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Abstract

A comprehensive model has been developed for calculating the viscosity of aqueous or mixed-solvent electrolyte systems ranging from
dilute solutions to fused salts. The model incorporates a mixing rule for calculating the viscosity of solvent mixtures and a method for
predicting the effect of finite electrolyte concentrations. The mixing rule represents the viscosity of multi-component solvent mixtures using
molar volumes and viscosities of pure components together with binary parameters. With this mixing rule, the viscosity of ternary systems can
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e accurately predicted using parameters determined from only binary data. The effect of electrolyte concentration on viscosity is m
ombining a long-range electrostatic term obtained from the Onsager–Fuoss theory, a contribution of individual ions, which is qu
he Jones–DoleB coefficients, and a contribution of specific interactions between ions or neutral species. Formulations have been
or the contributions of individual ions and species–species interactions to account for the effect of multiple solvents. In addition
omposition, the species–species interaction term is also a function of ionic strength. The model accurately reproduces the viscosit
uch as salts in water, organic or mixed water-organic solvents and aqueous acids or bases up to the pure solute limit. The mo
oupled with thermodynamic equilibrium calculations to reproduce the effects of complexation or other ionic reactions on viscosit
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. Introduction

Viscosity of electrolyte solutions is of considerable in-
erest due to its importance in numerous industrial systems,
specially those involving electrochemical processes. Varia-

ions of viscosity with temperature and solvent composition
ave also been investigated to understand ion–solvent inter-
ctions in electrolyte systems. Extensive experimental vis-
osity data are available for both aqueous and mixed-solvent
lectrolyte systems. However, analysis of such data has been
ommonly performed only on a case-by-case basis and no
ttempt has been made to develop a comprehensive viscosity
odel for mixed-solvent electrolyte systems.

∗ Corresponding author. Tel.: +1 973 539 4996; fax: +1 973 539 5922.
E-mail address:pwang@olisystems.com (P. Wang).

Theoretical investigations of viscosity of electrolyte
lutions have been focused mainly on systems contain
single solute in dilute solutions with a single solvent, usu
water. These theories resulted in the development of a
ing law, which predicts the relative viscosity of the solut
as a function of the square root of the concentration in bi
systems:

η

η0
= 1 + Ac1/2 (1a)

The viscosityA coefficient was shown to be a function
solvent properties and limiting conductivities of ions. T
limiting law was extended to somewhat higher concentra
(up to ca. 0.1–0.2 M) by Jones and Dole[1], who introduced
the viscosityB coefficients, i.e.,

η

η0
= 1 + Ac1/2 + Bc (1b)
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A further empirical extension of the Jones–Dole equation was
proposed by Kaminsky[2], who introduced an additional
quadratic term inc. TheB coefficients in the Jones–Dole
equation are characteristic for individual ions and can be in-
terpreted in terms of ion–solvent interactions. Furthermore,
they are additive in terms of contributions from individual
cations and anions in a given solvent.

While accurate for relatively dilute solutions, the
Jones–Dole equation and its simple extensions cannot re-
produce experimental data for concentrated systems. There-
fore, more comprehensive models have been recently devel-
oped for concentrated solutions. Jiang and Sandler[3] com-
bined liquid-state and absolute-rate theories and developed a
model that correlates viscosity data for 20 aqueous binary al-
kali halide solutions for concentrations up to 12 mol dm−3

at 25◦C. Lencka et al.[4] developed a speciation-based
viscosity model for concentrated multi-component aqueous
electrolyte solutions. The model of Lencka et al. has been
shown to reproduce experimental data for concentrations up
to 30 mol kg−1 and temperatures up to 300◦C.

In mixed-solvent electrolyte solutions, viscosity is af-
fected not only by the concentration of electrolytes, but also
by the composition of the solvent. Even the viscosity of sol-
vent mixtures may show a complex behavior and change
significantly with composition. In addition, in systems with
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[7–9]; models based on group contribution methods such as
of those of Isdale et al.[10], Cao et al.[11] and Wu[12];
models based on the corresponding-states principle such as
those of Teja and Rice[13] and Wu and Asfour[14]; and
other empirical approaches such as the models of Giro et al.
[15] and Grunberg and Nissan[16]. Although these models
have been shown to be capable of representing viscosities
of a number of binary and some ternary mixtures, insuffi-
ciently accurate results can often be obtained for some spe-
cific systems, especially those with polar components such as
aqueous mixtures[17]. For example, the Teja–Rice equation
showed an average deviation of 9.3% for aqueous systems
with a maximum deviation of 44.3% for the water–2-propanol
mixture. Such deviations are substantially higher than those
for other types of mixtures[13]. In addition, the Teja–Rice
model shows a strong dependence of the calculated results
on the selection of reference liquids[14]. Similarly, both the
Grunberg–Nissan[16] and McAllister [6] equations show
large deviations when applied to aqueous systems. Various
modifications of the McAllister equation[7–9] significantly
reduce the deviations by introducing additional parameters.
In the case of ternary mixtures, ternary interaction parame-
ters are introduced in these models[7–9], which limits their
predictive capabilities.

In this section, we develop a new mixing rule that relates
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trong ion association effect (e.g., in fully miscible acid
ases), viscosity is affected by concentrations of both
nd associated ion pairs. Thus, a comprehensive treatm
iscosity of mixed-solvent electrolyte systems requires
ng into account not only the ion–solvent and ion–ion in
ctions that predominate in aqueous solutions, but als
olvent–solvent and ion pair–solvent interactions.

