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a  b  s  t  r  a  c  t

The  thermodynamic  behavior  of colloid–polymer  systems  has  been  extensively  investigated.  However,
relatively  few  studies  have  been  reported  on the  corresponding  transport  properties.  We  have  measured
the  four  multicomponent  diffusion  coefficients  for a  ternary  colloid–polymer-water  system  by Rayleigh
interferometry  at 25 ◦C.  The  colloidal  particles  and polymer  coils in  our  system  are  the  tyloxapol  micelles
and  polyethylene  glycol  (molecular  weight  of 2.0  kg mol−1) respectively.  Both  solutes  are  neutral  and
preferentially  interact  with  water.  Our  investigation  focused  on  the  behavior  of  the  two  cross-diffusion
coefficients  in  dilute  solutions.  These  coefficients  characterize  how  the  concentration  gradient  of  colloidal
particles  (polymer  coils)  affects  the  diffusion  rate  of  polymer  coils  (colloidal  particles).  Our  data  were  used
xcluded volume
ydration
epletion

to extract  two  fundamental  parameters  describing  the  thermodynamic  and  kinetic  factors  responsible
for  cross-diffusion.  The  comparison  of our experimental  results  with  a proposed  reference  model  based
on the  hydrodynamic  volume  of particles  indicates  that  excluded-volume  thermodynamic  interactions
and  solute  hydration  represent  the main  contributions  to  cross-diffusion  coefficients.  The  role  of  the
aggregation  number  of micelles  and  the effect  of polydispersity  on cross-diffusion  parameters  were  also
examined.
. Introduction

Multicomponent systems containing nanoparticles, surfactants,
olymers and other macromolecules in solution have attracted
uch attention due to their important role in industrial appli-

ations and biological functions. For example, understanding the
nteraction between polymers and colloidal particles is important
or colloid stabilization and destabilization, flocculation, coating,
iotechnology, and detergency [1–3].

For ternary colloid–polymer–solvent mixtures, it is generally
elieved that the main mechanism of action of polymer coils on
olloidal particles can be described through the influence of mutual
olume exclusion on the entropy of the system. This mechanism is
sually denoted using the terms: “depletion” or “excluded-volume”

nteraction. Related models have been successful in describing the
ffect of polymers on model colloidal suspensions especially in
elation to their phase transitions [4–7].

Excluded-volume interactions lead to thermodynamic non-
deality in colloid–polymer–solvent systems. Due to steric
indrance, the center of mass of a polymer coil is not only excluded
rom the volume occupied by the colloidal particles but also from a
egion surrounding them denoted as the depletion layer. The width
f this layer is proportional to the size of the polymer coil. Thus, the

∗ Corresponding author. Tel.: +1 817 257 6215; fax: +1 817 257 5851.
E-mail address: O.Annunziata@tcu.edu (O. Annunziata).
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© 2013  Elsevier  B.V.  All  rights  reserved.

effective concentration of a polymer coil, i.e. the concentration of
polymer in the free volume, is significantly higher than its actual
concentration [6,7].

Excluded-volume interactions are also expected to be important
in living systems. Indeed, the total concentration of macro-
molecules inside cell is very high, in the range of 300–400 g/L.
Thus, the effective concentration of each macromolecular species is
significantly greater than its actual concentration. This difference
has kinetic and thermodynamic consequences on the conforma-
tional stability, aggregation behavior and biological functions of
that macromolecule. The effect of excluded-volume interactions
on the biophysical behavior of biological macromolecules is usually
denoted as “macromolecular crowding” [8,9].

Most investigations on colloid–polymer–solvent systems have
focused on the thermodynamic properties of macromolecular sys-
tems and their consequences on phase transitions [6,7,10–12].
However, relatively few studies have been reported on transport
properties such as diffusion. Diffusion is important for applications
in which concentration gradients occur such as controlled-release
technologies [13,14], separation science [15] and microfluidics
[16,17]. It is also an important kinetic parameter for phase tran-
sitions [18,19], reaction kinetics [20,21] and dynamics of living
systems [22–24]. Therefore, diffusion studies on multicomponent

systems containing colloidal particles and macromolecules are
needed.

There are diffusion studies that have focused on understanding
how macromolecular crowding affects the Brownian mobility of

dx.doi.org/10.1016/j.fluid.2013.07.014
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fluid.2013.07.014&domain=pdf
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acromolecules [25,26]. However, this aspect represents only one
ffect of excluded-volume interactions on the diffusion processes.
nother important aspect of diffusion processes is cross-diffusion,
nd appears in multicomponent systems, i.e. those systems con-
aining at least two solute components [27]. In the specific case of a
ernary solute(1)–solute(2)–solvent system, cross-diffusion can be
ntroduced through the extended Fick’s first law [28]:

J1 = D11∇C1 + D12∇C2 (1a)

J2 = D21∇C1 + D22∇C2 (1b)

here C1 and C2 are the molar concentrations of the two solutes, J1
nd J2 are the corresponding fluxes and the four Dij’s (with i, j = 1,
) are the multicomponent diffusion coefficients. Main-diffusion
oefficients, D11 and D22, describe the flux of a solute due to its
wn concentration gradient, and they are approximately related
o the Brownian mobility of solute particles. The cross-diffusion
oefficients, D12 and D21, describe the flux of a solute due to the
oncentration gradient of the other solute. While main-diffusion
oefficients are normally positive, cross-diffusion coefficients can
e either positive or negative depending on solute(1)–solute(2) net

nteractions.
Understanding multicomponent diffusion is important for

olloid(1)–polymer(2)–solvent mixtures. For example, we can
lready appreciate that a concentration gradient of colloidal par-
icles, ∇C1, in the presence of a uniform concentration of polymer
oils, ∇C2 = 0, will generate a gradient of effective concentration of
olymer coils in the same direction due to excluded-volume effects.
hus, it can be deduced that ∇C1 can induce cross-diffusion of poly-
er  coils from high to low C1 (D21 > 0). Clearly, the mechanism of

ross-diffusion should depend on excluded-volume interactions.
There are experimental and theoretical studies that have

xamined the effect of excluded-volume interactions on cross-
iffusion in protein-polymer and polymer-polymer aqueous
ystems [29–31]. However, proposed excluded-volume models sat-
sfactorily describe the experimental behavior of one of the two
ross-diffusion coefficients only. One limitation of proposed models
s the assumption that the mechanism cross-diffusion is a conse-
uence of thermodynamic non-ideality and factors not related to
quilibrium properties were neglected. A few other diffusion stud-
es on multicomponent diffusion of macromolecular systems have
ot addressed the role of excluded-volume interactions [32,33].

