Published as: Pretorius, F., Focke, W. W., Androsch, R. & Du Toit, E. 2021. Estimating binary liquid composition
from density and refractive index measurements: A comprehensive review of mixing rules. Journal of Molecular
Liquids, 332, 115893.

Estimating binary liquid composition from density and refractive index

measurements: A comprehensive review of mixing rules

Franco Pretorius 2, Walter W Focke 2 René Androsch ®, Elizabeth du Toit 2

2 UP Institute for Sustainable Malaria Control & MRC Collaborating Centre for Malaria Research, University of
Pretoria, Private Bag X20, Hatfield 0028, Pretoria, South Africa, Pretoria, South Africa

® Interdisciplinary Center for Transfer-oriented Research in Natural Sciences, Martin Luther University Halle-
Wittenberg, D-06099 Halle/Saale, Germany

Correspondence to: Walter Focke, walter.focke@up.ac.za

Highlights

*Most refractive index mixture models are linear in either mole- or volume fraction
*Models linear in volume fraction fail to predict mixture composition data accurately
*Excellent predictions with Lorentz-Lorenz molar refraction model linear in mole fraction

*Real binary mixtures considered behave ideally with respect to molar refraction

Abstract

A comprehensive review of refractive index mixing rules of binary solutions is presented. All published
mixing rules, with the exception of the Wiener mixing rule, can be reformulated into expressions with a
linear dependence in either mole- or volume-fractions. Comparison of the predictive performance of both
types of linear mixture models show that mixture models which are linear in volume fractions fail to
represent real data trends. Mixture refractive index data reveal that both positive and negative deviations
from linear behaviour in this property with volume fraction can occur, explaining the inability of linear
models in volume fraction to be generally applicable. Improved data fits are possible with the modified
Eykman and the power mean mixing rules, provided that in both cases the adjustable constant can be tuned
for each binary system of interest. Only the Lorentz-Lorenz molar refraction mixing rule that is linear in

mole fraction provides excellent data fits for all the systems investigated, allowing for prediction of
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composition of solutions from combined density and refractive index measurements. The aforementioned
conclusions are derived from extensive experimental data of binary systems consisting of n-alkanes (C12
to C32) and different organic solvents, ultimately providing a tool to determine liquid composition from

refractive index measurements.
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1. INTRODUCTION
Standardised procedures, based on refractive index (RI) and/or density, are well established techniques
for characterising liquids [1]. For example, they are widely used to determine the sugar content of soft
drinks, the alcohol concentration in beer, wine and spirits, and even hand sanitiser formulations, etc. [2]
The importance of such RI measurements is bound to increase considering recent advances in
instrumentation, particularly in the utilisation of lasers and fibre-based sensor systems [3-6]. This holds
promise for real-time, in-line R1 data acquisition in refineries and other chemical plants for improved
process- and product-quality control. This implies a need for algorithms that will allow RI data
interpretation to an accuracy level that is acceptable for engineering applications (errors within 1 — 2
mol%). For that purpose, it is important to assess whether existing RI-mixture rules can be exploited to
develop predictive equations for composition determination from RI measurement data that conform to

this requirement.

Depending on the equipment used, Rl measurements can be supplemented by various combinations of
other mixture property data. Depending on these mixture property measurements and the availability of
information for the pure components, different ways of estimating the mixture composition should be
considered when the applicability of Rl mixture rules are assessed. The different measurement
possibilities are as follows:

e Case A: Temperature and density of the solution are measured

e Case B: Temperature, mixture-density and -refractive index are measured

e Case C: Mixture-density and -refractive index are measured but the temperature is unknown

e Case D: Temperature and the mixture refractive index are measured
The aim of this work is therefore to derive workable equations for composition prediction for each of the

above cases by considering existing RI mixing rules.

Towards this goal, available, mainly predictive, mixing rules for the refractive index of mixtures are

thoroughly reviewed. Methods for calculating mixture composition, subject to the availability of data



according to the four scenarios listed above, are subsequently developed. Here it is assumed that
correlations are available for the variation of the pure component properties, i.e., density and refractive
index, with temperature. In order to assess the predictive capability of the respective equations, literature
RI data of binary mixtures of n-alkanes with other, mainly polar, organic components with known
composition are considered. In addition, some of the underlying assumptions regarding the temperature
dependent RI - behaviour of pure n-alkanes are confirmed by experimental measurements. These are
applied during model development. The ultimate hope is that one or more predictive correlations can be

found that will yield acceptable composition estimates from knowledge of refractive index information.