The objective of this work is to develop a compreh
ive, engineering-oriented model for predicting viscositie
ixed-solvent electrolyte solutions. The model is desig

o be applicable to mixed-solvent electrolyte solutions
ide ranges of solvent composition and electrolyte con

ration (i.e., from infinitely dilute to concentrated salt so
ions). Further, it should account for speciation effects,
s complexation or ion association, when combined w
peciation-based thermodynamic model. The model d
ped in this study consists of two parts: (1) computatio
iscosities of pure and mixed solvents as functions of
erature and solvent composition and (2) computation o
ependence of viscosity on electrolyte concentration.

. Viscosities of solvent mixtures

It has long been recognized that viscosity versus com
ition curves are not a simple function of composition. T
ay have a maximum, a minimum or both. Various mo

or representing the viscosity of a liquid mixture have b
escribed in the literature. Some notable models include
ased on the absolute reaction rate theory of Eyring[5] such
s the model of McAllister[6] and its various extensio
f

he viscosities of solvent mixtures to those of pure com
ents. Here, emphasis is put on the accurate representa

he complex composition dependence of viscosity, whic
requently observed in aqueous systems. No attempt is
o predict the viscosities of pure components since th
he domain of group contribution methods. Rather, we ut
mpirical correlations for the viscosity of pure compone
s a function of temperature[18,19] and develop a mixin
ule to capture the composition dependence of the visc
f mixtures. This mixing rule will provide a basis for the co
utation of viscosities in mixed-solvent electrolyte solutio

The new mixing rule relates the viscosity of a solv
ixtureηmix to pure component viscosities using modifi

olume fractions, i.e.,

mix =
∑
i

∑
j

YiYjηij (2)

hereYi is a modified volume fraction of componenti:

i = v∗
i xi∑
k v

∗
kxk

(3)

n Eq. (3), the effective volumev∗
i is related to the actu

olumev0
i by

∗
i = v0

i +
∑
k �=i

x
1/4
k v0

kgik (4)

he parameterηij in Eq.(2) is a modified arithmetic avera
f pure component viscosities:

ij = 1

2
(η0

i + η0
j )(1 + kij) (5)
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In Eqs.(2)–(5), xi is the mole fraction of componenti, and
v0
i andη0

i are the liquid molar volume and viscosity of com-
ponenti, respectively. The values ofv0

i andη0
i are available

from the compilations of Barthel et al.[18] and Daubert and
Danner[19]. Finally, gij and kij are the binary parameters
for componentsi and j, which can be determined from ex-
perimental viscosity data for mixtures. Thegij parameter ac-
counts for the effect of asymmetry of molar volumes on the
variation of the viscosity with composition. It has been found
that the symmetry of the viscosity versus composition curve
(including the location of a possible maximum or minimum)
strongly depends on the modified molar volumesv∗

i (cf. Eq.
(3)). The formula forv∗

i has been found empirically on the
basis of its effectiveness for representing experimental data.
Eq.(4) with x raised to the 1/4 power has been found to give
the best accuracy. The quantityv∗

i may be interpreted as an
effective molar volume of a component, which is affected by
the presence of other components in the mixture. This effect
can be represented by Eq.(4) where the pure liquid molar
volume (v0

i ) is corrected for the presence of other compo-
nents,k (k �= i). It should be noted that, whengik = 0 for all i
andk, v∗

i reduces tov0
i and when allkij = 0, Eq.(2) becomes

a volume fraction-averaged simple mixing equation.
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Fig. 1. Variations of (a)η − η0
mix and (b)η/η0

mix with the electrolyte con-
centration at various solvent compositions in the ternary system potassium
acetate + ethanol + H2O. The experimental data are from Padova[34]. The
lines connecting the data points are shown only for illustrating experimental
trends and do not represent modeling results.

systems has revealed that the difference between the viscosity
of the solution (η) and that of the solvent mixture (η0

mix) shows
relatively simple regularities as a function of both the elec-
trolyte concentrations and solvent composition. On the other
hand, no such regularities can be observed for the relative
viscosity. This behavior is illustrated inFigs. 1 and 2for the
system potassium acetate + ethanol + water. InFig. 1a and b,
the quantitiesη − η0

mix andη/η0
mix, respectively, are plotted as

a function of potassium acetate concentration at various sol-
vent compositions. InFig. 2, these quantities are plotted with
respect to the mole fraction of ethanol in the solvent. These
figures illustrate that the relative viscosity does not show a
simple, regular behavior with respect to solvent composition
as the electrolyte concentration varies (Fig. 1b). Instead, it
shows a complex behavior with a minimum as a function of
solvent composition at each electrolyte concentration. On the
other hand,η − η0

mix shows regular and monotonic variations
with respect to both electrolyte and solvent concentrations.
Thus, theη − η0

mix difference appears to be most convenient
as the primary quantity for which the model is defined. Fol-
lowing the previous study of Lencka et al.[4], we express the
η − η0

mix difference as a sum of a long-range electrostatic in-
teraction term, contributions of individual species and those
. Dependence of viscosity on electrolyte
oncentration

In the model of Lencka et al.[4], the dependence of t
iscosity on electrolyte concentration is represented by
ontributions, i.e., (1) the long-range electrostatic term (ηLR

r ),
hich accounts for the interactions between point cha

n a dielectric continuum and is calculated based on
nsager–Fuoss theory[20]; (2) the contribution of individua

ons (ηs
r), which is characterized by the viscosityB coeffi-

ients; and (3) the contribution of interactions between
r neutral species (ηs–s

r ). The general methodology used
he model of Lencka et al. is applicable to electrolyte s
ions in any single solvent. To extend this methodolog
ixed-solvent electrolyte systems, it is necessary to take
ccount of the effects of changing solvent composition

he contributions of individual ions and on the interacti
etween species. An extension of the approach of Lenc
l. to mixed-solvent electrolytes is developed in this sec

n this study, the term “mixed-solvent electrolytes” is use
he broadest possible sense to include (1) electrolytes in
rganic or mixed organic-water solvents, (2) fully misc
cids or bases in water, and (3) aqueous electrolyte solu

rom the dilute region to the molten salt limit.
For the analysis of the viscosity of aqueous solutions

ressions for the relative viscosity,ηr, are commonly used
epresent the effect of electrolyte concentrations. In mi
olvent electrolyte solutions, due to the combined effec
lectrolyte concentration and solvent composition, the
tive viscosity is no longer an obvious measure of the e

rolyte effect. Analysis of experimental viscosity data of s
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Fig. 2. Variations of (a)η − η0
mix and (b)η/η0

mix with the solvent composi-
tions at various electrolyte concentrations in the ternary system potassium
acetate + ethanol + H2O. The experimental data are from Padova[34]. The
lines connecting the data points are shown only for illustrating experimental
trends and do not represent modeling results.

