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Mutual diffusion in multicomponent liquids is studied. It is taken into consideration that the influence of
complex formation on the diffusion process may be substantial. The theory is applied to analyze mass transfer
in an acetone-chloroform solution. The molecular complex concentration was obtained from the analysis of
Fourier transform infrared spectra of this solution. Taking into account molecular complex formation allows one
to explain the experimental dependence of diffusion coefficients on the composition (components concentration).
The accuracy of experimental and theoretical data descriptions in the frame of our model is compared to the

accuracy for some other approaches.
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I. INTRODUCTION

Standard Fick laws [1] are usually used to describe exper-
imental results of mutual diffusion, i.e., transport of solute
from regions with high concentrations to low concentrations
in nonuniform solutions. In this way, the velocity of matter
transfer is determined with Dp, the mutual diffusion (inter-
diffusion) coefficient. Numerous experimental data indicate
that in many solutions this coefficient Dp is not constant
but sufficiently depends on the solute concentration (see, for
example, Refs. [2—-4]).

Many methods have been developed for the theoretical
description of diffusion effects in liquid solutions by now (see,
for example, Refs. [2-18] and references therein). The Darken
equation [7] and its modifications [5,8,10] are widely used.
Also the Vignes equation [13] is the basis of many empirical
equations [5,14-16]. Fluctuation theories of diffusion arouse
interest due to attention paid to the random spatial distribution
of molecules [17,18]. The interconnection between mutual
diffusion and viscosity of solutions allows us to predict some
physical characteristics [12].

In some papers diffusion is considered a random walk
of particles through free positions (vacancies) (see, e.g.,
Refs. [3,19]). But the concept of “vacancy” is very difficult
to introduce in the multicomponent liquid mixture, in which
molecules have significantly different sizes. Besides that, many
liquids have low compressibility. This can be interpreted as an
absence (or a very small quantity) of free volume.

Another direction of diffusion theories’ development is
connected with the application of probability theory for
random walks of atoms in the nodes of a crystal lattice [20].
Note that in the framework of a two-component lattice gas
model new nonlinear diffusion effects can be found: the drag
effect, the formation of the drifting spatial structure, the effect
of “negative” mass transport, etc. [20-26].

But the results of the latter papers are not adapted for
the description of diffusion in liquid solutions. The reason
is that mutual diffusion cannot be separated from the process
of dissolving, and mixing of initial components is accompa-
nied by the energetic process (change of enthalpy, heating
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and cooling). New components can be formed as the result of
dissolution, and they are called “complexes” or “heteroasso-
ciates” [27]. In experiments [28-30] the average quantity of
such structural formations was large enough (for example, it
can exceed 50%), despite their instability.'

An essential step was made in Refs. [31-34],where the
hypothesis of the influence of solution structure on the
diffusion process was successfully realized. The impact
of association or complex formation on interdiffusion and
intradiffusion in multicomponent systems was investigated
in the frame of traditional thermodynamic theories [35-39].
Peculiarities, which complicate their practical applications,
include the necessity of taking into account (in some theories)
the concentration dependence of auxiliary functions, e.g.,
thermodynamic factor, intradiffusion coefficients of solution
components, etc.

The purpose of this work is the application of probability
theory to the description of a mutual diffusion process in a
liquid multicomponent solution with associates, or complex
generation. As an example of our theoretical application,
diffusion in an acetone-chloroform solution is analyzed.

II. NONLINEAR FLOW UNDER
NORMALIZATION CONDITIONS

It is known that in an ideal binary mixture, where interac-
tions between components are not taken into account, transport
of particles A and B is governed by a linear diffusion law [2,3].
The simplest model, which implies nonlinear flow behavior
(relative to concentration characteristics),> must include more
than two types of particles (“particles” may include individual
molecules, associates, and complexes).

Hereinafter a mixture of three components A, B, and C
is considered. Diffusion takes place only along axis x. In
the frame of our model construction, all the particles are
located in planes x; (i =0, £ 1, =2, + 3, ...). The distance
AL between all adjacent planes is small. In any plane the total

"The small lifetime of a molecular complex has to be compared
with the small time of free motion of individual molecules.

2In our theory, diffusion flow relating to the corresponding thermo-
dynamic force is considered in linear approximation.
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amount of particles, Ny, is fixed (vacancies are not available).
If a particle A is located in the plane x; and a particle B
is located in the plane x;;; (near the molecule A), then the
correlated process when A moves into the plane i + 1 and B
moves to the vacant place in plane i can occur. Therefore, this
process AB — BA is called the “exchange of positions.”

In fact, exchange of positions can be performed in a more
difficult way (displacement of several neighboring particles
in the closed loop). However, the flux density is determined
only by the difference between initial and final molecular
distributions and does not depend on the method of particle
transfer. The exchange of positions of particles of one type
is excluded from consideration because it does not result in
experimentally registered changes.?

We denote p.», pie, and p,. the probabilities of exchange of
the positions (per unit time) for the processes A <> B, B < C,
and C < A, respectively. The number of particles of type “s”
in the plane x; is denoted N5(x;,t). The probability to find
the particles with s; # s, in the neighboring positions with the
coordinates (x, Vi ,zk) (xi+1,Y;j,2x) will be proportional to the

NS (X, l))(

product (—=~ N (x’*‘ Ny Ip any case, the normalization

condition rnust be satlsﬁed
N(x;,t) + N°(x;,1) + N(x;.,1) = No. (1)

The particle flux is determined by the number of exchanges
A < B, A < C (per unit time) in the direction of the axis x
and equal to

1
Jix,t) = A {ParIN*(x; ,t)NP(x;11,1)

0
— N(xi 1), N*(Xi 1,01+ Pac [N (i £ )N (X1,
— N(xi, )N (xi 41,01} 2)

If smooth spatial variations for functions N5(x) take place,
it can be spread into a Taylor series:

S ~ S BNS
N (xit1) =N (%) + ——
ax

(AL = x;41 — x;). Substituting Eq. (3) in Eq. (2), we obtain
for the three-component case

PabAL aN® , ON¢
Ji(xi,t) = 5 N - N
Ny 0x ax |,

ac Al ON¢ oN“
+ (p—2> JYCRSAY Y
Ny ax ox
It is easy to generalize Eq. (4) for continuous distribution
of equal size particles, and then we obtain

T =" 0a,q)IN“(r,)VNU(r,1)
q

AL 3)

Xi

“4)

Xi

— Ni(r,t)VNe(r,1)]. (5)

Here we introduce the following notations: @ and g are
components of the system, J¢ is the total flux of the particles

3This theory is oriented at macroscopic diffusion experiments,
for example, with optical registration of spatial distributions of
concentrations.
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a, and the value Q(a,q) is determined by the speed of position
interchange for the substances (a,q). The flow (5) is a quadratic
function of the concentration. Therefore, diffusion has to be
classified as a second order nonlinear effect.

To generalize results above, it is necessary to take into
account the differences in sizes of the diffusing particles.
According to the principles of the phenomenological theo-
ries [40], the diffusion flux of the matter should be considered
as the averaged value over “physically infinitesimal volume.”
Following Ref. [40], we select a physically infinitesimal
volume* Vy(r) in the mixture (centered at the point r) and
define the volume fraction ¢, (r) as the relative portion of this
volume occupied by all molecules of the type n:

Va(r)

V) <Z Pu(r,1) = 1>, (6)

where V,,(r) is the part of the volume V;(r) occupied by the
substance 7.