2. THEORY: MOLAR VOLUME AND REFRACTIVE INDEX OF IDEAL

SOLUTIONS
The molar refraction (R) for nonpolar, nonmagnetic materials is defined [7] as
R=aN,/(3¢,) 1)

where « is the mean molecular polarizability; Na is Avogadro’s number; and &, is the permittivity of free

space. For a fluid of hard-core spheres of uniform size, the polarizability is given by:

a=4ne,a’ (2)

where a represents the sphere radius. Substitution of equation (2) into equation (1) results in:

R = 4?” N,a° (3)

For such a hypothetical fluid, the molar refraction can be interpreted as the hard core volume of one mole
of spherical molecules of radius a [7]. These expressions have found utility for real organic liquids and

their mixtures despite the fact that they were derived on the basis of extremely simple models.

2.1. Pure compounds
The Lorentz-Lorenz relationship links the molar refraction with the refractive index (n) and the molar
volume (V) [8]:

n’-1

R=V—
n-+2

(4)

where the molar volume V is defined by the ratio of the molar mass (M) to the density (p) of the
compound, i.e., M/p. Experimental evidence indicates that the molar refraction of a pure compound is
approximately temperature invariant [9]. Furthermore, for hydrocarbons, including alkanes, the so-called

“one third rule” applies which states [9]:



E_l n*-1 ~l (5)
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2.2. Mixtures

The molar volume of an ideal binary solution follows the linear mixing rule:
V =Vx +V,X, (6)
where Vi = Mi/pi, M is the molar mass, pi the density and x; is the mole fraction of component i. When the

mixture density data are known, the molar volume behaves as for an ideal solution, and since Xi+x2 = 1,

equation (6) allows the composition to be calculated from:

1_,_ rM(a-p) ™
X oM, (pz - P)
Theoretical considerations [10] suggest that the molar refraction of an ideal binary liquid mixture is also

additive on a mole fraction basis:

R=RX +RyX, (8)
Substitution of R from equation (4) in equation (8) yields the Lorentz-Lorenz R-mixing (L-L-R) rule:
2 2 2
Ny —1 n -1 n, -1
Vo — =V x—2—+V,Xx,—2— 9a
nZ. +2 1X1n12+2 22 n242 ()

or, expressed in a more general, compact and more legible form:

R =VN = xV|N, + X,V,N, (9b)
where the following definitions were applied

N = (n2, -1)/(n%, +2) and N, = (n?-1)/(n? +2) (10)
The calculation of the molar refraction R of a mixture requires information about the density and the

refractive index. When both are available, the composition of the mixture can be established directly in

terms of the mole fraction of component 1.:

1_ 1- pZMl(le_plN) (11)

X lez(pNz_pzN)

Density data for the pure components, at the mixture temperature, are required when applying equation

(11). However, this is not essential. If the molar refractions R; and R, are known and temperature-

invariant, then Ri = MiNi/pi. Thus, the composition can also be estimated with a different expression:

i:l_M (12)
X NM, - pR,



Its application allows direct calculation of the component mole fractions from measurements of just the
density and the refractive index of the mixture. In other words, it is not necessary to know the

temperature.

When there is no information available for the mixture density, another approach must be followed. The
required relationship is labelled the Lorentz-Lorenz N-mixing rule (L-L-N) which is established by

combining equation (6) and equation (9). This gives

n -1 n? -1 n? -1

mix — + 13a
nZ, +2 q01n12+2 & nZ +2 (132)
or
N =¢N, +¢,N, (13b)

The volume fraction, at the mixture temperature, is defined in terms of the pure component molar
volumes (Vi) as follows:

@, =V (V1X1 +V2X2) (14)
Numerous studies found that, for many real mixtures, predictions of mixture refractive indices according
to the modified Lorentz-Lorenz relationship, i.e. the L-L-N mixing rule of equation (13), agree reasonably
well with experimental results [8] [11] [12] [13]. Equation (13) allows direct estimation of the volume

fraction of an equilibrium phase from refractive index measurements, expressed in terms of N-values as

follows:

¢ =(N =N,)/(N;-N,) (15)
The n; values must be known at the mixture temperature in order to calculate the Ni. The mole fraction

and mass fraction can then be established from the following relationships:

1_, NR(N-N) (16)
X NlRZ(N _Nz)
and

W, = M1X1/(M1X1+ szz) (17)

Equation (16) shows that the mole fraction of component 1 can be calculated directly using the measured
value for the refractive index of the mixture. However, knowledge of the pure component values at the

system temperature are required.