of species–species interactions:

η − η0
mix = ηLR + ηs + ηs–s (6)

Theηs andηs–s terms are reformulated in this study to
account for solvent effects. The long-range electrostatic con-
tribution to the relative viscosity of the electrolyte solution,
ηLR, is calculated using the analytical model developed by
Onsager and Fuoss[20]. Expressions for the calculation of
ηLR are summarized in theAppendix A. The dielectric con-
stant and limiting conductivities of ions, which are used to
calculateηLR, pertain to those of solvent mixtures. These
parameters are calculated using the general models described
in previous papers[21,22].

The contribution of individual ionsηs is represented in
terms of the viscosityB coefficients. In a solution with a
single solvent, this term is rigorously expressed as a simple
sum of ionic contributions, i.e.,

ηs =
∑
i

η0ciBi (7a)

where the subscripti denotes all solute species andη0 is the
viscosity of the pure solvent. For mixed-solvent systems, Eq.
(7a) is generalized by taking into account that theB coef-

ficients are solvent-dependent andη0 is no longer a single
quantity, but is replaced by those for multiple solvents. Thus,
Eq.(7a)is rewritten for multiple solvents as:

ηs =
∑
j

∑
i

xjη
0
jciBi,j (7b)

where the subscriptj denotes the solvent components,i per-
tains to the solutes (ions and neutral species);η0

j is the vis-

cosity of pure solventj; ci is the molarity (mol L−1) of the
ith species,Bi,j is theB coefficient of theith species in a pure
solventj andxj is the mole fraction of solventj on a salt-free
basis.

In a previous paper, Lencka et al.[4] developed an expres-
sion forηs–s

r that is valid for multi-component solutions in a
single solvent. This term is proportional toI2 (whereI is the
ionic strength of the solution) and is made up of contributions
of all species pairs in the system, i.e.,

ηs–s =
∑
i

∑
j

η0fifjDijI
2 (8a)

wherefi andfj are fractions of theith andjth species, respec-
tively, andDij is the interaction parameter betweeni and j.
In this study, we generalize this expression to recognize that
the effects of species–species interactions are dependent on
the solvent combinations. The multi-solvent extension of Eq.
(
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ηs–s =
∑
j

∑
l

∑
i

∑
k

xjxlη
0
jlfifkDik,jlI

2 (8b)

here the first and second sums (j andl) are over all solvent
nd the sums overi andkare over all solutes;η0

jl is an average
iscosity of solventsj andl,

0
jl = 1

2
(η0

j + η0
l ) (9)

s in the single-solvent model[4], the fractionsfi and fk
re molar fractions of theith andkth species, respective
djusted for the charges of species, i.e.,

i = ci/max(1, |zi|)∑
l cl/max(1, |zl|) (10)

here the factor max(1,|zi |) ensures thatfi reduces to the mo
ar fraction for neutral species.Dik,jl is a binary paramete
etween the speciesi and k in a solvent pairj and l, and
is the ionic strength extended to include the molaritie

on pairs (as opposed to solvent molecules), which typic
ecome predominant at high concentrations because o
iation equilibria, i.e.,

=
∑
ions

z2
i ci +

∑
ion−pair

cn (11)

he molar concentrations of all species in the above equa
re calculated using speciation and density obtained
recently developed thermodynamic model[23]. It should

e noted that, in cases when there is only one solven
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new model reduces to that of Lencka et al.[4] for aqueous
electrolyte solutions.

4. Parameter evaluation

4.1. Mixing rule parameters gij and kij

Based on Eqs.(2)–(5), the viscosity of a solvent mixture
can be calculated using viscosities and densities of pure sol-
vent components. The variation of these properties with tem-
perature frequently provides sufficient temperature depen-
dence for the viscosity of mixtures. In such cases, no ad-
ditional temperature dependence needs to be introduced for
thegij andkij parameters. However, when experimental data
cover a wide range of temperatures, the accuracy of calculat-
ing the viscosity of solvent mixtures can be improved if the
mixing rule parameters are expressed as

gij = g
(0)
ij +

g
(1)
ij

T
(12a)

and

kij = k
(0)
ij +

k
(1)
ij

T
(12b)

4

cies
h men-
t
e s at
2 t
a eter-

mined from experimental viscosity data at low electrolyte
concentrations (usually below 0.05 M) in pure solvents us-
ing a method described by Lencka et al.[4]. The extensive
compilation of Barthel et al.[18], which reports experimen-
tal results for the viscosity of electrolytes in alcohol solu-
tions and in other protic and aprotic solvents, was used as a
source of data for the determination of theB coefficients in
organic solvents. Frequently, experimental viscosity data for
non-aqueous electrolytes are reported only at much higher
concentrations, making it difficult to determine theB coeffi-
cients. In such cases, theB parameters have been treated as
adjustable constants, together with the interaction parame-
tersDik,jl , and have been determined using viscosity data for
binary electrolyte + solvent system.