The flow (5) was defined earlier as the number of particles
that transit through a unit area per unit time. We can replace
this flow by the ¢ stream. It is the volume of substance n which
is carried over a unit area per unit time. It is easy to check that
in this way the nonlinear diffusion flows can be written as
follows:

(pn(r) =

Ji = _bijlgiVe; —9;Veil. @)
J

Here the indices i and j denote the components of the liquid
mixture, ¢; is the volume fraction of the ith component, j;
is volume flow of the ith substance, and b;; is the symmetric
matrix of position interchange coefficients (b;; = b;;), thatcan
be interpreted as “nonlinear diffusion coefficients.” Contrary
to the mutual diffusion coefficient Dr the values of b;; are
constant and do not depend on component concentration. Here
and below, the volume-fixed frame of reference is used.

The nonlinearity of flow similar to Eq. (7) appears in other
tasks. For example, it can be considered a generalization of
the mass transfer law for the model [41] that was created
for multicomponent photopolymers. Also the quadratic non-
linearity similar to Eq. (7) was met in the investigations of
impurity diffusion in cubic crystals [20-26] and in monolayers
of reagents on the surface of a catalyst [42,43].

Generally, the diffusion of liquid components has to be
described as a macroscopic phenomenon. So, all physical
quantities, related to mass transfer, have to be averaged
over physically infinitesimal volume. As a result, all other
equations could be formulated in terms of “partial volumes”
too. Besides Eq. (7), the following laws (generalization of
standard formulas [41,44]) can be used in investigation of
diffusion:

(a) the equations of continuity

ag; .
a—"; +div j; = S, (®)

*According to the definition of physically infinitesimal volume
(PIV), its sizes are much smaller compared to the precision of space
coordinate measuring (in diffusion experiment), but the PIV contains
a large number (N > 1) of particles.
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(b) and the conditions of conservation
Y ji=0. ) s =0 ©)

1
Here S; is the function of sources, which depends on the
processes of i-component formation (decomposition).
For the case of the negligibly small influence of the
shrinkage and swelling phenomenon on the processes of
diffusive transport, we take into account the law of volume

conservation:’
Z o = 1. (10)

Equations (7)-(10) are valid in the range 0 < ¢; < 1, (i =
1,2,...).

It is obvious that macroscopic diffusion flux of any
component must be accompanied by reverse flow of other
components in the case of volume conservation. Hence the
problem of macroscopic diffusion can be considered an analog
of two-body problems (taking into account two related or
interconnected flows). In the general case, the many-body
problem can be described by nonlinear equations [46]. And
it is not surprising that simultaneous consideration of two
correlated subsystems, “direct flow—reverse flow,” leads to
quadratic dependence in the equations of motion.

First of all, it can be checked that the nonlinear form of
the flow in Eq. (7) in the particular case does not contradict
the linear Fick law. Indeed, consider a mixture of two
noninteractive molecular liquids with the flow

Ji=bulei1Ver — Vel (1)
The condition of volume conservation ¢; + ¢, = 1 leads to
p=1-—¢1, Voo =—Vo,. (12)

Substituting Eq. (12) into Eq. (11), we find the expression
for the volume flow:

J1=-bpVo. (13)

The diffusion coefficient in Eq. (13) is constant. The volume
flow j; and molar flow J; are interconnected by the following
relation:

Ji=ViJi, (14)

where V; is the molar volume of substance 1. Volume flow (13)
can be rewritten as

J1=—DpVcy, (15)

where the coefficient Dy = b, is constant. Thus, in the case
of two noninteractive components the diffusion flow is a linear
function of concentration.

Shrinkage and swelling effects can be taken into account if
an additional component (free space) is added. See, for example,
Ref. [45].
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III. DIFFUSION IN LIQUID SOLUTION

Consider diffusion in the molecular solutions that are
formed by mixing two liquid substances A and B. The
theoretical description of this system is considered in the frame
of ideal associated solution model (IASM) [27,47]. This model
treats nonideal mixtures of associated components as ideal
mixtures of free molecules and molecular complexes [48-51].
Interaction between molecules of the original components can
lead to formation (with some probability) of complexes of the
A, B, type. Below we discuss the system with the following
interactions:

nA+mB — A,B,
A,B, > nA+mB

(formation of complex),
(dissociation of complex). (16)

(To simplify the calculations, the intermediate steps of reac-
tions are not considered.)

Within the framework of our model, this kind of mixture
consists of three components: A, B, and A, B,,. Hereinafter
these components are denoted as 1, 2, and 3. The reactions (16)
determine the form of the functions S; (sources). In this case

St = Bz — o9y,
Sy = Pagzs — 29l 9y, (17)
S3 ==85-29.

The form of the functions (17) is similar to the description
of generation and decay processes for nonstable products of
chemical reactions [52]. Below, the reaction rates are assumed
to be rapid compared to diffusion so that chemical equilibrium
exists locally [31]. Then the approximation

S, =0 (18)

can be used in Egs. (17). In other words, diffusion occurs
under conditions of a local chemical equilibrium. In this case,
the volume fraction of a complex component can be found
from Eqgs. (17) and (18):

%szhm—mm(m=ﬂ=%) (19)
B B

Below we take into account the following peculiarity. The
transport of molecules in the diffusion process occurs via two
mechanisms: (i) individually and (ii) as a part of the complex
A, B,,. Therefore, the total flow of the matter “A” (measurable
in experiments) is defined as a linear combination,

”—V‘> (20)
nVi+mV,
where «; is the volume fraction of substance A in the complex
A, B,,, and V| and V, are the molar volumes of components 1
and 2.

After substitution of Eq. (7) in Eq. (20) we have the
following relationship:

Jt =g+ as (511 =

I = buleiVer — Vil + bisdale1 Vs — 93V ]
+b3a1lp3Ver — 2 Vsl 2D

As we highlighted above, there are two states of substance
1 in the solution: free and bonded (in molecular complex
composition). Therefore, its total partial volume is

tot

P = @1 + @1¢s. (22)
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Similarly, we can determine the total partial volume for the

second component, 5™
m \_/2
nVi +mV,

tot

Oy = @2+ 003 (552 =

In this case the normalization condition is identically
satisfied:

P+ =1 (@ +a=1. (24)

It is easy to verify the following assertion: the value ¢}

completely determines all other functions of diffuse flows [i.e.,
0 = (p,-((p‘l"‘), i = 1,2,3] if conditions defined by Eq. (18) are
valid. Therefore, the total flux of substance 1 also can be

represented as the function of ¢|* only:

jtl()t — _DTf((Pim)V(P}O[- (25)

It is obvious that Eq. (25) has the same form as the first
Fick law of diffusion; however, it contains the generalized (ef-
fective) coefficient of diffusion, D?f. In fact, the “coefficient”
D' is not constant but is a function which depends on the
“concentration” of interacting substances:

D (1) = wia(¢}™)b12 + wiz (@) b13 + was (@) bas.
(26)

Here w;; determines the relative contribution of the interac-
tions between different components {i, j} = {1,2,3} into the
effective (measured) diffusion coefficient. In the general case®

— d¢1 v g2
2 8¢§0t 1 a‘p=0t )

s = & dp1 dgs
13 2 (p3_8<p}°t <P1—8g0}Ot )

wi2

_ 3 0p2 )
Wy =0l P — B |- (27)
< gl T og"

It is not difficult to verify that
w2 + wiz + waz = 1. (28)
All functions w;; in Eqs. (26) and (28) must be expressed

through ¢|*.

The results obtained above [Egs. (25)—(27)] describe
diffusion in a “binary” liquid solution with complex A, B,
generation in the process of mixing. The material parameters
of this system are K, and b;;. In Appendix A it is proved
that in the simplest case of solutions with 1:1 a complex these
parameters can be found from the experimentally measured
values on the borders of an area of measuring (in the case
of infinite dilution of component A or B) DS (¢! = 0), DS
(¢ = 0), DD5T /00! (o = 0), and 8 D§'/op!™ (¢ = 0).
Therefore, parameters K, and b;; do not need to be considered
mathematically adjustable.