It is worth recalling the basic assumptions that underlie the key expressions developed for estimating the
composition of binary mixtures. Both equation (11), equation (12) and equation (16) assume that the
molar refraction corresponds to the expectations for an ideal solution as expressed by equation (8). Use of
equation (11) also requires knowledge of the mixture and component densities in addition to refractive
index data. In contrast, equation (16) does not require density data for the mixture for its application.
However, it relies on the additional assumption that the molar volume follows the expression applicable
to an ideal solution as stated in equation (6). Furthermore, if both properties conform to the expectations
for an ideal solution, the following expression holds:
N = PMIN X, + pMyN, X, (18)
PM X + piM,X,

Equation (18) represents the simplest mixing rule for ideal solutions. It indicates that the mixture

refractive index is fully defined by knowledge of the densities, molar masses and refractive indices of the

pure individual components.
Table 1 summarises the relationships derived for the different measurement cases. Note that in some cases
it is assumed that the system temperature is also known and that correlations exist for calculating the

required pure component properties.

Table 1. Different measurement combinations for temperature (T), density (p) and refractive index (n)

Case T p n  Assumptions Known Measured Expression for x:
M -1
A v V = Vixi+Vaxs My, My, o1, 02 Yol 1_L[ﬂj
M, P, —p

pZMl(le_plN) }_1

B v v v R=RwutRaX2 Mg, My, p1, p2, N1, N2 p N 1-
Ple(PNz _pzN)

-1
R = RiXg+Rox —
C \/ \/ e Ml, Mz, Rl, Rz P n 1—M
Ri f(T) NM, — pR,
V = VaxHVax N,R (N =N T
D v v B Rl, Rz, N1, N2 n 1—M
R = Rix1+Rax2 NlRZ(N _NZ)




2.3. Alternative mixing rules
Numerous other mixing rules have been proposed with the hope to improve the Lorentz-Lorenz approach
detailed above. Eyring and John [14] and Lichtenecker [15] proposed nonlinear mixing rules for the

refractive index (n). However, as shown below, their proposals can be recast in linear forms:

Eyring and John: n= ((pl\/a+(p2\/a )2 (19a)
Vn =g +¢,\n, (19b)
Lichtenecker: n = n’nS: (20a)
n(n) = ¢,/n(n) +¢,0n(n,) (20b)

Table 2. Summary of the mixing rules proposed in the literature including possible definitions for the variable N in

equation (9) or in equation (13b)

Model type Model Expression Reference
VN = ViNixq + VaNoxo Lorentz-Lorenz Eykman d=2 [16]
with Modified Eykman d=04 [17]
N = (n>-1)/(n? + d) variable d
VN =ViNix; + VoNox2  Oster N = (n>1)(2n? +1)/n? [18]
with revised Looyenga N=n?-1 [19]
expressions Arago-Biot N=n [20]
for N Dale-Gladstone N=n-1 [21]

Newton N=n?-1 [22]
Volume fraction Lichtenecker p=0 [15]
weighted Eyring p=1/2 [14]
power mean Looyenga p=2/3 [19]
of order p: Arago-Biot & p=1 [20]
n= ((plnlp +g02n2p )l/p Dale-Glastone [21]

Newton p=2 [22]

p variable This study
Complex models Heller (valid for low values of ¢2) B 2 (n -n )[n§ + 2n12] [15]
b= 3n, (n; —n/)
Wiener 0 :[ni_nliJ[n22+2nliJ [15, 23]
n,—n )\ n°+2n




This means that most proposals introduced changes to the expression used for N but retained the linear
composition dependence on the volume fraction as defined by equation (13b). Comparison of the linear
forms of the Eyring and John [14] and Lichtenecker, as well as numerous other mixture rule proposals,
reveals that they correspond to the same family of volume-fraction-weighted power means of order p
defined by:

n, = ((Dlnlp +o,n; )]/P (21)

This expression includes the geometric mixing rule defined by Lichtenecker, as it corresponds to the
limiting case where the power index approaches zero from above (p — 0%). Table 2 summarizes the
mixing rules reported in the literature for the refractive index of binary mixtures. Note that most
investigators retain the “1” found in the expressions for N in the Looyenga, Arago-Biot, Dale-Gladstone
and Newton expressions, even when they use it in the volume fraction mixing rule. This is superfluous, as

the volume fractions add up to unity, i.e. g1 +¢@. = 1.