In this paper, we report an experimental investigation of multi-
omponent diffusion for a ternary colloid–polymer–water system
n isothermal conditions. Specifically, we choose tyloxapol micelles
s colloidal particles (1) and polyethylene glycol with molecu-
ar weight of 2.0 kg mol−1 (PEG) as polymer coils (2) PEG is a
ydrophilic nonionic polymer utilized in many biochemical and
harmaceutical applications. Due to its mild action on the biological
ctivity of cell components, PEG is commonly used for liquid–liquid
artitioning, the precipitation of biomacromolecules and the
reparation of biomaterials [34–36]. It is generally believed that the
ain mechanism of action of PEG on globular macromolecules can

e described through the mechanism of excluded-volume inter-
ctions [37–39]. Moreover, PEG is also employed to mimic  the
rowded environment inside living cells [40,41].

Tyloxapol is a nonionic surfactant mostly used in marketed oph-
halmic products and as a mucolytic agent for treating pulmonary
iseases, and is essentially an oligomer of octoxynol 9 (Triton X-
00) [42,43]. Tyloxapol has a critical micellar concentration (cmc)
f 0.0385 g/L in water at 25 ◦C [42]. This cmc  value is much lower
han that of Triton X-100. Hence, the presence of free surfactant

an be neglected with respect to micellar surfactant even in fairly
ilute solutions. Tyloxapol micelles are spherical with a diameter of

 nm,  and their size and shape do not change significantly for con-
entration as high as 10% by weight according to cryo-transmission
se Equilibria 356 (2013) 46–55 47

electron microscopy [43]. The hydrophilic groups on the surface of
tyloxapol micelles are poly(ethylene) glycol chains. Thus, the chem-
ical nature of the micelle surface is the same as that of the other
solute component. Moreover, polymer adsorption on the micelle
surface is not expected to occur due to the preferential interaction
of the ethoxy group with water.

We measured the four multicomponent diffusion coefficients,
Dij(C1,C2), in dilute solutions at 25 ◦C by Rayleigh interferometry
[44,45]. We  show how these diffusion coefficients can be used to
extract two fundamental quantities responsible for cross-diffusion.
These are a thermodynamic non-ideality parameter, which can be
related to equilibrium excluded-volume interactions, and a trans-
port parameter, which will be introduced through the theory of
irreversible thermodynamics. We  shall see that the contribution
of the transport parameter on cross-diffusion is comparable to
that of the thermodynamic parameter. Furthermore, we propose
a model based on hydrodynamic volumes, which can be used
as a reference for the interpretation of the experimental behav-
ior of cross-diffusion coefficients. It also provides the basis for
understanding the magnitude and sign of the thermodynamic and
transport parameters. Finally, we  examine the role of the aggrega-
tion number of micelles and the effect of micelle polydispersity on
cross-diffusion parameters.

2. Theory

The main purpose of this section is to introduce two normal-
ized cross-diffusion coefficients, D̃12 and D̃21, that can be directly
expressed in terms of fundamental thermodynamic and transport
parameters. These can be conveniently examined in dilute solutions
according to the formalism of excluded-volume interactions.

To construct D̃ij, we  start by making some considerations about
concentration scales and reference frames. Eqs. (1a) and (1b) in
the previous section were introduced in terms of molar concentra-
tions and corresponding molar fluxes. However, Fick’s first law can
be also written in terms of mass concentrations and related fluxes.
We note that switching concentration scale has no effect on the val-
ues of the main-diffusion coefficients because Dii = −Ji

∣∣
∇Cj=0

/∇Ci

and the Ji/Ci ratio is independent of concentration scale. On the
other hand, the concentration scale needs to be specified for
Dij = −Ji

∣∣
∇Ci=0

/∇Cj. The value of Dij will also vary depending on

the molecular weight chosen to calculate molar concentrations
because Ji/Cj is directly proportional to the molecular weight of j
and inversely proportional to that of i. However, by introducing
the partial molar volumes V̄i (with i = 1, 2), we can appreciate that
(V̄i/V̄j) Dij is independent of chosen molecular weights since V̄i is
directly proportional to the molecular weight of i. Furthermore, if
the mass-concentration scale is employed, then the same value as
(V̄i/V̄j) Dij is obtained provided that molar volumes are replaced
by the corresponding specific volumes. We  will include V̄i/V̄j as a
factor of the definition of D̃ij proposed below. In this way, the D̃ij

values will be invariant with respect to the aggregation number
used to calculate the molar concentration of tyloxapol micelles.
Furthermore, molar volumes are convenient parameters for the
examination of excluded-volume interactions.

We also note that diffusion can be described relative to dif-
ferent reference frames. For example, in the volume-fixed frame,
the fluxes of the components of a ternary system satisfy: J0 V̄0 +

J1 V̄1 + J2 V̄2 = 0, where the subscript “0” denotes the solvent
component. In the solvent-fixed frame, we have: J0 = 0 [46–51].
Since the values of the four diffusion coefficients depend on the

chosen reference frame, we need to choose the most convenient
reference frame for excluded-volume interactions.

Measured diffusion coefficients correspond, to an excellent
approximation, to the volume-fixed frame since volume changes
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n mixing are negligible during diffusion experiments [46–48].
his is equivalent to assume that V̄i is a constant and that mix-
ng occurs within an incompressible fluid at constant volume,
ressure and temperature. However, the examination of diffu-
ion coefficients by irreversible thermodynamics often requires
onverting the obtained volume-fixed diffusion coefficients into
he corresponding solvent-fixed diffusion coefficients due to their
irect relation to the thermodynamic driving forces, ∇�i, where
i (with i = 1, 2) are the solute chemical potentials [49,50]. On the
ther hand, volume-fixed diffusion coefficients require to intro-
uce the linear combinations: ∇�i − � i ∇ �0 with �i ≡ V̄i/V̄0, as the
hermodynamic driving forces [47,51].