Unfortunately, precise experimental measuring of diffusion
coefficients under conditions ¢} =0 or 5" = 0 usually is
not realized (in practice they are found by extrapolation of the

®For an arbitrary type of third component, particularly for any n, m.
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nearest points’). This is the reason why another way could
be more preferable. Indeed, the equilibrium constant K, can
be determined from other experimental data (for example, by
vibrational spectroscopy or NMR techniques [53,54]). As a
rule, use of additional data leads to improvement of calculation.

IV. MOLECULAR COMPLEX FORMATION IN
ACETONE-CHLOROFORM MIXTURE

The presence of the C-H---O hydrogen bond in the
acetone-chloroform mixture causes the formation of the
molecular complex which consists of one acetone molecule
and one chloroform molecule. Equimolecular (1:1) complex
formation is indicated by inelastic neutron scattering [55],
low-Raman, far- [56], mid- [57], and near-infrared, and 'H
NMR [53] spectroscopies. On the other hand, the oxygen
atom in acetone contains two electron lone pairs, so in fact
two types of complexes may exist. The indirect evidence
of 1:2 complex existence is the slight asymmetry of excess
thermodynamic functions (excess Gibbs energy, enthalpy, and
entropy) [58,59]. Due to the small number of 1:2 complexes
fixed experimentally [54,60], hereinafter we consider only
equimolecular 1:1 complex formation.

Before using Eqs.(26) and (27), we need to obtain the
equilibrium constant K, of complex formation which allows
determination of the volume fractions ¢3. It can be obtained
from an infrared (IR) absorption spectroscopy, because it is
well known that IR spectra are very sensitive to any structural
changes which occur in the investigated system [61].

Fourier transform infrared (FTIR) absorption spectra, be-
tween 3750 and 6200 cm~! (Fig. 1), were used to study in-
termolecular interactions between components of the acetone-
chloroform liquid solution. FTIR spectra were measured using
a Thermo Scientific Nicolet iS50 FTIR spectrometer with
maximum spectral resolution of 0.125 cm~!. Heating of the
sample almost did not occur during the measurements due to
the small value of the absorption coefficient at the excitation
frequency. The temperature of liquid samples was 25 £ 0.2 °C.
Chloroform and acetone with purity 99.9% were used in this
research. The concentration of components was changed from
0% to 100% (in vol %) with a step of 10%. Spectra recordings
were repeated 32 times for each sample. Thereafter the average
spectrum was calculated for every concentration and used in
further analysis.

Considering the liquid solution as multicomponent, which
contains unbonded (“pure”) and bonded (molecular complex)
species, the IR data matrix may be written as

D=CS” +R. (29)

Here D is the measured IR absorption spectra matrix of
solution, its rows containing spectra measured at different
concentrations; C is the matrix of concentrations, its columns
containing concentration profiles of solution components; S is
the matrix, which contains spectral profiles of each solution
component; and R is the residuals matrix.

"In many diffusion experiments the minimal step of concentrations
is near 5-10 %.
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FIG. 1. FTIR absorption spectra of acetone-chloroform solutions between 3750 and 6200 cm™!; ¢! is the initial volume fraction of acetone

(before mixing).

The goal of multivariate curve resolution (MCR) techniques
is the determination of the matrices C and S using the
experimental data matrix D [62,63]. The basic principle of
MCR is to seek a bilinear model that gives the best fit to the
matrix D.

Use of the liquid solution structural model may simplify
greatly the decomposition of spectra matrix D [63]. The
concentration matrix C (in our case it contains volume
fractions) may be found by using a mass balance equation
at fixed value of K,. The solution of Eq. (29) at fixed D may
be estimated in sense of least squares:

S=("c)"'c"D = C*D. (30)

Here CT = (CTC)~'CT7 is Moure-Penrose pseudoinverse ma-
trix. By using Egs. (29) and (30), the residuals matrix R may
be written as

R=D- CC'D. 31)

Matrix C depends on the equilibrium constant K, only;
thus, matrix norm of R must be minimized for the estimation
of the equilibrium constant optimal value:

IR|| = D — C(K,)C*(K,)D| = min, K, >0. (32)

The three-component model of the solution, which was
proposed for the description of mutual diffusion, was used
for decomposition of spectra matrix D. Using measured IR
absorbance data, solution of Eq. (32) gives the following
optimal value of the equilibrium constant:

K =25+0.2. (33)

With this value of equilibrium constant K," we can
numerically solve Eq. (19) and calculate volume fractions of
mixture components @3, ¢, and ¢; as a function of initial
volume ¢|*. The results are shown in Fig. 2.

The complex fraction ¢j3 arises as the result of interaction
between molecules in the dissolution process and can occupy
in our case up to 30% of the total volume.

V. ANALYSIS OF DIFFUSION IN
ACETONE-CHLOROFORM MIXTURE

We applied the modified system of diffusion equations
(7)—-(10) to analyze the mass transfer processes in a liquid
mixture of acetone (C3H¢O, component 1) with chloroform
(CHCl3, component 2). These substances are completely
mutually soluble. The molar volumes of molecules

Vi = 74.00ml/mol, V, = 80.64 ml/mol, (34)

for acetone and chloroform, respectively (which are needed
for the calculation of @; and @;), were found from Ref. [27].
Experimental data on diffusion in an acetone-chloroform
mixture were obtained in Refs. [64,65] at 25 °C. These data
have been restated to build the curve of the diffusion coefficient
Dgpt as a function of the acetone partial volume ¢{** (Fig. 3).

1 : : :
N —acetone
N - - -chloroform
R == complex
0.8’ \\
A Y
— >
g Y
~ Y
@] .
2 .
5 0.6r N
& .
{j:(‘ \\
. ~
° s
> 0.4’ S
S~— N,
- A
S Bl NN
. NN
0.2r e Ssoo T
R ~ .
/., ~~\ "sr
ke ~‘~ s,‘
0= ‘ ‘ SERRERN
0 0.2 0.4 0.6 0.8 1

plt (vol. fraction of acetone)

FIG. 2. Calculated volume fractions of mixture components. ¢

is the initial volume fraction of acetone (before mixing).
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FIG. 3. Concentration dependence of the effective diffusion
coefficient for the acetone-chloroform solution: points, experimental
data [64]; solid curve, theoretical calculations; ¢, initial volume

fraction of acetone (before mixing).

J

tot tot) —
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It is known that the concentration dependence of the excess
enthalpy of mixing has a parabolic form with a minimum
when the component concentration ratio is 1:1 [58,66]. It
is an indirect evidence of equimolecular complex formation
(C = A + B). This conclusion is confirmed by many other
experimental results (see, for example, Refs. [53,55-57]). In
our case, such a complex formation process corresponds to the
following set of coefficients: n = 1, m = 1.

The concentration of components 1 and 2 after mixing can
be written as

tot

o1 =@ — a3, @ = @5 — ;. (35)

In this case the equation for the volume fraction of the
component C = [A; B;] can be obtained from Eq. (19):

93 = Ky (91" — a193) (95" — @293), (36)

which is a quadratic form of ¢3. The solution of Eq. (36) can
be found as

{[1+ Ky (@8 +aet)] = [ + Ko (@e8" + 0] — 42i@ Kool

v3(@, @,

We can rewrite Eqgs. (27) for the case of 1:1 complex
formation in the form

wiy = W + ¢3),
wiz = WK, ,a@201(¢1 + ¢3),
wy = VK,a1902(p2 + ¢3), (38)

where W = [1 4+ K, (@192 + @)l
The explicit form for the concentration dependence of
functions w,,, is obtained by use of Egs. (35)—(37):

1+ ¢3

Wi = )
1+ Ky (@195 + a29") — 26132 K 3
” K, (0™ — a1903) (9™ + @293)
13 =

- 14+ K(ﬂ (5[1@‘“ + 612(/)}0‘) — 2&16[2K¢903 ’

K,a (95" — arp3) (@ + @1¢3)
W23 = — tot | ~ ot - = - (39
1+ Ky (@195 + @29)") — 2a1@: K03

Experimental data DTXP[ can be compared with the

theoretical dependence of Eqs. (26) and (29). Fitting of
b,n, can be realized by minimization of the difference

| DY (oY) — Dfa1°(</)§°t)|2 by the least-squares method. It
leads to the following values of material parameters:

b1y = 3.86 x 107 m?/s,
bz = 3.32 x 1077 m?/s,
by = 1.28 x 107 m?/s. (40)

A graphical comparison of the theoretical results with the
experimental data is presented in Fig. 3. Good agreement
of theory and experiment (average relative deviation 1.4 %)

37
25[10_{sz 37

(

supports the assumption that the coefficients b;; are really
constants (material parameters) and do not depend on concen-
trations.