More complex models include the proposals by Heller [15] and Wiener [23]. The Heller model is limited
to low concentrations of the dispersed phase, i.e., @2, while the Wiener [23] equation is valid over the full

composition range. It can be shown that Wiener’s proposal is equivalent to the following Padé-type

mixing rule:

n? = n14(01 "'2"]12"]22 + ng("z
n12 (2_(01)"'”22 (2_(02)

(22)

Several studies compared the relative performance of some of the mixture models listed in Table 2 [24-
27]. It was mentioned that the Arago—Biot mixing rule offered the worst experimental data fit [26, 28].
Most studies concluded that the Lorentz-Lorenz relations gave the best correlation for all systems

investigated [8, 24, 29]. However, none of them considered the Looyenga [19] proposal.

3. MATERIALS AND METHODS
Table 3 lists details of the compounds used, including the suppliers. The n-alkanes were all obtained from

Merck. All samples were used as received without further purification.



Table 3. Details and properties of chemicals used

Alkane/compound CAS # Product code Code Purity, %
Dodecane 112-40-3 101987112 297879 >99
Hexadecane 544-76-3 101444299 296317 >99
Eicosane 112-95-8 1002515748 219274 99
Tetracosane 641-31-1 1002801750 T8752 99
Octacosane 630-02-4 102200614 0504 99
Dotriacontane 544-85-4 102181345 D223107 97

Refractive index values of the pure components listed in Table 3 were measured as a function of
temperature using a Mettler Toledo R4 instrument. The calibration of the instrument was checked using
double distilled and deionised water. The instrument precision was + 0.0001 and repeatability was

+ 0.0002 refractive index units. Sample amounts were weighed out and directly placed into the instrument

cell where they were allowed to equilibrate before measurement proceeded.

Published refractive index data on other alkanes and binary mixtures of these components with polar
organic compounds were sourced from literature to supplement the experimental data. Table 4 lists the
different systems considered together with the relevant literature sources for the density and refractive
index of pure components and binary mixtures. In a few cases, when the density of pure components was

not available, it was calculated using the correlations reported by Yaws and Pike [30].

Table 4. List of data sources for density and refractive index for pure components and binary mixtures

Pure compounds Temperature range, °C ~ References
Dodecane 20-100 [31-34]
Hexadecane 20-60 [27, 35]
Eicosane 40-100 [35, 36]
Tetracosane 60-100 [30, 35]
Octacosane 50-100 [30]
Dotriacontane [30]
Systems

Acetone-alkanes 15-35 [33, 37-39]
Anisole-alkanes 20-30 [40-42]
Benzene-alkanes 10-40 [40, 43-49]
Chlorobenzene-alkanes 25-35 [50, 51]
Cyclohexanone-alkanes 25-35 [52]
Dioxane-alkanes 25-35 [53-55]
Ethanol-alkanes 15-45 [56-61]




4. RESULTS AND DISCUSSION
4.1. Single compounds
The measured refractive index (n) values of the pure n-alkanes considered are reported in the
Supplementary Material and plotted in Figure 1. For any fixed temperature, the refractive index increases
with alkane chain length. The temperature dependence was perfectly linear over the full measurement

range, i.e., it could be represented by
n(T):n°+m(T—T°) (23)

where n° is the refractive index of the compound at the reference temperature T° and m is the slope of the

refractive index line when plotted against temperature.
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Figure 1. Measured refractive index values for measured for selected linear n-alkanes: C12 Dodecane; C16

Hexadecane; C20 Eicosane; C24 Tetracosane; C28 Octacosane; C32 Dotriacontane.

Figure 2(a) shows data plots of the molar refraction, R, calculated from equation (4) with refractive index
and density data extracted from the sources listed in Table 4. The scaled molar refraction R/M data are
reported in Figure 2(b). The results corroborate the assertions related to the virtual temperature
independence of the molar refraction, defined by equation (4), and, for the n-alkanes, the molar mass
scaled version as expressed by equation (5). The R/M values observed in Figure 2(b) are very close to one
third. Nevertheless, the data trends suggest a very weak linear temperature dependence. In the
temperature range displayed, the R/M values, as well as the temperature slope, decrease with alkane chain
length. The slope is positive for dodecane, hexadecane and eicosane but negative for the longer alkane

members. However, the variation with temperature, in the range considered, is negligible as it amounts to
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less than + 0.2 %. For all practical purposes, the molar refraction values, R, may therefore be assumed to

be constants.
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Figure 2. Data for (a) the molar refraction R, and (b) the molar-mass scaled form R/M for selected alkanes in the

liquid state. The scale bar in (b) shows a + 0.5 % deviation from one third.