We now observe that the thermodynamics of excluded-volume
nteractions in liquid systems is usually described by formally treat-
ng the multicomponent liquid mixture, which is assumed to be an
ncompressible fluid, as an equivalent “gas” mixture [51,52]. Here,
he solute chemical potential �i is replaced by an effective chemi-
al potential �̃i ≡ �i − �i �0 of a corresponding gas component and
he solvent component is formally removed from the system. This
mplies that the thermodynamic driving forces of volume-fixed
iffusion are the gradients of these effective chemical potentials.
e therefore conclude that it is actually convenient to consider

iffusion coefficients in the volume-fixed frame when examining
xcluded-volume interactions.

Normalized cross-diffusion coefficients can be constructed
tarting from the laws of irreversible thermodynamics. In the
olume-fixed frame, the following linear laws can be written:

J1 = L11∇ �̃1 + L12∇ �̃2 (2a)

J2 = L21∇ �̃1 + L22∇ �̃2 (2b)

here Lij are the volume-fixed Onsager transport coefficients and
12 = L21 is the Onsager reciprocal relation [53,54]. Combination of
qs. (1a) and (1b) and Eqs. (2a) and (2b) leads to

11 = L11 �̃11 + L12 �̃21 (3a)

12 = L11 �̃12 + L12 �̃22 (3b)

21 = L21 �̃11 + L22 �̃21 (3c)

22 = L21 �̃12 + L22 �̃22 (3d)

here �̃ij ≡ (∂ �̃i/∂cj)T,V,ck,k /=  j
, and �̃12 = �̃21 [51]. We  now focus

n the case of infinite dilution. In the limit of Ci = 0, we  can write:

˜ ii = �iRT

Ci
(4a)

T Lii = CiD
∗
i

�i
(4b)

ii = Lii �̃ii = D∗
i (4c)

here R is the ideal-gas constant, T the absolute temperature and
∗
i

the tracer-diffusion coefficient of i, which characterizes particle
rownian mobility [51]. In Eqs. (4a) and (4b), we  have introduced
he parameter �i to take into account the offset between the chosen

olar concentration scale for solute i and the corresponding osmo-
arity. For example, we have �i > 1 in the case of a dissociating solute
e.g., strong electrolytes), and �i < 1 in the case of an associating
olute (e.g., micellar aggregates). Note that �1 becomes the recipro-
al of the micelle aggregation number when the molecular weight

f the surfactant molecule is used to calculate the molar concentra-
ion of tyloxapol. If the chosen molar concentration scale matches
he corresponding osmolarity, then �i = 1 and this parameter may
e omitted.
se Equilibria 356 (2013) 46–55

We  can combine Eqs. (3a)–(3d) with Eqs. (4a)–(4c) to derive
expressions for the dimensionless quotients D12/D11 and D21/D22:

Dij

Dii
=
(

�̃12

�iRT
+ �jRT L12

C1C2 D∗
i

)
Ci (5)

Eq. (5) shows that the quotients D12/D11 and D21/D22 can be
expressed as a function of two  fundamental parameters: the ther-
modynamic parameter �̃12, and the transport parameter L12. For
dilute solutions, the parameters �̃12 and L12/(C1C2) are inde-
pendent of concentrations [51]. Thus, D12/D11 and D21/D22 are
directly proportional to C1 and C2 respectively. Note that cross-
diffusion may  result from thermodynamic interactions alone, and
L12/(C1C2) = 0 leads to Dij/Dii = Ci �̃12/(�iRT). Our results will show
that this approximation cannot be applied.

Based on our previous observations on concentration scales,
it is convenient to introduce the normalized (concentration-scale
independent, volume-fixed and dimensionless) cross-diffusion
coefficient, D̃ij ≡ (Dij/Dii)(V̄i/V̄j). Eq. (5) can be then rewritten in
the following way:

D̃ij =
[

� −
(

1 +
D∗

j

D∗
i

)
�

] (
�j

�j

)
�i (6)

where �i = CiV̄i is the volume fraction of i, � ≡
( �̃12/RT)/(�1�2V̄0) is a thermodynamic parameter and
� ≡ −(RT L12)/[C1C2V̄0(D∗

1 + D∗
2)] is a transport parameter. Note

that �i/� i, �i, � and � are all parameters independent of the
chosen concentration scale.

Our experimental results will be used to determine the slopes:
D̃12/�1 and D̃21/�2. These two  quantities can be in turn used to
determine � and �.  According to Eq. (6), the explicit expressions
to extract these two  fundamental parameters from experimental
D̃12/�1 and D̃21/�2 are

� = D∗
1D∗

2

D∗2
2 − D∗2

1

[(
�1

�1

)(
D̃21

�2

)  (
1 + D∗

2
D∗

1

)

−
(

�2

�2

)(
D̃12

�1

)  (
1 + D∗

1
D∗

2

)]
(7a)

� = D∗
1D∗

2

D∗2
2 − D∗2

1

[(
�1

�1

)(
D̃21

�2

)
−
(

�2

�2

)(
D̃12

�1

)]
(7b)

After extracting � and �,  we can examine their relative importance
in the cross-diffusion process. Their values will be then compared
to those obtained from a model based on particle hydrodynamic
volumes.

3. Materials and methods

3.1. Materials

Tyloxapol (SigmaUltra grade; molecular weight: 4.5 kg mol−1)
and poly(ethylene glycol) (PEG; molecular weight: 2.0 kg mol−1)
were purchased from Sigma–Aldrich and used without further
purification. Deionized water was  passed through a four-stage
Millipore filter system to provide high purity water (electrical
resistivity of 15 M	 cm)  for all the experiments. Stock solutions
of tyloxapol-water and PEG-water were made by weight with
an error of about 0.1% in their concentrations. Precise masses
(±0.0001 g) of stock solutions were added to flasks and diluted

with pure water to reach the final target concentrations of the
solutions used for the interferometric and light-scattering experi-
ments. Molar concentrations of the solutions were obtained from
density. All density measurements were made with a Mettler-Paar
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MA40 density meter, thermostated with water from a large, well-
egulated (±1 mK)  water bath.

