
0 0.2 0.4 0.6 0.8

C,/M

Figure 7. Reduced diffusiophoresis coefficient, ﬁlz, as a function of salt concentration, C,, calculated
using Equation (13) (NaySOy, solid curves; MgSO,, dashed curves). Employed values of a are
appended to each curve.

4. Experimental Section
4.1. Materials

Tyloxapol (BioXtra; 4.5 kg mol~!) and magnesium sulfate (ACROS organics, MgSOy;
120.37 g-mol !, purity > 99.0%) were purchased from Millipore-Sigma (Burlington, MA,
USA). More information on the molar mass of tyloxapol micelles and polydispersity can
be found in ref. [68]. These materials were used as received, without further purifica-
tion. Deionized water was passed through a four-stage Millipore filter system to provide
high-purity water (0.06 uS) for all the experiments. A stock solution of MgSO4—water
was prepared due to salt hygroscopicity. Its composition was determined from density
measurements and the known density-composition relation [51]. A stock solution of
tyloxapol-water was prepared by weight using a Mettler-Toledo AT400 analytical balance.
Ternary tyloxapol-MgSO,—water solutions were obtained by combining precise masses
of tyloxapol stock solution and MgSOy stock solution inside flasks, and water was then
added to reach the established tyloxapol and MgSQO, concentrations. To calculate molar
concentrations, solution densities were determined at 25.00 °C, employing a Mettler-Paar
DMAA40 density meter, and thermostated with a well-regulated (£0.001 °C) large water bath.
Tyloxapol (1) and salt (2) molar concentrations, C; and C,, were based on the molecular
weights of 4.5 kg mol ! and 120.37 g-mol !, respectively.
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4.2. Rayleigh Interferometry

Multicomponent diffusion coefficients were measured at 25.00 °C with the Gosting
Diffusiometer operating in the Rayleigh interferometric optical mode [31,77,78]. In brief, an
experiment starts by preparing a sharp boundary between two solutions of different solute
concentrations located inside a vertical diffusion channel located inside a well-regulated
water bath (£0.001 °C). The measured diffusion coefficients correspond to the average
concentrations of the two interfaced solutions. Rayleigh fringes shift horizontally as the
refractive index inside the diffusion channel changes along the channel vertical position, x.
This shift is directly proportional to the refractive index, n(x). The total number of fringes, J,
is related to the difference in refractive index between the two solutions, An, by | = (a/A)An,
where a = 2.5 cm is the channel width. We obtain refractive-index profiles at 50 different
values of time, f, during the course of each experiment. The experimental refractive-index
profile is then described by the normalized anti-symmetric function f(y) = 2[n(y) — 1]/ An,
where 7 is the average refractive index between the two solutions, y = x-t~1/2/2, and
0 <f < 1. In our experiments, differences in concentrations between the two interfaced
solutions were chosen such that ] ~ 50 [31]. A minimum of two experiments is required for
determining the four diffusion coefficients at a given set of average concentrations. These
two experiments must have different combinations of solute concentration differences
across the diffusion boundary. To verify reproducibility, two other duplicate experiments
are performed. To obtain | ~ 50 in the experiments with a tyloxapol average concentration
of 1.00 mM, gradients of tyloxapol concentration were produced by interfacing a solution at
1.77 mM with a solution at 0.23 mM. Note that both concentrations are well above tyloxapol
cmc (0.009 mM). Salt concentration gradients were prepared by interfacing solutions with a
salt concentration difference of ~0.06 M (J ~ 50). The four ternary diffusion coefficients
in the volume-fixed reference frame, D;j, were extracted by applying a method of the
non-linear least squares to f(y) data [79]. Due to tyloxapol molecular-weight polydispersity,
a corrective procedure [80] was applied to our f(y) profiles to remove the contribution of
tyloxapol polydispersity. This procedure is based on the f(y) profile obtained by interfacing
a bottom solution with tyloxapol concentration at 1.77 mM, with a top solution at 0.23 mM
in the absence of salt.