If this is the case, the Lorentz—Lorenz relationship of equation (5) allows the calculation of the liquid

density from refractive index measurements.

M(n*+2 M

The applicability of this approach was tested on the n-alkanes together with data for some additional
compounds. The results are summarised in Table 5. Experimental values for the densities and refractive
indices over certain temperature ranges were obtained from the literature as per Table 4. These values
were used to calculate the molar volume and molar refraction at each data point. The calculated values
obtained were averaged over the whole temperature range. Subsequently the mean value for R obtained
for each component was used to calculate its density over the temperature range considered with equation
(24). Table 5 lists the R values and the mean and maximum absolute average deviations (AAD) for the
density prediction errors obtained by applying equation (24). Table 5 indicates that the molar refraction is
less affected by the system temperature than the molar volume. The standard deviation (s), expressed as a
relative percentage, averaged 0.14 % for R and 1.14 % for the molar volume over the temperature ranges

considered. The variation in R is therefore almost order of magnitude smaller in value compared to V.
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The utility of applying the Looyenga and modified Eickman proposals using this approach was also
investigated. This was done by replacing the expression for N, i.e., (n?~1)/(n?+2), in the Lorentz-Lorenz
expression with either nP— 1 or with (n?>-1)/(n?+d), respectively. Setting p = 2/3 or d = 0.4 resulted in
slightly larger standard deviations in the R values compared to the Lorentz-Lorenz approach. Only minor
improvements were observed when allowing these adjustable parameters to vary. At best, the
performance was the same as for the Lorentz-Lorenz equation. Surprisingly, the results were rather
insensitive to the actual values assigned to the parameters d and p. Density predictions covered a wide
range of values and agreed, on average, within 0.2 %, with a maximum deviation of less than 1 %.
Subsequently, equation (24) proves to be applicable for calculating pure component temperature-
dependent density values in the absence of experimental data or correlations, provided that at least a
single density point at a reference temperature is available to allow for the calculation of R. This is useful
in correlations where pure component density data are required to predict the mixture composition and

only refractive index measurements are available.

Table 5. Pure components: Average values of the molar volumes and molar refractions with the density predicted
from the latter

Lorentz-Lorenz molar

T-range, | Molar volume, cm®mol? refraction, cm®mol? Density errors
Compound °C V *+ s s, % R + s s, % Max % AAD %
Benzene 8-50 899 + 1.28 143 | 2622 + 0.04 0.16 | 0.28 0.15
Acetone 20-45 743 + 120 161 | 16.16 + 0.04 0.23 | 043 0.15
DMA 25-45 940 + 0.94 100 | 2434 + 0.02 0.09 | 0.09 0.06
Anisole 20-30 | 1093 + 0.52 047 | 3293 + 0.07 022 | 024 0.16
Cyclohexanone 25-35 | 1047 + 051 049 | 2793 + 001 005 | 0.05 0.03
Dioxane 25-35 86.2 + 048 056 | 21.69 + 0.01 0.06 | 0.07 0.04
Ethanol 15-45 501 + 071 119 | 1291 + 0.01 0.05 | 0.08 0.04
Dodecane 20-100 | 232.7 + 5.88 253 | 5786 + 0.08 014 | 023 0.12
Hexadecane 20-60 | 2979 + 3.73 125 | 7643 + 0.06 0.08 | 0.12 0.07
Eicosane 40-100 | 3731 * 6.09 163 | 95.06 + 0.04 0.04 | 0.06 0.03
Tetracosane 60-100 | 4421 =+ 4.26 096 | 1130 = 0.33 0.29 0.58 0.21
Octacosane 50-100 | 5093 + 521 102 | 1314 + 0.39 0.29 | 0.6 0.22
Dotriacontane 75-100 | 5804 + 3.76 065| 1495 + 0.14 0.09 0.12 0.07
Average (max) 1.14 0.14  (0.58) 0.10

4.2. Binary mixtures containing an n-alkane
Figure 3 shows that all the binary mixtures of acetone with alkanes appear to behave like ideal mixtures
with respect to both the molar refraction and the molar volume. This also holds for other compounds in

mixtures with n-alkanes as demonstrated by the data in the Supplementary Material.
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Figure 3. The Lorentz-Lorenz molar refraction R and molar volume at 25 °C for binary mixtures of acetone with

selected alkanes calculated using the data sources listed in Table 4.