The temperature dependence of theB coefficients is ex-
pressed using the equation of Out and Los[25]:

B = BE + BSexp(−K(T − T0)) (13)

whereT is the temperature in K,T0 = 273.15 K, andK has
been set equal to 0.023 for most aqueous[4] and non-aqueous
electrolyte solutions. In some cases,K can also be treated as
an adjustable parameter, together withBE andBS. Since the
B coefficient is a characteristic parameter for ions, and is a
manifestation of effects such as ion solvation and structure
b been
d ch
a d
s
c -
i ions
h tions.
D ys-
t lack

T
P

S Relev ces
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M Meth
Meth
Meth

M Meth
Meth

A Acet
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E Etha
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M Meth
Meth
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P Prop
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.2. The B coefficients

TheB coefficients for a large number of aqueous spe
ave been determined by analyzing extensive experi

al viscosity data[4]. Marcus[24] has compiled theB co-
fficients for a number of ions in pure organic solvent
5◦C. For the systems for which theB coefficients are no
vailable in literature sources, their values have been d

able 1
arameters of Eqs.(4) and (5)for selected solvent pairs

olvent pairs Parameters T, (◦C)

j k
(0)
ij g

(0)
ij k

(1)
ij g

(1)
ij

ethanol H2O −7.8686 3030.6 10–50
1.40337 −434.837

ethanol Acetone −0.1750 0.0 25–30
0.0 0.0

cetone H2O −5.655 2415.0 20–50
−0.09 0.0

thanol H2O −16.927 5854.36 10–50
1.62221 −469.835

ethanol Ethanol 0.951926 −342.158 10–50
0.00.0 0.0

ropanol Methanol −0.396836 0.0 30
0.407171 0.0

ropanol Ethanol −0.103246 0.0 30
0.151893 0.0
reaking or structure making, various correlations have
eveloped between theB coefficient and ion properties su
s the partial molal entropy[26], molar volume of hydrate
alts [27], and standard entropy of hydration[4,28]. Such
orrelations make it possible to predict theB coefficients us
ng easily available information. However, these correlat
ave been developed only for aqueous electrolyte solu
evelopment of similar correlations for mixed-solvent s

ems can be expected to be more challenging due to the

ant systems Number of points AAD Referen

anol–water 41 3.29 [8,9]
anol–ethanol–water 69 5.83
anol–acetone–water 28 3.52

anol–acetone 15 2.11 [8,9]
anol–acetone–water 28 3.52

one–water 55 6.33 [8,9]
anol–acetone–water 28 3.52

nol–water 91 9.40 [9,33]
anol–ethanol–water 69 5.83

anol–ethanol 63 0.96 [9]
anol–ethanol–water 69 5.83
anol–ethanol–propanol 24 3.12

nanol–methanol 14 3.75 [9]
anol–ethanol–propanol 24 3.12

nanol–ethanol 12 0.75 [9]
anol–ethanol–propanol 24 3.12
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of appropriate ion property data in solvents other than water.
Such correlations are outside the scope of this study.

4.3. The Dik,jl parameters

The temperature and ionic strength dependence of the
Dik,jl parameters was introduced by Lencka et al.[4] and re-
mains unchanged in the present work. The general expression
for Dik,jl is

Dik,jl = d
(1)
ik,jl + d

(2)
ik,jlI + d

(3)
ik,jlexp(bI3/2) (14)

whereb is set equal to 0.08 for most aqueous and non-aqueous
electrolyte solutions, but may be treated as an adjustable pa-
rameter if necessary. The temperature dependence of each of
thed

(m)
ik,jl (m= 1, 2, 3) parameters is given by

d
(m)
ik,jl = d

(m0)
ik,jl exp(d(m1)

ik,jl (T − T0)), (m = 1,2,3) (15)

5. Results and discussion

5.1. Viscosities of solvent mixtures

Viscosity data for a number of binary and ternary solvent
m de-
s
( rage
p

A

w ults
f
t ixing
r pre-
d wn in

Fig. 3. Viscosity of acetone + water mixtures as a function of the acetone
mole fraction at 20, 25, and 50◦C. Experimental data were taken from Noda
et al. [8] (�) and Dizechi and Marschall[9] ((�) and (�)). The lines are
calculated using Eqs.(2)–(5).

Fig. 6in the form of relative deviations of the calculated vis-
cosities for four ternary mixtures containing methanol. The
results shown in these figures and inTable 1indicate that the
mixing rule (Eqs.(2)–(5)) can accurately reproduce experi-
mental data for liquid mixtures of any composition.

5.2. Viscosities of mixed-solvent electrolyte solutions

As discussed above, the viscosity model of Lencka et al.
[4] has been shown to be accurate for aqueous electrolyte so-
lutions with concentrations up to 30 mol kg−1. The new vis-
cosity model (Eqs.(6)–(8)) reduces to the model of Lencka
et al.[4] when water is the only solvent in the system. Thus,
validation of the new viscosity model has been focused on
the following systems: (1) electrolytes in pure organic and
mixed solvents and (2) aqueous electrolyte solutions (salts,
acids, and bases) ranging from the dilute region to fused salts
or pure acids or bases. Experimental viscosity data for such

F raction i
( Niazi e ,
N tone).
ixtures have been used for validating the correlation
cribed in Section2. Table 1lists the parametersgij andkij
Eqs.(2)–(5)) for selected systems, together with the ave
ercentage error, which is defined by

AD =
∑

k 100|ηexp − ηcal|/ηexp

m
(16)

herem is the number of experimental data points. Res
or selected binary systems are shown inFigs. 3–5. To validate
he model against ternary or higher-order systems, the m
ule parameters obtained from binary data were used to
ict the viscosity of ternary systems. The results are sho

ig. 4. Viscosity of organic-water mixtures as a function of the mole f
ethylene glycol), D’Aprano et al.[36] (tetramethylene sulfone (TMS)),
oda et al.[8] (methanol and acetone), and Dizechi and Marschall[9] (ace
of water at 25◦C. Experimental data were taken from Sesta and Berardell[35]
t al.[37] (n-propanol), Singh et al.[38] and Petrella et al.[39] (acetonitrile)

The lines are calculated using Eqs.(2)–(5).
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Fig. 5. Viscosity of dioxane +n-propanol mixtures at 25 and 40◦C as a
function of the mole fraction of dioxane. Experimental data were taken from
Contreras[40]. The lines are calculated using Eqs.(2)–(5).

systems are available in extensive compilations[18,28,29]
and in other literature sources. For all of the systems for which
the viscosity model has been tested, thermodynamic model
parameters[23] were first developed to provide accurate spe-
ciation and density input to viscosity modeling.