Despite the low share of complexes (does not exceed 30%
of the volume), its influence on the diffusion is significant.
This is manifested in the nonlinear dependence of the diffusion
coefficient on the concentration of components.

VI. COMPARISON WITH OTHER APPROACHES

The mutual diffusion phenomenon has been investigated
since Fick proposed his equation [1], but there is no unique
theory for its description® [4,5]. The Darken equation’ [7]
is one of the earliest equations which takes into account the
concentration dependence of the mutual diffusion coefficient.
First, it was proposed for binary metal alloys, but now some
modifications of it are used for description of diffusion in
liquid solutions as well.

Concentration dependencies of tracer diffusion coefficients
are needed for application of the Darken equation, but
sometimes they cannot be measured directly. In such cases
a modified Darken equation is formulated, in which mutual
diffusion coefficients at infinite dilution are used instead of
tracer diffusion coefficients [68]. The Vignes equation [13]
is another widely used equation; it is based on Eyring’s
kinetic theory and theoretically substantiated by Cullinan [69].
Darken and Vignes equations are the basis for many empirical

8For more details, see Appendix B.
°Sometimes it is called the Hartley-Crank equation (Hartley and
Crank derived a similar equation independently in Ref. [67]).
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TABLE I. Comparison of different approaches for acetone-chloroform solution.

Number of Number of
specific nonspecific
Version parameters® parameters” CDAF¢ ARD¢ (%)
Group 1 (measuring of auxiliary functions is needed)
Moggridge + NRTL [10,11] 0 3 2x N, 22
Zhu et al. + NRTL [11] 0 3 2x N, 2.8
Li et al. [8] 4 5 I xN, 33
Group 2 (theories with adjustable nonspecific parameters)
UNIDIF [15] 2 6 0 1.5
Modified Darken 4 UNIQUAC [15] 2 7 0 1.9
Modified Darken 4+ NRTL (version 2) [15] 2 3 0 2.1
Vignes + NRTL [15] 2 3 0 2.1
Vignes + UNIQUAC [15] 2 7 0 2.1
Medvedev and Shapiro [73] 0 8 0 1.4-7.4¢
Group 3 (theories without adjustable nonspecific parameters)

Yan et al. + Wilson [70] 4 2 0 2.3
Yan et al. + NRTL [70] 4 3 0 4.2
Zhou et al. + NRTL [14] 2 3 0 5.5
Bosse and Bart + Wilson [16] 2 2 0 6.0
Zhou et al. + Wilson [14] 4 2 0 6.2
Modified Darken + Wilson [70] 2 2 0 17.0
Modified Darken + NRTL (version 1) [14] 2 3 0 17.0
Vignes + Wilson [14] 2 2 0 18.4
Obukhovsky et al. 3 1 0 1.4

Coefficients of self-diffusion DY and DY and/or mutual diffusion at infinite dilution DY, and DY, (material constants).

® Any other parameters (from nondiffusion experiments).

“Concentration-dependent auxiliary function (number of functions xN,, where N, is the number of experimental points). Tracer diffusion
coefficients D} or viscosity of mixture, 1, can be used as auxiliary functions. In this table, N, = 9.

d Average relative deviation.

¢ARD depends on the chosen thermodynamic model and the way of the determination of penetration length Z.

equations [5,8,10-12,14-16]. Nowadays, most popular
modifications are based on the local composition con-
cept [8,12,14,70]. All these equations contain a thermody-
namic correction factor, but there is no unique theory for its
determination [71].

Hsu and Chan proposed the UNIDIF model [15], which
combines the lattice theory of liquids and absolute reac-
tion rate theory. Shapiro proposed the fluctuation theory
of diffusion [17] based on thermodynamics of irreversible
processes. The main idea of this approach is the fact that the
matrix of Onsager phenomenological coefficients is related
to the product of three matrices: kinetic (which accounts
for the rates of molecular motion), thermodynamic (which
is connected with the second order derivatives of the entropy),
and resistance (which accounts for the resistance to molecular
motion by other molecules) matrices. Determination of the
thermodynamic matrix requires knowledge of the equation of
state. Also itis difficult to determine the resistance matrix from
first principles [72]; thus, empirical formulas with variable
numbers of adjustable parameters are used [18,73].

Calculation of the concentration dependence of the mutual
diffusion coefficient Dj,(c;) requires information (e.g., tracer
diffusivities and activity coefficient) about the investigated
mixture. Such information can be obtained (1) directly
from diffusion coefficient data or (2) from other available
experimental data (for example, the concentration dependence

of the activity coefficient is often obtained from vapor-liquid
equilibrium data [68]). In some theories the concentration
dependence of accessory functions (tracer data and, viscosity)
is needed [8,10,11]. Thus, all theoretical descriptions of
the mutual diffusion coefficients mentioned above can be
separated into three groups (see Table I and Appendix B)
depending on the presence of auxiliary functions and specific
and nonspecific parameters.

The acetone-chloroform solution is a popular system for
diffusion theories. Below in Table I the results [8,10,11,14—
16,70,73] are processed and classified.

In Table I the average relative deviation (ARD),

N,

1
ARD:N—Z

Pz

€xpt calc
D i D i
Dexpl

1

; (41)

was used to define the difference between experimental
and theoretical data. Values for ARD were taken from the
respective cited papers. For the main formulas of different
approaches see Appendix B.

Insertion of adjustable parameters into theoretical formulas
leads to decreasing of ARD. Thus, minimization of ARD can
be achieved by using three or four adjustable parameters (in
the formula of penetration length Z) in the fluctuation theory
of diffusion [73]. But there is no rigorous basis for the formula
of penetration length Z, and its choice is quite arbitrary.
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TABLE II. Some approaches to the description of the mutual diffusion coefficient.