.2. Rayleigh interferometry

All diffusion measurements were made with the high-precision
osting diffusiometer operated in its Rayleigh interferometric
ptical mode. The light source used for generating the Rayleigh
nterference pattern is a He–Ne Uniphase laser with wavelength

 = 543.5 nm.  A comprehensive description of the Gosting diffu-
iometer can be found in Ref. [45] and references therein. In brief, a
ypical diffusion experiment using the Gosting diffusiometer starts
rom preparing a sharp boundary between two uniform solutions
f slightly different solute concentrations located inside a vertical
hannel with inside width a. In our case, we have: a = 2.5057 cm.
ayleigh fringes shift horizontally as the refractive index inside the
iffusion channel changes with vertical height. This gives direct

nformation about refractive index, n versus vertical position, x.
he difference in refractive index, �n, between the two solutions
s obtained from the total number of fringes J using �n  = J
/a. We
btain refractive-index profiles at 50 different values of time, t,
uring the course of each experiment. The experimental refractive-

ndex profile is then described by the normalized anti-symmetric
unction f (y) ≡ 2[n(y) − n̄]/�n, where y ≡ x/2

√
t and 0 ≤ f ≤ 1. Note

hat x = 0 and time t = 0 corresponds to the initial sharp bound-
ry between the two solutions. The values of f within the range:
.30 ≤ f ≤ 0.86, taking into account the recommendation of Miller
nd Albright [44].

A comprehensive description on the extraction of binary
nd ternary diffusion coefficients can be found in Ref. [44]
nd references therein. Binary diffusion is described by the
unction: f = erf(s y), where s = D−0.5 and D is the binary diffu-
ion coefficient. Ternary diffusion is described by the function:

 = � 1 erf(s1 y) + � 2 erf(s2 y), where s1 and s2 are directly related to
he two eigenvalues of the diffusion-coefficient matrix, and � 1 and

2 = 1 − � 1 are the normalized weights of the two observed diffu-
ion modes. Note that a minimum of two experiments is required
or determining the four diffusion coefficients at a given set of mean
oncentrations. These two experiments must have different com-
inations of solute concentration differences across the diffusion
oundary. To verify reproducibility, two other duplicate experi-
ents were performed at each set of mean concentrations. In this

aper, multicomponent diffusion coefficients were calculated with
espect to solute mass concentrations, c1 and c2.

Contrary to the case of the PEG-water binary system, the
unction f = erf(s y) does not satisfactorily describe the observed
efractive index profile related to the binary tyloxapol–water sys-
em due to tyloxapol polydispersity. Deviation from the ideal binary
unction is described by the function:  ̋ = erf(s1 y) − f, where s1 =

lim
→0

[erfinv(f )/y] and D1 = s−2
1 is a mean diffusion coefficient. In

rder to take into account tyloxapol polydispersity in diffusion of
ernary systems, refractive-index profiles were corrected by apply-
ng the procedure described in Ref. [55].

.3. Light scattering

Measurements of static light scattering were performed at
5.0 ± 0.1 ◦C. All tyloxapol aqueous samples were filtered through

 0.02 �m filter (Anotop 10, Whatman) and placed in a test
ube. The experiments were performed on a light scattering
pparatus built using the following main components: He–Ne

aser (35 mW,  632.8 nm,  Coherent Radiation), manual goniome-
er and thermostat (Photocor Instruments), multi-tau correlator,
PD detector and software (PD4042, Precision Detectors) [39].
ll measurements were performed at a scattering angle of
se Equilibria 356 (2013) 46–55 49

90◦. The mass-average molecular weight, Mw, was obtained
from the equation: kLS c1/R90 = 1/Mw + 2 B c1 [56], where c1 is the
tyloxapol mass concentration, B the second virial coefficient,
kLS = 4�2n2

0(dn/dc1)2/(NA
4), n0 = 1.33 is the refractive index of
water, dn/dc1 = 0.159 mL  g−1 is the refractive index increment for
tyloxapol (obtained from the Rayleigh interferometric patterns),
NA is the Avogadro’s number, 
 is the laser wavelength in vac-
uum, R90 is the excess Rayleigh ratio at 90◦. The values of R90
were obtained from R90 = (Is − Is,0)/Is,R(n2

0/n2
R) R90,R, were Is is the

scattered intensity of the solution, Is,0 is the scattered intensity of
water, Is,R is the scattering intensity of toluene (the standard) and,
nR = 1.49 and R90,R = 1.35 × 10−5 cm−1 are the refractive index and
the Rayleigh ratio of toluene respectively [57].

4. Results and discussion

The main goal of this paper is to describe cross-diffusion
coefficients according to Eq. (6). Since this equation is valid in
the limit of infinite dilution, diffusion coefficients were mea-
sured at total solute mass concentrations lower than 50 g dm−3.
These concentrations were all lower than the crossover concen-
tration (≈100 g dm−3) between dilute and semidilute regimes [58].
Nonetheless, the chosen ternary solute concentrations were suf-
ficiently high for the determination of cross-diffusion coefficients
with an error of the order of 10% or lower.

Multicomponent diffusion coefficients Dij(c1,c2) for the ternary
tyloxapol(1)–PEG(2)–water(0) system at 25 ◦C are reported in
Table 1, as a function of solute mass concentrations, ci. As described
in Section 3, cross-diffusion coefficients are calculated with respect
to mass concentrations. Diffusion coefficients for the correspond-
ing binary tyloxapol(1)–water(0) and PEG(2)–water(0) systems
are also included. Binary diffusion coefficients will be denoted
as Di in the text. The behavior of our diffusion coefficients will
be examined with respect to solute volume fractions, �i. These
were calculated by applying �i = civ̄1, where v̄1 = 0.885 cm3g−1

and v̄2 = 0.840 cm3g−1 are partial specific volumes of tyloxapol
[59] and PEG [60] respectively, assumed to be constant within the
experimental concentration domain.

4.1. Main-diffusion coefficients

In Fig. 1A, we  show the behavior of the diffusion coefficients,
Di, as a function of solute volume fraction, �i, for the two binary
systems. For both systems, the binary diffusion coefficient linearly
increases with solute concentration (see Table 1). The increase of
the diffusion coefficient with concentration can be attributed to the
repulsive nature of particle–particle thermodynamic interactions
[60]. This is consistent with a preferential hydration of tyloxapol
and PEG molecules. Our binary diffusion measurements were also
used to evaluate polydispersity of solute particles in solution. As we
will discuss later, tyloxapol micelles are more accurately described
as a polydisperse system. On the other hand, polydispersity of PEG
chains was  found to be relatively small.