Figure 4 shows the temperature dependence of the molar refraction and the molar volume for mixtures of
1,4-dioxane with n-hexane. The R data for measurements conducted at temperatures of 25 °C, 30 °C and
35 °C, all lie on the same straight line. However, the corresponding molar volume data values lie on three
separate parallel lines. Similar observations hold for the other binary systems listed in Table 4. The
Supplementary Material includes a plot that confirms this for benzene mixtures with alkanes. This
confirms the notion that the molar refraction can be interpreted as a temperature-invariant scaled molar
volume. The results presented above appear to be generally valid for alkanes in binary combinations with
aromatic and/or polar compounds such as benzene, chlorobenzene, ethanol, anisole, cyclohexanone, and
1,4-dioxane. The key realisation from these results is that the molar refraction R varies linearly with
composition expressed in terms of mole fractions and that it is, for practical purposes, temperature

invariant.
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Figure 4. The temperature dependence of the Lorentz-Lorenz molar refraction R and molar volume for binary

mixtures of 1,4-dioxane with n-hexane

For the discussion to follow, it is advantageous to have a look at a few specific examples of the variation

of the actual refractive index with mixture composition. First a “brute force” test of the mixing rules

presented in Table 2 was done. The models with a linear composition dependence fall in two groups

corresponding to whether the mole fractions or the volume fractions are used as the composition

descriptors:

g(n) = g(n)x +9(ny)x,

and

f(n) = f()a+f(n,)e,

(25a)

(25b)

Where g(n;) and f(n;) represent the functional dependence of the parameter N on refractive index

suggested by the different investigators as listed in Table 2. These equations can be rearranged in a format

that facilitates plotting all data from all systems on a single graph. This method also allows the

performance of the Heller and Wiener mixture laws to be compared:

= 9Mm-g(n) _
g(nz)_g(nl) ’

and

_ fm-f(n) _

“tmy)—fm)

(26a)

(26b)
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It should be noted that a volume fraction is an ill-defined concept because only nominal values based on
the pure component properties are used. The true volume of the mixture differs slightly from the molar
volume calculated using the linear mixing rule. Mole fractions are therefore preferred. If the model is able
to represent the experimental data, the plots of @ vs. @, or of X vs. X, should yield a straight line with
slope of unity that passes through the origin. Figure 5(a) shows that this is indeed the case for equation (6)
and equation (9a) on plots vs. the mole fraction. This means that the molar volume and the Lorentz-
Lorenz molar refraction measured, for all the systems considered presently, do follow the linear mixing

rule with mole fraction as the composition descriptor.
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Figure 5. Testing the applicability of the linear mixture models using the binary data of all systems. (a) Equation
(26a) applied to the molar volume (equation (6)) and the Lorentz-Lorenz molar refraction (equation (9a)). (b)

Equation (26b) applied to the mixing rules that assume linear variation with volume fraction.

Figure 5(b) shows the plots of the models that are based on linear expressions in the volume fractions.
Interestingly, all of the mixture models return data pairs that are very close to each other. The differences
were smaller than the size of the symbols used to denote them and lie on top of each other in the graph.
Unfortunately, none of them are able to correlate the data from all systems. This is indicated by the
considerable scatter of the data points at distances quite far away from the diagonal line. The plot of the
data from the 1,4-dioxane-decane binary appears to represent the greatest deviations. These data points
were calculated using the Eyring equation and they are highlighted by the red squares that are connected
with a solid line. It is clear that this data set cannot be represented by any of the models tested in

Figure 5(b). The calculations even yield @ values that exceed unity. This is in stark contrast with the

results shown in Figure 5(a) where the 1,4-dioxane-decane data fall precisely on the required straight line
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when the models based on mole fraction are used. Interestingly, it did not matter whether the Lorentz-

Lorenz of Looyenga expression for N was used. The results were identical.