Parameters of model

Approach Equation Specific Nonspecific CDpPC*
Group 1 (measuring of auxiliary functions are needed)

Moggridge -+ NRTL [10,11] D|2 = (X|D; +X2DT)F&, a~ 064, I = F(le,'[z],a;)ﬂ) T12,T21, 4 DT(X]), D;(X])
Zhu et al. + NRTL [11] Dy, = (X|1D; +x22Df)F5‘, a~0.64;T = (112, 101,a; x1) T12,T21, 4 D;‘(xl), D;(X])
Li et al. [8] D = (%2D} + HED3)I T = T(A i, Aoy x), DY,, DY, A, Agy, n(x1)

* Dz(’] i ? 5 ; 2]

Df = 2 ()i = 1.2 D}, D} m.m B
0 _ (mDY\VE o 1/p
1_(sz?l) M= (nzDo)

B=1/2
Group 2 (theories with adjustable nonspecific parameters)
InDy, = x,In DY, + x; In DY, + 2{x1 In ;—‘] +x,1n ;—i}
+2x1x2{%(1 — Ll) + ‘”—2(1 — Lz)} ai,asy

A2 X A 0 0
Dlzysz ry,r

UNIDIF [15] 2 .
H{xoqi[(1 = 03)In 1y + (1 — 63112 In 712

q1:92
+x1q2[(1 — 9122)111 T+ (1 - 9121)1'21 In T21]}
_0iTji _ X4 B 4ji
O = Z[‘*/U;’ I = S (Ui = exp( )’
— — /3 + _
¢ = lem A=) i=1,2
Modified Darken Dy = (DYyx, + DY xy )T T = T(t12,T21.71.72.41.42. Nes x1) - DYy, DY) T2, 1. 41 g2, Ne
+ UNIQUAC [15,68] I, 12,
Modified Darken Dy = (DYyx; + D9 x))T; T = (112, 21,3 X1) DY,, DY, T2, T1, @
+ NRTL(version 2) [15,68]
Vignes + NRTL [13,15] Dy = (D%,)* (DY) I's T = I'(t12, 721,83 1) DY, DY, T2, T1, @
Vignes + UNIQUAC [13,15] Dy = (D%,)* (DY) I's T = T'(t12,721.71.72.41,42, Nes 1) DYy, DY, 712, 21,
1, 2, 41,42, Ne
i — Mo 1 al a1
Medvedev and Shapiro [73] D1 = Lp 377 (MM2 a“ci‘z + L szl 3“(’]” ), A, B, ap, a,
Lp=GL7,G", Ly =3(Ly +L%), By, Bi» b1, by
Ly = 1LKLTLR LKI_/ —811 il;,;;
Lrijj=—fj. f=F"F;= acal-asc/’
a2
Fiz=Fy; = 5 BSUs Fis3 =25,
Lgij =6;Z — Ci%s Lgiz= _Ci%s
Z, = /MW A(1 = Bic; — Byer — ’f'f;'ﬁ) G(,j=12)
Group 3 (theories without adjustable nonspecific parameters)
Yan et al. + Wilson [70] Dpy =[x+ 28) +x, (& + 23)] 7T DY, DY, A, Aoy
12 1 21 2
I'=T(A2,A;5x1) D), DY
-1
Yan e al. + NRTL [70] D= [x2(¢’l + 4’“) +x ("’12 + "’22)] r; D%, DY, Tl
' = I'(t12,721,d; x1) D(l)’ Dg
Zhou et al. + NRTL [14] Dy = (D) 2" (D8) "V T T = 1 i DY, DY v
. 12 = 12 21 ; I =T(112,721,a5 %1) 12> Yoy Ti2, T21, 4
7Zh . _ 0\ Vm®22/V2 ( 10 \ Vi #11/V1 1+, _ . 0 0
ou et al. + Wilson [14] D12 = (Dl ) (D ) F, I'= F(AIQ,AZI,)C]) DIZ’ D21 AIZ’AZI
Bosse and Bart + Wilson [16] Dy, = (D%,)”(D3)"e -%rr; GE = GE(App, Agsxy1); DY,, DY, A1, Aoy

['=T(An, A x1)
Modified Darken Diy = (DY,x2 + D9 x))T; T =T (A2, Azis xp) DY, D, A, Ay
+ Wilson [68,70]
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TABLE IL. (Continued.)

Parameters of model

Approach Equation Specific Nonspecific CDPC*
Modified Darken® Dy = (D)yx; + D3\x,)T; T = ['(112,721,a@3 X1) DY, DY, T12, Ta1, @

+NRTL (version 1)° [14,68]

Vignes + Wilson [13,14] Dy, = (D)) (DY) T T = I'(Ap2, Aoy xp) DY, DY, A, Ay

“Concentration-dependent physical characteristic. Such functions are determined experimentally without theoretical description in correspond-

ing cited works.

®Original Darken equation is D, = (Dix, + D3x))I. Dy is the tracer diffusivity of the ith component (it depends on the concentration of the
solution), but it is often replaced by a value at infinite dilution (which leads to the modified Darken equation).

“The modified Darken + NRTL (version 1) model differs from the modified Darken + NRTL (version 2) model only by the way of extraction
of interaction parameters a;,, a,; in the thermodynamic factor model. They may be regressed from mutual diffusion data (as in version 2) or

obtained from other experimental data (as in version 1).

As follows from Table I, our theory produces good results.
At the current stage of developing this model, the material
parameters by, by3, and b3 cannot be determined from
independent data. But they can be obtained using diffusion
characteristics at infinite dilution (see Appendix A). Thereby,
there are no adjustable parameters in this model.

VII. CONCLUSIONS

The proposed approach can be applied to the description
of mutual diffusion in nonideal liquid solutions. Based on the
obtained results, we can conclude the following:

(a) Intermolecular interactions between mixture compo-
nents can be taken into account as a formation of molecular
complexes. Thus an initially binary (before mixing) solution
has to be modeled as a multicomponent system (three or more
components).

(b) For acetone-chloroform mixtures, the three-component
model can be successfully used to explain the specifics of the
coefficient of mutual diffusion.

(c) The concentrations of the complexes are needed to
explain the nonlinearity of diffusion. These values can be
obtained from other experiments (optical spectroscopy and
NMR) or calculated from experimental mutual diffusion data.

(d) The proposed theory could be generalized for other
multicomponent mixtures (two types of complexes or more).
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APPENDIX A

The case of the simplest complex (1:1) formation is
considered below. It corresponds ton = 1, m = 1 in Eq. (19).

Experimentally measured data for DTXPt and their derivatives
tot

dD7™ /3¢ at the limiting points'® (¢} = 0, or g3 = 0) may
be used for determination of the unknown parameters by, b;3,

19Note that the volume conservation law in Eqs. (10) and (24) should
be kept.

by3,and K,. The following system of four equations can found
from Eqgs. (26) and (39):

By = D (o = 0) = % (A2)
expt
b= 225 (=0
— 12(K,a@) (1 + K@%, (A3)
expt
b= 225 (o =0
= —2(K,a)(1 + K,) (12 — b1a) (A4)

(1 + (Kp@))*

The solution of Egs. (A1) and (A2) allows the determination
of all the necessary parameters: by, = b, (B, B2, B3, By).
Thus, in this case, the theory which uses a three-component
model of the liquid solution does not have any adjustable
parameters. The problem of calculation accuracy is still
open, because a big step in concentration change (typical for
experimental conditions) may produce big uncertainty of some
coefficients (in particular, K,).

To improve the precision of the calculation, data from
independent experiments'! can be used, as it was demonstrated
above for the case of acetone-chloroform solutions.

APPENDIX B

Table II represents some of the most widely used ap-
proaches for description of the concentration dependence of
the mutual diffusion coefficient in binary liquid mixtures.
Many of them require additional thermodynamic models for
determination of excess Gibbs energy GE and, thus, for
determination of the thermodynamic factor I". These models
are represented in Table III. Classification in Table II was made
not only by the model of mutual diffusion used but also by

""Constant K, can be obtained, for example, from NMR or optical
experiments.
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TABLE III. Some thermodynamic models of the solution.

Model Excess Gibbs energy, G£ Parameters
X GE k k
Wilson [74] 5T = i} XA, A, Ay
A,‘,’ == Ajj == 1
k
GE _ <k 21 7ji Gjixj _
NRTL [75] RT = Zi:l X,‘(m), T12,T21,d
Gij = exp(—ar;) T12,T21,0
GE _ bi
RT — Zi I:X,' In j
UNIQUAC [76] N " T12, T21s
_Tcxiqi In 67: — Xiq; In (Zk 9‘,'1']',')]
— — — N4 __ Xidi
T =1;=10 = Xi‘liirxj‘ﬁ = /q‘ T, 12, 41,
— il = Nl =
d)i - xlr;+)1(jrj - ’r q2, NC =10

the thermodynamic models used. Additionally, classification
of the required parameters of the model was made. All
parameters were divided in two parts: specific and nonspecific.
Specific parameters of the model can be determined from
diffusion experiments only. Nonspecific parameters may be
determined from other available experiments. Some models

PHYSICAL REVIEW E 95, 022133 (2017)

need additional values of physical quantities which depend
on solution concentration (e.g., viscosity of mixture); such
types of quantities are aggregated in the CDPC column of
Table II.