Table 2shows the adjustable parameters in Eqs.(8), (14)
and (15)for selected aqueous and mixed-solvent electrolyte
systems. The performance of the model for electrolytes in
pure organic and mixed solvents is shown inFigs. 7–10.
In these figures, experimental viscosity data for the sys-

Fig. 6. Percentage deviations for the prediction of viscosities as
a function of xmethanol for ternary systems containing methanol.
Experimental data were taken from Dizechi and Marschall[9]
(methanol + ethanol + water and methanol + ethanol + propanol), Noda et al.
[8] (methanol + acetone + water), and Visak et al.[41] (methanol + butyl ac-
etate + water). The calculated viscosities are obtained from Eqs.(2)–(5)us-
ing parameters obtained by regressing data for only the constituent binary
subsystems.

tems LiNO3 + ethanol + water, Na acetate + acetone + water,
K acetate + ethanol + H2O, CaCl2 + methanol + H2O, and
SbCl3 + methanol are compared with calculated results
at various solvent compositions, electrolyte concentra-
tions, and temperatures. The average percentage deviations,
AAD, as defined by Eq.(16), are given in the figures
captions.

Table 2
Parameters of Eqs.) for selected systems

System and conditionsa Parameters

H2SO4 + water;T= 0–100◦C; xH2SO4 = 0–1 d
(10)
H+,HSO4

−/H2O,H2O
=−0.91626 d

(10)
H+,HSO4

−/H2SO4,H2SO4
= 0.246094

d
(20)
H+,HSO4

−/H2O,H2O
= 0.13489E− 01 d

(20)
H+,HSO4

−/H2SO4,H2SO4
=−0.182758E− 01

d
(30)
H+,HSO4

−/H2O,H2O
= 0.73300 d

(30)
H+,HSO4

−/H2SO4,H2SO4
= 0.673728E− 04

d
(11)
H+,HSO4

−/H2O,H2O
=−0.30684E− 01 d

(11)
H+,HSO4

−/H2SO4,H2SO4
=−0.925755E− 02

d
(21)
H+,HSO4

−/H2O,H2O
=−0.61230E− 01 d

(21)
H+,HSO4

−/H2SO4,H2SO4
=−0.578415E− 02

d
(31)
H+,HSO4

−/H2O,H2O
=−0.18162E− 01 d

(31)
H+,HSO4

−/H2SO4,H2SO4
= 0.797305E− 02

b= 0.69679E− 02 b= 0.08

LiNO3 + water;T= 0–130◦C; mLiNO3 = 0–40 mol kg−1 d
(10)
Li+,NO3

−/H2O,H2O
=−0.493160E− 01 d

(10)
Li+,NO3

−/H2O,ethanol
=−0.602772

H2O,H2O
= 0.214070E− 07 d

(20)
Li+,NO3

−/H2O,ethanol
= 0.101641

H2O,H2O
= 0.767688E− 01 d

(30)
Li+,NO3

−/H2O,ethanol
= 0

L
H2O,H2O

H2O,H2O

H2O,H2O

01E− 0

t

d
(20)
Li+,NO3

−/

d
(30)
Li+,NO3

−/

iNO3 + water + ethanolb; T= 25◦C; xethanol= 0–1;
mLiNO3 = 0–24 mol kg−1

d
(11)
Li+,NO3

−/

d
(21)
Li+,NO3

−/

d
(31)
Li+,NO3

−/

b= 0.3090

a Experimental viscosity data under these conditions were used to determ
b d(11), d(21), d(31) for Li

+,NO3
−/H2O, ethanol and{Li

+,NO3
−/ethanol, ethano}

han 25◦C. They are set equal to zero.
b= 0.08

=−0.495330E− 01 d
(10)
Li+,NO3

−/ethanol,ethanol
= 0.118950

= 0.789590E− 01 d
(20)
Li+,NO3

−/ethanol,ethanol
= 0.489974

=−0.133438E− 01 d
(30)
Li+,NO3

−/ethanol,ethanol
= 0

1 b= 0.08
ine the parameters.
lcannot be determined due to the lack of viscosity data at temperatures other
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Fig. 7. Viscosities of ternary LiNO3–ethanol–H2O solutions as a function
of the molarity of LiNO3 for various solvent compositions at 25◦C. The
experimental data are from Campbell and Debus[42]. The lines have been
obtained from the model. The average percentage deviation is 2.20.

As shown inFig. 7, viscosity increases more rapidly with
LiNO3 concentration as the ethanol weight fraction increases
in the LiNO3 + ethanol + H2O system. This trend is also pre-
dicted for the CaCl2 + methanol + H2O system as shown in

Fig. 9b. Upon addition of a salt, the qualitative trends in the
composition dependence of viscosity in salt + solvent mix-
tures remain similar to those in salt-free solvent mixtures.
In the case of the Na acetate + acetone + H2O and K ac-
etate + ethanol + H2O systems, the viscosities show a max-
imum with changing solvent composition at all salt concen-
trations (cf.Fig. 8). These trends are accurately reproduced
by the model.