4.3. Dynamic Light Scattering (DLS)

DLS measurements were performed on tyloxapol-MgSOs—water solutions at
25.0 = 0.1 °C. All samples were filtered using a 0.02-pm filter (Anotop 10, Whatman, Maid-
stone, UK) to remove dust. Experiments were carried out on a light-scattering apparatus
built using the following main components: He-Ne laser (35 mW, 632.8 nm, Research
Electro-Optics, Boulder, CO, USA); manual goniometer and thermostat (Photocor Instru-
ments, College Park, MD, USA); multi-tau correlator, APD detector, and software (PD4042,
Precision Detectors, Bellingham, MA, USA). All measurements were performed at a scat-
tering angle of 90°. The scattering vector, ¢ = (4nn/A)-sin(0/2), was calculated using
A = 632.8 nm and the refractive index, n. To calculate 11, we applied small corrections on the
refractive-index value of water, 1.3314, due to MgSO, concentration by using previously
reported [51] refractive-index increments. The scattered-intensity correlation functions
were examined employing a regularization algorithm (Precision Deconvolve 32, Precision
Detectors, Bellingham, MA, USA) [21]. All normalized scattered-intensity distributions
were found to be monomodal, and the corresponding z-average diffusion coefficient, Dy,
was extracted [64].

4.4. Cloud Point Measurements

All experiments were performed by incubating samples (=10 cm?) in a well-regulated
(£0.001 °C) water bath at 25.00 °C for about one hour. An exploratory set of tyloxapol-
MgSO,—water mixtures was initially prepared by weight, with tyloxapol and MgSO,
concentrations varying from 0.1 to 2.0 mM and 0.05 to 1.00 M, respectively. By visual
inspection, it was determined that cloud points were located within the salt concentration
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range of 0.85-0.95 M at all investigated surfactant concentrations. To precisely characterize
cloud-point composition, a second set of ternary mixtures was prepared with a MgSO,
concentration fixed at 0.95 M and tyloxapol variable concentrations, again varying from
0.1 to 2.0 mM. At this salt concentration, all mixtures were observed to be cloudy. Small
amounts of water (=0.02 g) were then incrementally added to each sample. A given water
addition was followed by measurement of sample total mass, stirring, and incubation at
25.00 °C. The minimum amount of solvent producing clear homogenous samples by visual
inspection was chosen to identify cloud-point composition.

5. Conclusions

There are many examples of colloidal particles with interfacial properties governed
by hydrophilic PEG chains [81-83]. For these particles, diffusiophoresis can be observed
in the presence of the gradients of salting-out agents due to PEG hydrophilicity. We have
successfully characterized the diffusiophoresis of tyloxapol micelles in the presence of a
salting-out agent (MgSO,) and examined this transport phenomenon within the framework
of multicomponent diffusion. As for the Na;SO; case, micelle diffusiophoresis occurs from
a high to a low MgSQO, concentration. Our multicomponent diffusion data also allowed us
to characterize the salt osmotic diffusion coefficient, D, which is crucial for unraveling
the thermodynamic and transport components of the diffusiophoresis coefficient, D1,.
We applied a preferential-hydration model to the D15(Cp) and Dy;(C,) data in Figure 3
and extracted two parameters describing the experimental behavior: the thermodynamic
excess of water molecules in the micelle local domain, vy = 450 (=8 water molecules per
ethoxy group), and the inner domain fraction, A/ = 0.89. As in the Na;SOy case, our
DLS results show that micelle size significantly increases at high MgSO, concentrations. A
two-state aggregation model was, therefore, developed (Section 3.5) to describe the effect of
MgSO, and Na, SOy concentrations on the Stokes’ radius of tyloxapol micelles (see Figure 4).
Extracted parameters describing observed salt-induced surfactant aggregation were then
used to theoretically calculate D1,(C,), ignoring the contribution of preferential hydration.
The magnitude of the calculated negative values of D1,(C,) was found to be small compared
to that of the corresponding experimental values, indicating that preferential hydration is
the main mechanism causing micelle diffusiophoresis. We believe that the concentration
gradients of salting-out agents such as MgSO,4 and Nay;SO4 may be employed for achieving
the migration of PEG-based colloidal particles, such as those utilized as drug carriers and
extracting agents with applications in the fields of microfluidics, enhanced-oil recovery [13],
soil remediation [45], and controlled release technologies [15,16].
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