The values of tracer-diffusion coefficients of tyloxapol and
PEG in water are needed to extract the thermodynamic and
transport parameters, � and � from Eqs. (7a) and (7b). These
can be determined from Di(�i) by linear extrapolation to �i = 0
according to Di = D∗

i
(1 + ki�i). Our results, which are reported in

Table 2, are in good agreement with previous studies [59,60].
The tracer-diffusion coefficients, D∗

i
, were also used to calculate

h
the hydrodynamic radii of tyloxapol micelles, R1 = 3.57 nm, and
PEG coils, Rh

2 = 1.29 nm, by applying the Stokes-Einstein equation
[61,62], D∗

i
= kBT/(6 �Rh

i
),, where kB is the Boltzmann constant

and  = 0.8902 × 10−3kg m−1s−1 is the water viscosity at 25 ◦C [63].
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Table 1
Binary and ternary diffusion coefficients for the Tyloxapol(1)–PEG(2)–water system.

c1/g dm−3 c2/g dm−3 D11/10−9 m2 s−1 D12/10−9 m2 s−1 D21/10−9 m2 s−1 D22/10−9 m2 s−1

4.545 0 0.0692 ± 0.0002a – 0 –
9.999  0 0.0701 ± 0.0002a – 0 –
20.00  0 0.0711 ± 0.0002a – 0 –
0  5.000 – 0 – 0.1919 ± 0.0005a

0 10.01 – 0 – 0.1911 ± 0.0005a

0 19.96 – 0 – 0.1944 ± 0.0005a

4.545 4.536 0.0677 ± 0.0002 0.0072 ± 0.0005 0.0031 ± 0.0009 0.1901 ± 0.0005
10.01  9.054 0.0657 ± 0.0003 0.0164 ± 0.0005 0.0076 ± 0.0009 0.1877 ± 0.0005
20.00  20.00 0.0615 ± 0.0003 0.0306 ± 0.0005 0.0133 ± 0.0009 0.1874 ± 0.0005
9.999  5.000 0.0668 ± 0.0003 0.0164 ± 0.0005 0.0044 ± 0.0009 0.1870 ± 0.0005
4.541  9.052 0.0656 ± 0.0004 0.0063 ± 0.0005 0.0058 ± 0.0009 0.1923 ± 0.0005
20.00  5.000 0.0684 ± 0.0002 0.0322 ± 0.0005 0.0040 ± 0.0009 0.1815 ± 0.0005
4.545  16.26 0.0614 ± 0.0003 0.0068 ± 0.0005 0.0124 ± 0.0009 0.1946 ± 0.0005

a Binary values D1 and D2 are denoted as D11 and D22 respectively.
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Fig. 1. (A) Binary diffusion coefficient, D1 (circles) and D2 (diamonds) as a function of solute volume fraction, �1 and �2, for the tyloxapol(1)–water and PEG(2)–water systems.
The  solid lines are linear fits through the data. (B) Normalized ternary main-diffusion coefficient, D11/D1 (circles) and D22/D2 (diamonds), as a function of solute volume fraction,
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2 and �1, for the tyloxapol(1)–PEG(2)–water ternary system. The solid lines are line
)  and D22/D2 = (1 + 11.4 �1)−1 (····), where (1 + 8.53�2 + 101�2

2) and (1 + 11.4�1) were
nd  tyloxapol–water systems respectively.

he extracted value of Rh
1 is in good agreement with the diameter of

 nm of spherical tyloxapol micelles observed by microscopy [42].
The behavior of the two ternary diffusion coefficient can be

xamined by plotting ternary-to-binary ratios, Dii/Di, as a function
f �j„ the volume fraction of the other solute. As we can see in
ig. 1B, Dii/Di decreases as �j increases, the effect being larger for
yloxapol diffusion in the presence of PEG. Furthermore, Dii/Di can
e regarded as independent of �i within the experimental error.
he decrease of Dii/Di is stronger for the case of tyloxapol diffusion
n the presence of PEG. We  have applied the method of linear least
quares to fit our data with Dii/Di = 1 − kij �j. Our values of kij are
eported in Table 2.

Since Dii/Di can be regarded as independent of �i, we  can write:
ii = D∗

i
(1 − kij �j)(1 + ki �i ) and the slope kij describes the effect of

 crowding solute on the mobility of a single Brownian particle (i.e.

hen �i = 0). This is given by D∗

i
(1 − kij �j). According to the Stokes-

instein equation, the friction experienced by a Brownian particle is
irectly proportional to the viscosity of the surrounding fluid. In our

able 2
arameters in the main-diffusion coefficients, Dii = D∗

i
(1 − kij�j)(1 + ki�i), and

lopes, D̃ij/�i, of the normalized cross-diffusion coefficients extracted by applying
he method of least squared to experimental results.

D∗
1/10−9 m2 s−1 0.0688 ± 0.0002

D∗
2/10−9 m2 s−1 0.1904 ± 0.0002

k1 1.98 ± 0.27
k2 1.28 ± 0.15
k12 8.17 ± 0.27
k21 3.27 ± 0.16
D̃12/�1 29.0 ± 0.3
D̃21/�2 4.2 ± 0.2
 through the data. The dashed lines represent D11/D1 = (1 + 8.53�2 + 101�2
2) (- -

ined by applying the method of least squares to relative-viscosity data of PEG–water

case, this consists of water and the crowding solute with volume
fraction, �j. Thus, the observed decrease in particle mobility may
be attributed to a corresponding increase in viscosity. In Fig. 1B,
we show the behavior of Dii/Di predicted from relative-viscosity
data [64,65] as dashed lines. In both cases, we can see that viscosity
predicts a larger than observed decrease in Dii/Di.