Metal nitrates in water can be continuously miscible from
infinite dilution to the fused salt limit. Since extensive ex-
perimental viscosity data are available for such systems
[30,31], they provide a stringent test of the performance of
the model over the full concentration range of electrolyte
components.Fig. 11shows the results for the ternary system
AgNO3–TlNO3–water at water contents ranging fromxw = 0
to 0.98 and at a constant Ag/Tl molar ratio of 1.06, which
corresponds to a eutectic mixture of AgNO3 and TlNO3. The
calculated and experimental results are in excellent agree-
ment.

Fully miscible aqueous acids and bases are another
important class of mixtures. Because of their usually strong

Fig. 8. Viscosities of the ternary systems (a) sodium acetate + acetone + H2O and le
fraction of the organic solvent (on a salt-free basis) for various salt molarities l
data are from Padova[34]. The lines have been obtained from the model. The (b).

F
a
a
l

ig. 9. Viscosities of (a) CaCl2 + methanol solutions as a function of the molalit
s a function of the molality of CaCl2 at various methanol mole fractions at 25◦C. T
nd those in water are from Lobo[29]. The lines are calculated using the mod

ines) were predicted. The average percentage deviation in the fit for CaCl2 + meth
(b) potassium acetate + ethanol + H2O at 25◦C as a function of the mo
. The dashed lines represent the viscosity of solvent mixtures. Theexperimenta
average percentage deviations are 0.48 in the case of (a) and 0.84 in
y of CaCl2 at various temperatures and (b) CaCl2 + methanol + water solutions
he experimental data in pure methanol are from Wahab and Mahiuddin[43]
el. The results for the mixture of methanol + water (xmethanol�= 0 and 1, dashed
anol viscosities is 3.33.
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Fig. 10. Viscosities of SbCl3–methanol solutions as a function of the mole
fraction of SbCl3 at 25 and 50◦C. The experimental data are from Fialkov and
Basov[44]. The lines are calculated from the model. The average percentage
deviation is 7.38.

association effects, such systems provide not only good test
cases, but also offer an excellent opportunity to examine
the effect of speciation on viscosity. When modeling fully
miscible acids, both water and the undissociated acid
molecules (e.g., H2SO4

0 or HNO3
0) have been treated

as solvent components. In these systems, speciation can
change dramatically as acid concentration increases. In
particular, a significant amount of neutral acid molecules
may exist as the acid concentration approaches a mole
fraction of unity and the association is nearly complete in
a pure acid[32]. The interaction parameters that are used
in the model are defined as those between the predominant
ions (e.g., H+ and HSO4

− in the H2SO4 + H2O system or
H+ and NO3

− in HNO3 + H2O) in each of the two solvents
or in the solvent mixtures. For example, the best fits were
obtained for the H2SO4 + H2O system when the parameters
DH+/HSO4

−,H2O/H2O and DH+/HSO4
−,H2SO4/H2SO4

were

F -
t l
m xper-
i ge
d .

Fig. 12. Viscosities of HNO3–water solutions as a function of the mole frac-
tion of HNO3 at various temperatures. Experimental data are from Bingham
and Stone[45] ((�) at 10, 20, and 40◦C), Rhodes and Hodge[46] ((�) at
0◦C and 75◦C), and Zaytsev and Aseyev[47] ((©) at 0, 20, and 40◦C).
The lines are calculated from the model. The average percentage deviation
between the calculated and experimental viscosities is 2.81.

introduced. In the HNO3 + H2O system, the corresponding
parameters areDH+/NO3

−,H2O/H2O andDH+/NO3
−,HNO3/H2O.

Figs. 12–14 show the results for the HNO3 + H2O,
H2SO4 + H2O, and HNO3 + H2SO4 systems, respectively,
at various temperatures. Results for the ternary mixture
of H2SO4 + HNO3 + H2O at 75◦C are shown inFig. 15.
The parameters that were used for this ternary system
and the constituent binary mixture H2SO4 + HNO3
are DH+/HSO4

−,HNO3/H2SO, DH+/HSO4
−,HNO3/HNO3

,
DH+/HSO4

−,H2O/HNO3
, and DNO3

−/HSO4
−,HNO3/HNO3

.
Excellent agreement between experimental and calculated
results has been obtained for all of the tested acids over wide
ranges of temperature.

Another example of the effect of speciation on viscos-
ity is provided by the SbCl3–methanol system. It has been

F ac-
t Lobo
[ el.
T imental
v

ig. 11. Viscosities of the ternary system AgNO3–TlNO3–water as a func
ion of temperature at various mole fractions of water (xw) and at the Ag/T
olar ratio of 1.06. The lines are calculated using the model and the e

mental data are from Abraham and Abraham[30]. The average percenta
eviation between the calculated and experimental viscosities is 3.58
ig. 13. Viscosities of H2SO4–water solutions as a function of the mole fr
ion of H2SO4 at various temperatures. The experimental data are from
29] and Zaytsev and Aseyev[47]. The lines are calculated from the mod
he average percentage deviation between the calculated and exper
iscosities is 6.08.
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Fig. 14. Viscosities of binary solutions of HNO3 and H2SO4 as a function of
the mole fraction of H2SO4 at various temperatures. The experimental data
are from Bingham and Stone[45]. The lines are calculated from the model.
The average percentage deviation between the calculated and experimental
viscosities is 9.43.

Fig. 15. Viscosities of the ternary system HNO3–H2SO4–H2O at 75◦C as a
function of water mole fraction at various fixed concentrations of HNO3. The
experimental data are from Rhodes and Hodge[46]. The lines are calculated
from the model. The average percentage deviation between the calculated
and experimental viscosities is 9.24.

found that the accuracy of viscosity calculations for this sys-
tem largely depends on the speciation. Specifically, it was
necessary to introduce a complex, SbCl3

0, to represent the
association of Sb+3 with Cl− in methanol. Then, the thermo-
dynamic model was able to yield speciation results that gave
an excellent representation of the viscosity data. The results
for this system are shown inFig. 10.