The thermodynamic factor I' is connected with excess

Gibbs energy in the following way:
2°GE 0°GE
2 ) . (B1)

X1X2 82GE
r=1+ 3 =
0x; 0x5 0x10x2

RT

Local composition models (Wilson, NRTL, UNIQUAC) are
widely used for description of the thermodynamic factor in
mutual diffusivity equations. These models do not have rigor-
ous theoretical backgrounds and are semiempirical [71], but
incorporation of more advanced thermodynamics models leads
to significant complication of expressions for the description of
mutual diffusion coefficients. Thermodynamic models, which
areregarded in Table I, are represented in Table I11. Parameters
A1 and Ap; (Wilson model) and 715 and 15; (NRTL and
UNIQUAC models) represent interaction between the mixture
components and are regressed from experimental data (for
more details see Ref. [71]).

[1] A. Fick, Philos. Mag. Ser. 4 10, 30 (1855).

[2] E. Bringuier, Eur. J. Phys. 30, 1447 (2009).

[3] J. Philibert, Diffus. Fundam. 2, 1.1 (2005).

[4] H. J. V. Tyrrell and K. R. Harris, Diffusion in Liquids: A
Theoretical and Experimental Study (Butterworths, London,
1984), p. 461.

[5] M. Pertler, E. Blass, and G. W. Stevens, AIChE J. 42,910 (1996).

[6] G. Guevara-Carrion, T. Janzen, Y. M. Munoz-Munoz, and J.
Vrabec, J. Chem. Phys. 144, 124501 (2016).

[7] L. S. Darken, Trans. AIME 175, 184 (1948).

[8] J. Li, H. Liu, and Y. Hu, Fluid Phase Equilib. 187-188, 193
(2001).

[9] H. R. Schober and H. L. Peng, Phys. Rev. E 93, 052607 (2016).

[10] G. Moggridge, Chem. Eng. Sci. 71, 226 (2012).

[11] Q. Zhu, G. D. Moggridge, and C. D’ Agostino, Chem. Eng. Sci.
132, 250 (2015).

[12] Q. Zhu, C. D’Agostino, M. Ainte, M. Mantle, L. Gladden, O.
Ortona, L. Paduano, D. Ciccarelli, and G. Moggridge, Chem.
Eng. Sci. 147, 118 (2016).

[13] A. Vignes, Ind. Eng. Chem. Fundam. 5, 189 (1966).

[14] M. Zhou, X. Yuan, Y. Zhang, and K. T. Yu, Ind. Eng. Chem.
Res. 52, 10845 (2013).

[15] Y.-D. Hsu and Y.-P. Chen, Fluid Phase Equilib. 152, 149
(1998).

[16] D. Bosse and H.-J. Bart, Ind. Eng. Chem. Res. 45, 1822 (2006).

[17] A. A. Shapiro, Physica A 320, 211 (2003).

[18] O. O. Medvedev and A. A. Shapiro, Fluid Phase Equilib. 225,
13 (2004).

[19] P. Heitjans and J. Karger, Diffusion in Condensed Matter:
Methods, Materials, Models (Springer, Berlin, 2005).

[20] B.Schmittmann and R. K. P.Zia, Statistical Mechanics of Driven
Diffusive Systems, edited by C. Domb and J. L. Lebowitz, Phase
Transitions and Critical Phenomena Vol. 17 (Academic Press,
New York, 1995).

[21] K.-t. Leung and R. K. P. Zia, Phys. Rev. E 56, 308 (1997).

[22] R. S. Hipolito, R. K. P. Zia, and B. Schmittmann, J. Phys. A 36,
4963 (2003).

[23] P. Argyrakis, A. A. Chumak, M. Maragakis, and N. Tsakiris,
Phys. Rev. B 80, 104203 (2009).

[24] S. P. Lukyanets and O. V. Kliushnychenko, Phys. Rev. E 82,
051111 (2010).

[25] O. V. Kliushnychenko and S. P. Lukyanets, J. Exp. Theor. Phys.
118, 976 (2014).

[26] B. Schmittmann, K. Hwang, and R. K. P. Zia, Europhys. Lett.
19, 19 (1992).

[27] W. E. Acree, Jr., Thermodynamic Properties of Nonelectrolyte
Solutions (Academic Press, Orlando, FL, 1984), p. 312.

[28] N. Hu, D. Wu, K. Cross, S. Burikov, T. Dolenko, S. Patsaeva,
and D. W. Schaefer, J. Agric. Food Chem. 58, 7394 (2010).

[29] R. Nomen, J. Sempere, and K. Aviles, Chem. Eng. Sci. 56, 6577
(2001).

[30] J.-H. Guo, Y. Luo, A. Augustsson, S. Kashtanov, J.-E. Rubens-
son, D. K. Shuh, H. Agren, and J. Nordgren, Phys. Rev. Lett.
91, 157401 (2003).

[31] D. G. Leaist, Can. J. Chem. 66, 1129 (1988).

[32] V. Vitagliano and R. Sartorio, J. Phys. Chem. 74, 2949 (1970).

[33] R. H. Stokes, J. Phys. Chem. 69, 4012 (1965).

[34] P. C. Carman, J. Phys. Chem. 71, 2565 (1967).

[35] D. G. Leaist, J. Solution Chem. 21, 1035 (1992).

[36] Y. Oishi and M. Nanba, J. Chem. Phys. 70, 2205 (1979).

[37] K. McKeigue and E. Gulari, AIChE J. 35, 300 (1989).

[38] G. Mangiapia and R. Sartorio, J. Solution Chem. 43, 186 (2014).

[39] E. Wygnal, J. A. MacNeil, J. Bowles, and D. G. Leaist, J. Mol.
Liq. 156, 95 (2010).

[40] J. L. Klimontovich, Statistical Theory of Open Systems (Kluwer
Academic, Dordrecht, 1995).

[41] G.Karpov, V. Obukhovsky, T. Smirnova, and V. Lemeshko, Opt.
Commun. 174, 391 (2000).

[42] A. N. Gorban, V. I. Bykov, and G. S. Yablonskii, Chem. Eng.
Sci. 35, 2351 (1980).