Stokes-Einstein equation assumes that the fluid surrounding the
Brownian particle can be treated as a continuum. However, this is
expected to be a good approximation only for diffusion of large
molecules in the presence of small solvent molecules. If a crowding
agent has a size comparable or larger than the Brownian particle
under investigation, the heterogeneity of the surrounding fluid may
become important. Since tyloxapol micelles are significantly larger
than PEG coils, the assumption of continuum fluid is expected to
describe the mobility of a tyloxapol micelle in the presence of PEG
better than the mobility of a PEG coil in the presence of tyloxapol.
This is in agreement with our plots in Fig. 1B. Furthermore, we
can see that the friction experienced by a particle, when it diffuses
through a crowded fluid, is lower compared to the continuum pre-
diction. This can be explained by invoking depletion effects [66,67].
In other words, depletion of a crowding solute from the surface
of a particle leads to a low-viscosity layer around the particle as
compared to the viscosity in the bulk solution.

4.2. Cross-Diffusion coefficients
We  now turn our attention to cross-diffusion. In Fig. 2, we  show
the behavior of the normalized cross-diffusion coefficients, D̃ij as a
function of �i. In both cases, D̃ij linearly increases with �i starting
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[51]. It can be shown that the expression: RT L = − C C (VhD∗ +
ig. 3. Thermodynamic parameter, � (solid line), and transport parameter, �
dashed line), calculated as a function of the aggregation number of tyloxapol

icelles, m.

rom D̃ij = 0 at �i = 0. Note that D̃ij can be regarded as independent
f the volume fraction of the other solute, �j, within the experimen-
al error. The two values of D̃ij/�i reported in Table 2 were obtained
y applying the method of linear least squares to our experimental
ata. Our results indicate that the thermodynamic and transport
arameters � and � in Eq. (6) can be assumed constant.

The application of Eqs. (7a) and (7b) requires the knowledge
f � i/�i. Specific volumes and molecular weights of tyloxapol,
EG and water allow us to calculate the corresponding molar
olumes: V̄1 = 3.98 dm3mol−1, V̄2 = 1.68 dm3mol−1 and V̄0 =
.01807 dm3mol−1. If we neglect small polydispersity effects, PEG
olar weight corresponds to the mass of the actual coil. Thus, we

et: �2 = 1 and calculate: �2/�2 = 93.0. On the other hand, the molar
eight of tyloxapol corresponds to one tyloxapol unit and not to

he actual mass of its micelles. Thus, we set: �1 = 1/m,  where m is
he micelle aggregation number. For tyloxapol, we  consider how
he calculated �1/�1 changes depending on the chosen value of m
nd write: �1/�1 = 220 m.  Note that the slope of D̃12 in Fig. 2 is sig-
ificantly larger than that of D̃21. This can be mostly attributed to
1/�1 being larger than �2/�2 in Eq. (6).

In Fig. 3, we show the thermodynamic and transport param-
ters � and � calculated from Eqs. (7a) and (7b) as a function
f the micelle aggregation number, m.  This figure allows us to
ppreciate how the values of these two parameters depend on the

hoice of m.  If we incorrectly consider the case of m = 1 ignoring
he formation of micelles, we obtain negative values � and �.  On
he contrary, we must consider relatively larger values of m and
se Equilibria 356 (2013) 46–55 51

conclude that � and � should be both positive. Another impor-
tant result we can deduce from Fig. 3 is the relative contribution
of � compared to � in D̃ij (see Eq. (6)). As we shall see later in
this paper, the mean number-average and mass-average aggrega-
tion numbers of tyloxapol micelles are 7.0 and 11.4 respectively.
If we consider these values of m in Fig. 3, we calculate � = 8600
and � = 1600 for m = 7.0, and � = 15, 000 and � = 3300 for m = 11.4.
Both cases allow us to conclude that the term containing � in Eq.
(6) is 69–83% and 25–30% of � in the case of D̃12 and D̃21 respec-
tively. Thus, cross-diffusion cannot be approximately described
solely as a thermodynamic phenomenon, and the Onsager trans-
port coefficient, L12, cannot be neglected, especially in the case of
D12, which describes the cross-diffusion flux of the faster-diffusing
solute.

4.3. Hydrodynamic-volume model for � and �

We now introduce theoretical expressions of the thermo-
dynamic and transport parameters � and � for a reference
hard-sphere model. The advantage of this model is that the
calculation of � and � is based on the values of the tracer-
diffusion coefficients, D∗

i
, and the solvent molar volume only.

Clearly deviations for systems containing polymer coils or more
complex macromolecules are expected. Nonetheless, a reference
model based on hard spheres is preferred due to its relative
simplicity. Specifically, the relation between D∗

i
and the corre-

sponding hydrodynamic volume is straightforward, and the effects
of excluded-volume interactions on � can be easily described for
a hard-sphere system. The proposed model allows us to obtain
reference values for our experimental results on � and �.  In the fol-
lowing analysis, we  shall set �1 = �2 = 1 since our model will directly
consider the molar concentrations, Ci, of the actual diffusing species
in solution.

In  the case of � , we start by considering a well-established
excluded-volume model based on impenetrable hard spheres. Due
to excluded-volume interactions, the effective chemical potential
of a solute is given by ( �̃i − �̃0

i
)/RT = ln (Ci/˛j), where �̃0

i
is the

chemical potential in the standard state and ˛j is the free-volume
fraction [6]. The thermodynamic activity, Ci/˛j, is the molar con-
centration of the solute particles in the free volume. For a particle
i in the presence of a crowding solute j, we can write: ˛j = 1 − VexCj
in the limit of low Cj, where Vex is the excluded volume. Differenti-
ation of �̃i allows us to obtain: �̃12/RT = Vex [51]. If we treat both
solutes as hard spheres, and assume that their volumes coincide
with the corresponding hydrodynamic volumes, Vh

i
, we obtain:

Vex = [(Vh
1 )

1/3 + (Vh
2 )

1/3
]
3
. The corresponding expression of � is

then given by

� = [(Vh
1 )

1/3 + (Vh
2 )

1/3
]

3

V̄0
(8)

Note that � in Eq. (8) is described as the excluded volume nor-
malized with respect to the volume of solvent molecules. The
hydrodynamic radii extracted from the Stokes-Einstein equation
can be used to calculate the hydrodynamic volumes of tyloxapol
and PEG, Vh

1 = 114 dm3mol−1 and Vh
2 = 5.40 dm3mol−1 respec-

tively. Thus, we obtain � = 15, 900 from Eq. (8), a value that is
comparable with our results in Fig. 3 for aggregation numbers of
the order of 10.