6. Conclusion

A comprehensive model has been developed for calculat-
ing the viscosity of concentrated aqueous and mixed-solvent
electrolyte solutions. The model consists of two main parts,
i.e., a mixing rule for computing the viscosity of solvent

mixtures as a function of temperature and solvent compo-
sition, and an expression for the effect of finite electrolyte
concentrations. The mixing rule utilizes the viscosities and
molar volumes of pure components. It has been shown to
be very effective for representing experimental data for a
variety of solvent mixtures. In particular, the viscosity of
ternary solvent mixtures can be accurately predicted using
parameters determined only from binary data. To represent
the dependence of viscosity on electrolyte concentration,
the model includes a long-range electrostatic term (ηLR)
obtained from the Onsager–Fuoss theory, a contribution of
individual ions (ηs) as quantified by the Jones–DoleB
coefficients, and a contribution of specific interactions be-
tween ions or neutral species (ηs–sNew formulations have
been developed for both theηs and ηs–s terms to ac-
count for the effects of multiple solvents. The viscosity model
has been coupled with a thermodynamic equilibrium model
[23] to provide speciation, which is necessary for viscos-
ity calculations in electrolyte systems. This makes it pos-
sible to reproduce the effects of complexation or other re-
actions in the solution. In all cases in which experimen-
tal data are available, the new model has been shown to
be accurate for reproducing viscosities over wide ranges of
composition with respect to both solvents and electrolytes.
The model has been implemented in software for simulating
b olyte
s
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ist of symbols
ij B coefficient ofi in pure solventj
i molar concentration ofi
ik,jl interaction parameter betweeni andk in a binary

mixed solvent ofj andl
i fractions of theith species, defined in Eq.(10)
ik, kik mixing rule parameters (Eqs.(4) and (5))

ionic strength, defined by Eq.(11)
0
i molar volume of pure liquidi
∗
i redefined molar volume ofi, see Eq.(4)
i mole fraction ofi
i modified volume fraction ofi, defined in Eq.(3)

viscosity of the solution
mix,
0
mix viscosity of the solvent mixture
0
i viscosity of pure liquidi
ij modified arithmetic average of viscosities ofi and

j, defined by Eq.(5)
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Appendix A

According to the Onsager–Fuoss theory[20], the long-
range electrostatic interaction contribution to viscosity is
given by

ηLR = a

(
2I

εT

)1/2
[(

NI∑
i

µizi

λi

)
− 4r

∞∑
n=0

cns
n

]
(A.1)

whereε is the dielectric constant of the solvent anda is a
numerical constant defined by

a = Fe2108

480π

(
NA

1000ε0kB

)1/2

= 0.36454 (A.2)

whereF, e, NA, ε0 andkB are the Faraday constant, elec-
tron charge, Avogadro constant, permittivity of vacuum and
Boltzmann constant, respectively. The numerical factors in
Eq. (A.2) apply when the concentration in expressed in
(mol/dm3) and ionic conductivity in ('−1 mol−1 cm2). I is
the ionic strength in (mol/dm3). In Eq. (A.1), NI is the to-
tal number of different ions in the mixture,zi is the absolute
value of the ionic charge,λi is the equivalent conductance of
ion i andµi is defined as

µi = ciz
2
i∑NI 2

(A.3)

T

r

w

(

I

c

c

T

s

s

w

s

T

(

The matrixH in Eq.(A.9) is defined as

hji = 2δji

NI∑
k

µk

λk/zk

λk/zk + λj/zj
+ 2µj

λj/zj

λi/zi + λj/zj
− δji

(A.12)

whereδij is the Kronecker symbol. The second summation in
Eq. (A.1) usually reaches convergence forn ranging from 4
to 6.

References

[1] G. Jones, M. Dole, J. Am. Chem. Soc. (1929) 51.
[2] M. Kaminsky, Z. Phys. Chem. 12 (1957) 206–231.
[3] J. Jiang, S.I. Sandler, Ind. Eng. Chem. Res. 42 (2003) 6267–6272.
[4] M.M. Lencka, A. Anderko, S.J. Sanders, R.D. Young, Int. J. Ther-

mophys. 19 (1998) 367–378.
[5] R.J. Moore, P. Gibbs, H. Eyring, J. Phys. Chem. 57 (1953) 172–178.
[6] R.A. McAllister, AIChE J. 6 (1960) 427–431.
[7] V.V. Chandramouli, G.S. Laddha, Indian J. Tech. 1 (1963) 199.
[8] K. Noda, M. Ohashi, K. Ishida, J. Chem. Eng. Data 27 (1982)

326–328.
[9] M. Dizechi, E. Marschall, J. Chem. Eng. Data 27 (1982) 358–363.

[10] J.D. Isdale, J.C. MacGillivray, G. Cartwright, Prediction of viscosity
of organic liquid mixtures by a group contribution method, Natl.
Eng. Lab. Rep., East Kilbride, Glasgow, Scotland, 1985.

[ Eng.

[
[ .
[
[ id

[
[ s and

7.
[ arts

[ erties
89.