In order to better understand the reasons for this failure, it is useful to consider actual plots of the
refractive index vs. volume fraction. Figure 6 shows representative plots that reveal some of the data
trends that were found in the systems studied. In this figure, the data are plotted and shown together with
the predictions of the two Lorentz-Lorenz equations. The predictions of the L-L-R-mixing rules are
indicated by the solid lines. It is clear that they represent the data trends quite well. However, the L-L-N
mixing rule predictions, represented by dashed lines, fail to adequately describe all three systems
considered. While the refractive index data for the chlorobenzene-decane system varies almost linearly
with the mole fraction, both the ethanol-octane and the 1,4 dioxane-decane system data deviates from
linear behaviour. The L-L-N mixture model adequately corrects for the small deviations from linear
behaviour for the chlorobenzene-decane system, but it underpredicts the refractive index values of the

ethanol-octane system and overpredicts the values for the 1,4 dioxane-decane system.
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Figure 6. Refractive index data obtained at 25 °C. The solid lines and dashed lines are predictions obtained by
applying equation (9) (the L-L-R-mixing rule) and equation (13) (the L-L-N-mixing rule), respectively. The two lines

for the chlorobenzene-decane system virtually coincide.

Examination of all the different proposals for defining revised expressions for the N variable show that
they all are strictly increasing functions of the refractive index n. In addition, they all assume a linear
variation of N with composition expressed in volume fractions. This means that none of these models can

represent a minimum in a refractive index vs. composition plot—as is in fact observed in the data of the
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1,4 dioxane-decane system. This also explains the values of @ that exceed unity in Figure 5. They arise

from refractive index values in mixtures that are lower than those of both pure compounds.

However, the L-L-R model represents even the data for the dioxane-decane system quite well. Recall that
both the molar refraction and the molar volume follow the linear mixing rule in mole fractions. Therefore,
equation (9) can be rearranged as follows:

N = (Rx +R,x,)/V (27)

Note that for the mixture the left-hand side is fully determined by the measured refractive index values.
Similarly, the right-hand side is fully determined by the density measurements that yield the molar
volume of the mixture V. Figure 7 shows plots of these two quantities for binary mixtures of 1,4-dioxane
with selected alkanes. The values coincide for all the systems. This implies that variations in the mixture
density are accounted for by concomitant changes in the refractive index in such a way that molar
refraction volume retains a linear composition dependence in the mole fractions. This then also suggests

that it is possible to obtain estimates for the excess molar volume on the basis of equation (27):
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Figure 7. Plots illustrating the link between the Lorentz-Lorenz expression N = (n?>-1)/(n+2) and the molar volume

of binary mixtures of 1,4-dioxane with some alkanes.

VE=V —ViX =V X, = (R1/N - Ml/pl)xl+ (Rz/N - Mz/pz)xz (28)
The right-hand side is fully defined by the refractive indices of the mixture and the pure components, as
well as the densities of the latter.
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It can therefore be regarded as a predictive relationship for the excess molar volume of the system. Figure
8 shows such predictions for binary mixtures containing 1,4-dioxane. The predictions in Figure 8(a)
follow the trends observed for the excess molar volume. However, they overestimate it for the mixture

with decane and underestimate it for heptane.
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Figure 8. Comparison of the excess molar volume at 25 °C of 1,4-dioxane mixtures with alkanes with the
predictions obtained from refractive index measurements. (a) Heptane and decane measurements from Penas, Calvo,
Pintos, Amigo and Bravo [53]; (b) Hexane system: Solid line predictions and open markers, for excess molar
volume, are based on data reported by Penas, Calvo, Pintos, Amigo and Bravo [53] while dashed line and filled

markers (VF) are based on data published by Nayak, Aralaguppi and Aminabhavi [55].

The results in Figure 8(b)—for mixtures with n-hexane—are rather curious. The VE data from Penas,
Calvo, Pintos, Amigo and Bravo [53] show good agreement with the predictions at high concentrations of
dioxane but better agreement with the results extracted from Nayak, Aralaguppi and Aminabhavi [55] at
low concentrations. The reverse is true for the plots derived from the Nayak, Aralaguppi and Aminabhavi
[55] results. It should be considered that the excess molar volume is but a small fraction of the total molar
volume, in the order of just 1 %. The striking differences between the two data sets reported for the
dioxane-hexane system can have many different explanations. There might have been differences in the
purity of the compounds, their moisture content and even the actual compositions of the mixtures. The
accuracy of the temperature, density and refractive index measurements might have differed slightly.
Therefore, very accurate measurements of high purity compounds in well-defined mixture ratios are
required in order to generate meaningful results that will allow proper testing of the validity of equation

(5). Previous investigators have explored the use of refractive index measurements for predicting the
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excess volumes [13, 26]. They found a strong correlation between the density and refractive index of
binary mixtures but used approaches that differed significantly from the method indicated by equation
7).