In the case of �,  we  will consider the theory developed in Ref.

12 1 2 1 1

Vh
2 D∗

2) follows from solute hydration. This relation assumes that
the contribution of other sources of solute-solute interactions to
L12 can be neglected, which may  become accurate when solute
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ydration is large. The corresponding expression of � is then given
y

 = D∗
1Vh

1 + D∗
2 Vh

2

(D∗
1 + D∗

2) V̄0
(9)

ote that � in Eq. (9) is described as a weighted-average hydro-
ynamic volume normalized with respect to the volume of solvent
olecules. We  obtain � = 1900 from Eq. (9) by using our tracer-

iffusion coefficients and corresponding hydrodynamic volumes.
s we can see in Fig. 3, also � is comparable with our experimen-

al results for aggregation numbers of the order of 10. Thus, we
elieve that the proposed expressions for � and � capture the
ost important factors responsible for the observed behavior of

ross-diffusion.
In summary, the comparison between our experimental results

n Fig. 3 and the proposed reference model based on hydro-
ynamic volume of hard spheres indicates that excluded-volume

nteractions and solute hydration represent the main contrib-
tions to the experimental behavior of D̃12 and D̃21. However,

 precise quantitative comparison requires knowledge of both
ggregation number and polydispersity of tyloxapol micelles. Since
hese are often traits of macromolecular and colloidal systems, it
ecomes interesting to examine their impact on the relation of
ross-diffusion coefficients to fundamental thermodynamic and
ransport parameters. This will be addressed in the following
ection.

.4. Aggregation number and polydispersity of tyloxapol micelles

Regev and Zana determined the values of the tyloxapol aggre-
ation number, m = 9.1 and m = 14 at 40 ◦C and 55 ◦C respectively,
sing time-resolved fluorescence quenching [42]. However, the
orresponding value at 25 ◦C is not currently available. To deter-
ine m at 25 ◦C, we have performed measurements of static light

cattering and determined the micelle molecular weight through
he Debye plot shown in Fig. 4. We  have obtained the molecular
eight of 51.4 kg mol−1 corresponding to m = 11.4.

It is interesting to observe that the light-scattering value is
igher than that reported by Regev and Zana. This might be sur-
rising since tyloxapol aggregation is expected to be enhanced as
emperature increases [42]. We  have attributed this apparent dis-

repancy to polydispersity of tyloxapol micelles. In other words, the
ight-scattering value of m corresponds to the mass-average molar

eight [56] and will overestimate that obtained by several other
echniques.
each curve), by applying the three-species model described in the text.

Hydrodynamic measurements should provide an accurate
description of micelle polydispersity. Indeed, other more precise
techniques such as mass spectrometry can be only applied to char-
acterize molecular-weight polydispersity of surfactant molecules.
However, it is a very challenging task to convert the surfactant
molecular-weight polydispersity into the corresponding micelle
polydispersity in water. Thus, we  have used our binary diffusion
measurements to characterize hydrodynamic-radius polydisper-
sity. Our general approach to characterize polydispersity, which
has been described in Ref. [55], is based on the examination
of the normalized refractive-index profile, f(y), of the binary
tyloxapol-water system (see Section 3 for the definition of f(y)).
Polydispersity can be characterized by considering the devi-
ation function ˝(f) from an ideal monodisperse system. As
previously described, a simple analysis of diffusion polydisper-
sity can be performed by considering a three-species model
system [55]. The three diffusing species in this model have dif-
fusion coefficients: D∗(1)

1 = D∗
1/(1 + ω0.5)

2
, D∗(2)

1 = D∗
1 and D∗(3)

1 =
D∗

1/(1 − ω0.5)
2
, where ω is a parameter that quantifies the extent

of polydispersity. The corresponding weight fractions are chosen
to be w(1)

1 = 1/6, w(2)
1 = 2/3, and w(3)

1 = 1/6 so that D∗
1 is the mean

diffusion coefficient given by D∗
1 ≡ [

∑
i

w(i)
1 /(D∗(i)

1 )
0.5

]
−2

, and the

diffusion-based polydispersity index follows the definition: ω ≡
[
∑

i

w(i)
1 /(D∗(i)

1 )
1.5

]/[
∑

i

w(i)
1 /(D∗(i)

1 )
0.5

]
3

− 1 [55]. In Fig. 5, we  plot

the experimental ˝(f) for tyloxapol together with that calculated
from our three-species model as a function of the polydispersity
index, ω. As we can see from this figure, the best agreement is
obtained for ω = 0.04.

To estimate the number-average aggregation number, we can
convert this value of ω into the corresponding Mw/Mn, where
Mn and Mw are the number-average and mass-average molec-
ular weights respectively. We first calculate the three diffusion
coefficients D∗(k)

1 of this model system from ω = 0.04 and D∗
1 =

0.0688 × 10−9m2s−1. If we  then treat micelles as globular parti-
cles and observe that particle radius is inversely proportional to its
tracer-diffusion coefficient, we  can write: D∗(k)

1 ∝ Mk
−1/3, where

Mk is the molecular weight of micelle k. This assumption allows us
to estimate Mw/Mn = 1.6. This polydispersity index can be used to
extract the number-average aggregation number of 7.0 from our

light-scattering results. This value is qualitatively consistent with
those reported by Regev and Zana [42].
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We  now show how to calculate precise values of � and � from
qs. (7a) and (7b). We  start by examining the role of polydispersity
n cross-diffusion coefficients. We  shall introduce equations for
he two measurable D̃ij by considering polydispersity of one solute
nly (solute 1). Polydispersity of this solute is described by a set of
eight fractions w(k)

1 with k = 1, 2, 3, ... Theoretical considerations
ased on Ref. [55] together with the definition of D̃ij introduced in
his paper allow us to write the following expressions for D̃ij :

˜ 12 =
∑

k

(
D∗(k)

1
D∗

1

)
D̃(k)

12 (10a)

˜ 21 =
∑

k

w(k)
1 D̃(k)

21 (10b)

here �(k)
1 is the volume fraction of micelle k with �1 =

∑
k

�(k)
1

nd �(k)
1 = w(k)

1 �1, D∗(k)
1 is the tracer-diffusion coefficient of micelle

 with D∗
1 ≡ [

∑
i

w(i)
1 /(D∗(i)

1 )
0.5

]
−2

, D̃(k)
12 ≡ (D(k)

12 /D(k)
11 )(V̄ (k)

1 /V̄2) and

˜ (k)
21 ≡ (D(k)

21 /D22)(V̄2/V̄ (k)
1 ) are the normalized cross-diffusion

oefficients between micelle k and PEG. The partial molar volume
f the micelle k, V̄ (k)

1 , is calculated by using the reasonable assump-
ion that the micelle specific volume is independent of k. Note that
q. (10a) describes D̃12 as a sum of cross-diffusion contributions.
n the other hand, Eq. (10b) describes D̃21 as a weighted average
f individual cross-diffusion contributions.