[ 8.
[
[ 504.
[ 02)

[ .
[
[ Inc.,

[ 82.
[ per-

[ ce,

[ 87)

[ 83)

[ he

[
[
[ 9.
j cjzj

he vectorr is given by

i = 1 − zi/λi

(z/λ)
, i = 1, . . . , NI (A.4)

here the average(z/λ) is calculated as

z/λ) =
∑NI

i ciz
2
i (zi/λi)∑NI

i ciz
2
i

(A.5)

n Eq.(A.1), cn is a numerical factor defined as

0 = −3 +
√

2 (A.6)

n = −2
√

2




√
2 −

n∑
p=0

(
1/2

p

)
 , n = 1, . . . ,∞ (A.7)

he vectorssn are given by a recursive formula, i.e.,

0 = s (A.8)

n = Hsn−1 (A.9)

here the elements of the vectorsare defined as

j = µj

(
zj

λj

− (z/λ)2

(z/λ)

)
(A.10)

he second-order average(z/λ)2is calculated as

z/λ)2 =
∑NI

i ciz
2
i (zi/λi)2∑NI

i ciz
2
i

(A.11)
11] W. Cao, K. Knudsen, A. Fredenslund, P. Rasmussen, Ind.
Chem. Res. (1993) 32.

12] D.T. Wu, Fluid Phase Equil. 30 (1986) 149–156.
13] A.S. Teja, P. Rice, Ind. Eng. Chem. Fundam. 20 (1981) 77–81
14] J. Wu, A.F.A. Asfour, Fluid Phase Equil. 76 (1992) 283–294.
15] F. Giro, M.F. Gonc¸alves, A.G.M. Ferreira, I.M.A. Fonseca, Flu

Phase Equil. 204 (2003) 217–232.
16] L. Grunberg, A.H. Nissan, Nature 164 (1949) 799–800.
17] R.C. Reid, J.M. Prausnitz, B.E. Poling, The Properties of Gase

Liquids, fourth ed., McGraw-Hill Book Company, New York, 198
18] J. Barthel, R. Neueder, R. Meier, Electrolyte Data Collection, P

3, 3a, 3b, DECHEMA Chemistry Data Series, Vol. XII, 1997.
19] T.E. Daubert, R.P. Danner, Physical and Thermodynamic Prop

of Pure Chemicals, Hemisphere Publishing Co., New York, 19
20] L. Onsager, R.M. Fuoss, J. Phys. Chem. 36 (1932) 2689–277
21] P. Wang, A. Anderko, Fluid Phase Equil. 186 (2001) 103–122.
22] P. Wang, A. Anderko, Ind. Eng. Chem. Res. 42 (2003) 3495–3
23] P. Wang, A. Anderko, R.D. Young, Fluid Phase Equil. 203 (20

141–176.
24] Y. Marcus, Ion Properties, Marcel Dekker Inc., New York, 1997
25] D.J.P. Out, J.M. Los, J. Solute. Chem. 9 (1980) 19–35.
26] R.W. Gurney, Ionic Processes in Solution, Dover Publications

New York, 1953.
27] T. Isono, R. Tamamushi, Electrochim. Acta 12 (1967) 1479–14
28] R.H. Stokes, R. Mills, Viscosity of Electrolyte and Related Pro

ties, Pergamon Press, New York, 1965.
29] V.M.M. Lobo, Handbook of Electrolyte Solutions, Elsevier Scien

New York, 1989.
30] M. Abraham, M.-C. Abraham, Electrochim. Acta 32 (19

1475–1487.
31] P. Claes, M. Michielsen, J. Gilbert, Electrochim. Acta 28 (19

429–437.
32] T.F. Young, L.F. Maranville, H.M. Smith, in: W.J. Hamer (Ed.), T

Structure of Electrolytic Solutions, Wiley, New York, 1959.
33] R.L. Kay, T.L. Broadwater, J. Solut. Chem. 5 (1976) 57–76.
34] J. Padova, J. Chem. Phys. 38 (1963) 2635–2640.
35] B. Sesta, M.L. Berardelli, Electrochim. Acta 17 (1972) 915–91



82 P. Wang et al. / Fluid Phase Equilibria 226 (2004) 71–82

[36] A. D’Aprano, J. Komiyama, R.M. Fuoss, J. Solut. Chem. 5 (1976)
279–295.

[37] M.S.K. Niazi, S.S. Shah, J. Ali, M.Z.I. Khan, J. Solut. Chem. 19
(1990) 623–638.

[38] P. Singh, I.D. MacLeod, A.J. Parker, J. Solut. Chem. 13 (1984)
103–119.

[39] G. Petrella, M. Castagnolo, A. Sacco, M. Petrella, J. Solut. Chem.
9 (1980) 331–339.

[40] S.M. Contreras, J. Chem. Eng. Data 46 (2001) 1149–1152.

[41] Z.P. Visak, A.G.M. Ferreira, I.M.A. Fonseca, J. Chem. Eng. Data 45
(2000) 926–931.

[42] A.N. Campbell, G.H. Debus, Can. J. Chem. 34 (1956) 1232–1242.
[43] A. Wahab, S. Mahiuddin, J. Chem. Eng. Data 46 (2001) 1457–1463.
[44] Y.Y. Fialkov, V.P. Basov, Zhurnal Obshchei Khimii 38 (1968) 7–12.
[45] E.C. Bingham, S.B. Stone, J. Phys. Chem. 27 (1923) 701–737.
[46] F.H. Rhodes, H.B. Hodge Jr., Ind. Eng. Chem. 21 (1929) 142–150.
[47] I.D. Zaytsev, G.G. Aseyev, Properties of Aqueous Solutions of Elec-

trolytes, CRC Press, Boca Raton, Florida, 1992.


	Modeling viscosity of concentrated and mixed-solvent electrolyte systems
	Introduction
	Viscosities of solvent mixtures
	Dependence of viscosity on electrolyte concentration
	Parameter evaluation
	Mixing rule parameters gij and kij
	The B coefficients
	The Dik,jl parameters

	Results and discussion
	Viscosities of solvent mixtures
	Viscosities of mixed-solvent electrolyte solutions

	Conclusion
	Acknowledgment
	Appendix A
	References