022133-10


https://doi.org/10.1088/0143-0807/30/6/022
https://doi.org/10.1088/0143-0807/30/6/022
https://doi.org/10.1088/0143-0807/30/6/022
https://doi.org/10.1088/0143-0807/30/6/022
https://doi.org/10.1002/aic.690420403
https://doi.org/10.1002/aic.690420403
https://doi.org/10.1002/aic.690420403
https://doi.org/10.1002/aic.690420403
https://doi.org/10.1063/1.4943395
https://doi.org/10.1063/1.4943395
https://doi.org/10.1063/1.4943395
https://doi.org/10.1063/1.4943395
https://doi.org/10.1016/S0378-3812(01)00535-0
https://doi.org/10.1016/S0378-3812(01)00535-0
https://doi.org/10.1016/S0378-3812(01)00535-0
https://doi.org/10.1016/S0378-3812(01)00535-0
https://doi.org/10.1103/PhysRevE.93.052607
https://doi.org/10.1103/PhysRevE.93.052607
https://doi.org/10.1103/PhysRevE.93.052607
https://doi.org/10.1103/PhysRevE.93.052607
https://doi.org/10.1016/j.ces.2011.12.016
https://doi.org/10.1016/j.ces.2011.12.016
https://doi.org/10.1016/j.ces.2011.12.016
https://doi.org/10.1016/j.ces.2011.12.016
https://doi.org/10.1016/j.ces.2015.04.021
https://doi.org/10.1016/j.ces.2015.04.021
https://doi.org/10.1016/j.ces.2015.04.021
https://doi.org/10.1016/j.ces.2015.04.021
https://doi.org/10.1016/j.ces.2016.03.020
https://doi.org/10.1016/j.ces.2016.03.020
https://doi.org/10.1016/j.ces.2016.03.020
https://doi.org/10.1016/j.ces.2016.03.020
https://doi.org/10.1021/i160018a007
https://doi.org/10.1021/i160018a007
https://doi.org/10.1021/i160018a007
https://doi.org/10.1021/i160018a007
https://doi.org/10.1021/ie4010157
https://doi.org/10.1021/ie4010157
https://doi.org/10.1021/ie4010157
https://doi.org/10.1021/ie4010157
https://doi.org/10.1016/S0378-3812(98)00375-6
https://doi.org/10.1016/S0378-3812(98)00375-6
https://doi.org/10.1016/S0378-3812(98)00375-6
https://doi.org/10.1016/S0378-3812(98)00375-6
https://doi.org/10.1021/ie0487989
https://doi.org/10.1021/ie0487989
https://doi.org/10.1021/ie0487989
https://doi.org/10.1021/ie0487989
https://doi.org/10.1016/S0378-4371(02)01553-4
https://doi.org/10.1016/S0378-4371(02)01553-4
https://doi.org/10.1016/S0378-4371(02)01553-4
https://doi.org/10.1016/S0378-4371(02)01553-4
https://doi.org/10.1016/j.fluid.2004.06.060
https://doi.org/10.1016/j.fluid.2004.06.060
https://doi.org/10.1016/j.fluid.2004.06.060
https://doi.org/10.1016/j.fluid.2004.06.060
https://doi.org/10.1103/PhysRevE.56.308
https://doi.org/10.1103/PhysRevE.56.308
https://doi.org/10.1103/PhysRevE.56.308
https://doi.org/10.1103/PhysRevE.56.308
https://doi.org/10.1088/0305-4470/36/18/302
https://doi.org/10.1088/0305-4470/36/18/302
https://doi.org/10.1088/0305-4470/36/18/302
https://doi.org/10.1088/0305-4470/36/18/302
https://doi.org/10.1103/PhysRevB.80.104203
https://doi.org/10.1103/PhysRevB.80.104203
https://doi.org/10.1103/PhysRevB.80.104203
https://doi.org/10.1103/PhysRevB.80.104203
https://doi.org/10.1103/PhysRevE.82.051111
https://doi.org/10.1103/PhysRevE.82.051111
https://doi.org/10.1103/PhysRevE.82.051111
https://doi.org/10.1103/PhysRevE.82.051111
https://doi.org/10.1134/S1063776114050124
https://doi.org/10.1134/S1063776114050124
https://doi.org/10.1134/S1063776114050124
https://doi.org/10.1134/S1063776114050124
https://doi.org/10.1209/0295-5075/19/1/004
https://doi.org/10.1209/0295-5075/19/1/004
https://doi.org/10.1209/0295-5075/19/1/004
https://doi.org/10.1209/0295-5075/19/1/004
https://doi.org/10.1021/jf100609c
https://doi.org/10.1021/jf100609c
https://doi.org/10.1021/jf100609c
https://doi.org/10.1021/jf100609c
https://doi.org/10.1016/S0009-2509(01)00347-5
https://doi.org/10.1016/S0009-2509(01)00347-5
https://doi.org/10.1016/S0009-2509(01)00347-5
https://doi.org/10.1016/S0009-2509(01)00347-5
https://doi.org/10.1103/PhysRevLett.91.157401
https://doi.org/10.1103/PhysRevLett.91.157401
https://doi.org/10.1103/PhysRevLett.91.157401
https://doi.org/10.1103/PhysRevLett.91.157401
https://doi.org/10.1139/v88-185
https://doi.org/10.1139/v88-185
https://doi.org/10.1139/v88-185
https://doi.org/10.1139/v88-185
https://doi.org/10.1021/j100709a019
https://doi.org/10.1021/j100709a019
https://doi.org/10.1021/j100709a019
https://doi.org/10.1021/j100709a019
https://doi.org/10.1021/j100895a061
https://doi.org/10.1021/j100895a061
https://doi.org/10.1021/j100895a061
https://doi.org/10.1021/j100895a061
https://doi.org/10.1021/j100867a027
https://doi.org/10.1021/j100867a027
https://doi.org/10.1021/j100867a027
https://doi.org/10.1021/j100867a027
https://doi.org/10.1007/BF00651732
https://doi.org/10.1007/BF00651732
https://doi.org/10.1007/BF00651732
https://doi.org/10.1007/BF00651732
https://doi.org/10.1063/1.437776
https://doi.org/10.1063/1.437776
https://doi.org/10.1063/1.437776
https://doi.org/10.1063/1.437776
https://doi.org/10.1002/aic.690350215
https://doi.org/10.1002/aic.690350215
https://doi.org/10.1002/aic.690350215
https://doi.org/10.1002/aic.690350215
https://doi.org/10.1007/s10953-013-0124-5
https://doi.org/10.1007/s10953-013-0124-5
https://doi.org/10.1007/s10953-013-0124-5
https://doi.org/10.1007/s10953-013-0124-5
https://doi.org/10.1016/j.molliq.2010.03.011
https://doi.org/10.1016/j.molliq.2010.03.011
https://doi.org/10.1016/j.molliq.2010.03.011
https://doi.org/10.1016/j.molliq.2010.03.011
https://doi.org/10.1016/S0030-4018(99)00712-9
https://doi.org/10.1016/S0030-4018(99)00712-9
https://doi.org/10.1016/S0030-4018(99)00712-9
https://doi.org/10.1016/S0030-4018(99)00712-9
https://doi.org/10.1016/0009-2509(80)87015-1
https://doi.org/10.1016/0009-2509(80)87015-1
https://doi.org/10.1016/0009-2509(80)87015-1
https://doi.org/10.1016/0009-2509(80)87015-1

NONLINEAR DIFFUSION IN MULTICOMPONENT LIQUID ...

[43] A. N. Gorban, H. P. Sargsyan, and H. A. Wahab, Math. Modell.
Nat. Phenom. 6, 184 (2011).

[44] V. Obukhovsky and V. Nikonova, Ukr. J. Phys. 55, 891 (2010).

[45] G. M. Karpov, V. V. Obukhovsky, and T. N. Smirnova,
Semicond. Phys. Quantum Electron. Optoelectron. 2, 66 (1999).

[46] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Farticle Systems (Dover, New York, 2003).

[47] D. V. Fenby and L. G. Hepler, Chem. Soc. Rev. 3, 193
(1974).

[48] A. Apelblat, J. Mol. Liqg. 128, 1 (2006).

[49] J. Dudowicz, Phys. Chem. Liq. 9, 67 (1979).

[50] V. A. Durov, Pure Appl. Chem. 76, 1 (2004).

[51] J. Dudowicz, J. F. Douglas, and K. F. Freed, J. Phys. Chem. B
112, 16193 (2008).

[52] J. H. Espenson, Chemical Kinetics and Reaction Mechanisms,
2nd ed. (McGraw-Hill, New York, 1995), p. 296.

[53] Y. B. Monakhova, M. V. Pozharov, T. V. Zakharova, E.
K. Khvorostova, A. V. Markin, D. W. Lachenmeier, T.
Kuballa, and S. P. Mushtakova, J. Solution Chem. 43, 1963
(2014).

[54] G. A. Alper, M. Y. Nikiforov, A. N. Petrov, and G. A. Krestov,
J. Gen. Chem. USSR 61, 837 (1991).