According to Eq. (6) with �1 = �2 = 1, we can write:

˜ (k)
12 =

[
� (k) −

(
1 + D∗

2

D∗(k)
1

)
�(k)

](
1
�2

)
�(k)

1 (11a)

˜ (k)
21 =

[
� (k) −

(
1 + D∗(k)

1
D∗

2

)
�(k)

](
1

� (k)
1

)
�2 (11b)

here � (k)
1 ≡ V̄ (k)

1 /V̄0, � (k) ≡ ( �̃(k)
12 /RT)/V̄0, �(k) ≡

(RT L(k)
12 )/[C(k)

1 C2V̄0(D∗(k)
1 + D∗

2)] and C(k)
1 is the molar concen-

ration of micelle k. Substitution of Eqs. (11a) and (11b) into Eqs.
10a) and (10b) yields:

˜ 12 =
[

� −
(

1 + D∗
2

D∗
1

)
�

](
1
�2

)
�1 (12a)

˜ 21 =
[

� ′ −
(

1 + D∗
1

D∗
2

)
�′
](

1
�1

)
�2 (12b)

here we have introduced the following mean thermody-

amic and transport coefficients: � ≡ (1/D∗
1)
∑

k

w(k)
1 � (k)D∗(k)

1

nd � ≡
∑

i

w(k)
1 (D∗(k)

1 + D∗
2) �(k)/(D∗

1 + D∗
2) in the expres-

ion of D̃12, and � ′ ≡ �1

∑
k

w(k)
1 � (k)/� (k)

1 , �′ ≡ [�1/(D∗
1 +

∗
2)]
∑

i

[w(k)
1 (D∗(k)

1 + D∗
2)�(k)/� (k)

1 ] and �1 ≡ 1/
∑

k

w(k)
1 /� (k)

1 in

he expression of D̃21. Since � (k)
1 ∝ Mk, �1 is the number average

f the � (k)
1 values.

It is interesting to observe that � /= � ′ and � /= �′ due to

olydispersity. This implies that D̃12/�1 and D̃21/�2 may  not be
sed to extract all four coefficients unless the ratios � ′/� and
/�′ are known. These ratios can be estimated by applying our

ydrodynamic-volume model based on Eqs. (8) and (9) to the
se Equilibria 356 (2013) 46–55 53

three-species system with ω = 0.04. We  shall assume that the
hydrodynamic volume of a micelle is directly proportional to its
molecular weight. Note that the calculated � ′/� and �/�′ will not
depend on the absolute values of hydrodynamic volumes but on
their relative ratios only.

To estimate the ratios � ′/� and �/�′, we  first utilize the three
previously calculated D∗(k)

1 to determine the corresponding hydro-
dynamic volumes from the Stokes-Einstein equation. We then
insert these values into Eqs. (8) and (9) to obtain � (k) and �(k)

of the three species. The number-average �1 = 1530 was directly
calculated from the micelle number-average aggregation number.
We are now in position to calculate � ′/� = 0.741 and �/�′ = 0.744.
Since � ′/� ∼= �/�′, Eqs. (7a) and (7b) can be still used to determine
� and � provided that �1 is replaced by �1/0.74. This allows us to
extract � = 12, 000 and � = 2500, which correspond to m = 9.5 in
Fig. 3. These values are respectively 28% lower and 23% higher than
those calculated from the reference hydrodynamic-volume model.

The lower experimental value of � compared to that pre-
dicted from the hydrodynamic-volume model can be attributed
to the deformability of PEG coils and the soft nature of the outer
shell of tyloxapol micelles, which also consist of poly(ethylene
glycol) chains. Thus, a partial overlap between these particles
can occur thereby yielding an excluded volume smaller than that
predicted from their hydrodynamic volumes. On the other hand,
we were unable to identify a mechanism responsible for the
relatively high experimental value of �.  Furthermore, the friction-
based formalism of Onsager transport coefficients [51,68] and
empirical estimations of friction coefficients [69] indicate that the
value of � should be lower than that calculated from the pro-
posed hydrodynamic-volume model. Although our investigation
has shown the importance of � in cross-diffusion and its relation
to solute hydration, more theoretical and experimental diffusion
studies are needed to identify other factors influencing the value of
this transport parameter.

5. Summary and conclusions

We have reported the four multicomponent diffusion
coefficients for the tyloxapol-PEG-water system. Our investigation
has focused on the behavior of the two  normalized cross-diffusion
coefficients, D̃ij, as a function of �i. The slopes D̃ij/�i were used
to extract the thermodynamic parameter, � , and the transport
parameter, �.  These parameters are both positive consistent with
solute(1)–solute(2) thermodynamic excluded-volume interac-
tions and solute hydration. Our results show that cross-diffusion
cannot be approximately described as a mere thermodynamic
phenomenon since the magnitude of � is comparable to that of �.
We have proposed a reference hydrodynamic-volume model based
on hard spheres for our experimental studies. This model indicates
that excluded-volume thermodynamic interactions and particle
hydration represent the main contributions to the experimental
behavior of cross-diffusion. However, a precise determination
of � and � requires the knowledge of the micelle aggregation
number and polydispersity. Thus, we have examined the effect
of aggregation and polydispersity, and quantitatively determined
the discrepancy between experimental results and reference
model. This work provides the basis for further experimental and
theoretical cross-diffusion studies on this class of systems.
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