[55] P. D. Vaz, M. M. Nolasco, F. P. S. C. Gil, P. J. A. Ribeiro-Claro,
and J. Tomkinson, Chem. Eur. J. 16, 9010 (2010).

[56] T. Perova, D. Christensen, and O. F. Nielsen, Vib. Spectrosc. 15,
61 (1997).

[57] L. Domonkos and F. Ratkovics, Monatsh. Chem. 116, 437
(1985).

[58] A. Apelblat, A. Tamir, and M. Wagner, Fluid Phase Equilib. 4,
229 (1980).

[59] E. R. Kearns, J. Phys. Chem. 65, 314 (1961).

PHYSICAL REVIEW E 95, 022133 (2017)

[60] V. A. Durov and L. Y. Shilov, J. Chem. Soc. Farad. Trans. 92,
3559 (1996).

[61] L. G. Weyer and S.-C. Lo, in Handbook of Vibrational
Spectroscopy, edited by J. Chalmers and P. Griffiths (Wiley,
Chichester, UK, 2002), Vol. 3, pp. 1817-1837.

[62] S. C. Rutan, A. de Juan, and R. Tauler, in Comprehensive
Chemometrics: Chemical and Biochemical Data Analysis,
edited by S. D. Brown, R. Tauler, and B. Walczak (Elsevier,
Amsterdam, 2009), Vol. 2, pp. 249-259.

[63] S. Norman and M. Maeder, Crit. Rev. Anal. Chem. 36, 199
(2006).

[64] M. T. Tyn and W. F. Calus, J. Chem. Eng. Data 20, 310 (1975).

[65] D. K. Anderson, J. R. Hall, and A. L. Babb, J. Phys. Chem. 62,
404 (1958).

[66] V.P.Belousov and A. G. Morachevsky, Heats of Liquids Mixing
(Chemical Press, Leningrad, 1970).

[67] G. S. Hartley and J. Crank, Trans. Farad. Soc. 45, 801 (1949).

[68] B.E. Poling, J. M. Prausnitz, and J. P. OConnell, The Properties
of Gases and Liquids (McGraw-Hill, New York, 2001), p. 803.

[69] H. T. Cullinan, Jr., Ind. Eng. Chem. Fundam. 5, 281 (1966).

[70] J. Yan, S. Le, and X. Luo, Adv. Nat. Sci. 1, 24 (2008).

[71] G. Kontogeorgis and G. Folas, Thermodynamic Models for
Industrial Applications: From Classical and Advanced Mixing
Rules to Association Theories (Wiley, Chichester, UK, 2010).

[72] G. Galliero, O. O. Medvedeyv, and A. A. Shapiro, Physica A 350,
315 (2005).

[73] O. O. Medvedev and A. A. Shapiro, Fluid Phase Equilib. 236,
111 (2005).

[74] G. M. Wilson, J. Am. Chem. Soc. 86, 127 (1964).

[75] H. Renon and J. M. Prausnitz, AIChE J. 14, 135 (1968).

[76] D. S. Abrams and J. M. Prausnitz, AIChE J. 21, 116 (1975).

022133-11


https://doi.org/10.1051/mmnp/20116509
https://doi.org/10.1051/mmnp/20116509
https://doi.org/10.1051/mmnp/20116509
https://doi.org/10.1051/mmnp/20116509
https://doi.org/10.1039/cs9740300193
https://doi.org/10.1039/cs9740300193
https://doi.org/10.1039/cs9740300193
https://doi.org/10.1039/cs9740300193
https://doi.org/10.1016/j.molliq.2006.02.005
https://doi.org/10.1016/j.molliq.2006.02.005
https://doi.org/10.1016/j.molliq.2006.02.005
https://doi.org/10.1016/j.molliq.2006.02.005
https://doi.org/10.1080/00319107908084768
https://doi.org/10.1080/00319107908084768
https://doi.org/10.1080/00319107908084768
https://doi.org/10.1080/00319107908084768
https://doi.org/10.1351/pac200476010001
https://doi.org/10.1351/pac200476010001
https://doi.org/10.1351/pac200476010001
https://doi.org/10.1351/pac200476010001
https://doi.org/10.1021/jp806859w
https://doi.org/10.1021/jp806859w
https://doi.org/10.1021/jp806859w
https://doi.org/10.1021/jp806859w
https://doi.org/10.1007/s10953-014-0249-1
https://doi.org/10.1007/s10953-014-0249-1
https://doi.org/10.1007/s10953-014-0249-1
https://doi.org/10.1007/s10953-014-0249-1
https://doi.org/10.1002/chem.201000479
https://doi.org/10.1002/chem.201000479
https://doi.org/10.1002/chem.201000479
https://doi.org/10.1002/chem.201000479
https://doi.org/10.1016/S0924-2031(97)00027-1
https://doi.org/10.1016/S0924-2031(97)00027-1
https://doi.org/10.1016/S0924-2031(97)00027-1
https://doi.org/10.1016/S0924-2031(97)00027-1
https://doi.org/10.1007/BF00798365
https://doi.org/10.1007/BF00798365
https://doi.org/10.1007/BF00798365
https://doi.org/10.1007/BF00798365
https://doi.org/10.1016/0378-3812(80)80018-5
https://doi.org/10.1016/0378-3812(80)80018-5
https://doi.org/10.1016/0378-3812(80)80018-5
https://doi.org/10.1016/0378-3812(80)80018-5
https://doi.org/10.1021/j100820a031
https://doi.org/10.1021/j100820a031
https://doi.org/10.1021/j100820a031
https://doi.org/10.1021/j100820a031
https://doi.org/10.1039/FT9969203559
https://doi.org/10.1039/FT9969203559
https://doi.org/10.1039/FT9969203559
https://doi.org/10.1039/FT9969203559
https://doi.org/10.1080/10408340600969619
https://doi.org/10.1080/10408340600969619
https://doi.org/10.1080/10408340600969619
https://doi.org/10.1080/10408340600969619
https://doi.org/10.1021/je60066a009
https://doi.org/10.1021/je60066a009
https://doi.org/10.1021/je60066a009
https://doi.org/10.1021/je60066a009
https://doi.org/10.1021/j150562a006
https://doi.org/10.1021/j150562a006
https://doi.org/10.1021/j150562a006
https://doi.org/10.1021/j150562a006
https://doi.org/10.1039/tf9494500801
https://doi.org/10.1039/tf9494500801
https://doi.org/10.1039/tf9494500801
https://doi.org/10.1039/tf9494500801
https://doi.org/10.1021/i160018a021
https://doi.org/10.1021/i160018a021
https://doi.org/10.1021/i160018a021
https://doi.org/10.1021/i160018a021
https://doi.org/10.1016/j.physa.2004.11.011
https://doi.org/10.1016/j.physa.2004.11.011
https://doi.org/10.1016/j.physa.2004.11.011
https://doi.org/10.1016/j.physa.2004.11.011
https://doi.org/10.1016/j.fluid.2005.04.023
https://doi.org/10.1016/j.fluid.2005.04.023
https://doi.org/10.1016/j.fluid.2005.04.023
https://doi.org/10.1016/j.fluid.2005.04.023
https://doi.org/10.1021/ja01056a002
https://doi.org/10.1021/ja01056a002
https://doi.org/10.1021/ja01056a002
https://doi.org/10.1021/ja01056a002
https://doi.org/10.1002/aic.690140124
https://doi.org/10.1002/aic.690140124
https://doi.org/10.1002/aic.690140124
https://doi.org/10.1002/aic.690140124
https://doi.org/10.1002/aic.690210115
https://doi.org/10.1002/aic.690210115
https://doi.org/10.1002/aic.690210115
https://doi.org/10.1002/aic.690210115