4.3. Mixture models requiring only refractive index information
The investigation done so far indicates that the L-L-R mixture model provides exceptional predictive
power. Unfortunately, this model additionally requires density data for the mixture. This is not always
convenient to obtain. It is true that the L-L-N mixture model works adequately for some binary systems,
e.g., the chlorobenzene-decane system. It is then of interest to determine whether better performance can
be achieved for other systems (that are not adequately described by this model) in order that the
measurement of the refractive index of the mixture will suffice for composition determinations. In this
regard, it is also conspicuous that the proposals for the power index p for the power mean-based mixture
models, listed in Table 1, vary over such a considerable range, i.e., from zero to two. Such disparate
values cannot simultaneously apply to all cases. However, these suggestions were previously supported
by experimental results. This suggests that the nature of binary mixtures varies to such an extent that
individual systems require unique power indices for proper data representation. Two approaches for
adjustment of the mixture models were investigated. The power-mean mixture models were considered
which treat the power index p as an adjustable constant. Also, the modified Eykman expression [17]
which allows the parameter d to vary, was considered. Least squares regression was used to determine the

best data fit for each possibility.

The outcome of this exercise is shown in Figure 9 as a @ vs. ¢ plot. The values of the adjustable
parameters and the ®-, correlation coefficients are listed in Table 6. It is clear that, except for the
anisole-dodecane system, better performance is possible with these approaches than is possible with the

L-L-N mixture model.

Table 6. -, correlation coefficients and values for the adjustable parameters for the modified Eyckman and

volume fraction weighted power mean models

Lorentz-Lorenz-N Power mean Modified Eykman
System
r p r d r

Acetone-dodecane 0.99953 -4.174 0.99980 -0.682 0.99980
Anisole-dodecane 0.99924 -4,082 0.99891 -0.738 0.99874
Benzene-hexadecane 0.98809 -26.74 0.99921 -1.83 0.99919
Chlorobenzene-decane 0.99990 -0.790 0.99995 0.927 0.99995
Cyclohexanone-dodecane 0.99577 -34.09 0.99963 -1.82 0.99961
Ethanol-octane 0.99823 -16.82 0.99929 -1.50 0.99928
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Figure 9. Performance of the Modified Eykman and volume fraction weighted power mean model for correlating

the data for the binary systems listed in Table 6.

5. CONCLUSIONS
Experimental data of binary mixtures of n-alkanes with polar hydrocarbons were considered to evaluate
the suitability of mixture models using refractive index and density measurements to predict mixture
composition. For these systems both the mixture molar volume and molar refraction follow a linear
mixing rule in mole fraction. While the linear trend in molar refraction is independent of temperature, a
slight temperature dependence is observed when mixture molar volume is considered. Furthermore, pure
component refractive index data of alkanes show that the Lorentz-Lorenz molar refraction may be
assumed virtually independent of temperature. This can be leveraged to calculated pure component
density data with an accuracy of within 0.2 % where temperature dependent measurement of this property

is not available.

A review of published refractive index mixture models that cover the full composition range shows that,
with the exception of the Wiener mixture rule, all suggest linear mixing in either mole fractions or volume
fractions. The non-linear Wiener equation follows a Padé type mixing rule and the expression that proves
this definition is explicitly presented. The advantage of mixture models that are linear in volume fraction
is that a mixture density measurement is not required in order to allow prediction of the mixture
composition. Unfortunately, comparison of predictive performance of both types of linear mixture models
show that linear mixture models in volume fraction fail to represent the real data trends. Mixture
refractive index data reveals that both positive and negative deviations from linear behaviour in this
property with volume fraction can occur—which explains the inability of linear models in volume

fraction to be generally applicable. However, it was shown that the performance of the Eykman and
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power mean mixture models can be improved by allowing the adjustable constant in both to vary

depending on the binary system evaluated.

The only model that is generally applicable to all the systems considered here, is the Lorentz-Lorenz
molar refraction model that is linear in mole fraction. This can be explained by considering that the molar
refraction is a physical quantity that combines refractive index and density in a single parameter. It is
speculated that changes in density with temperature are compensated for by complementary changes in
density. This explains the virtual temperature independence of pure component molar refraction as well as
the observation that the real mixtures behave ideally when this property is considered. Subsequently, the
Lorentz-Lorenz molar refraction linear mixing rule in mole fractions allows fully predictive composition
estimates from combined density and refractive index measurements on mixtures. Based on this evidence
a new method for calculating the excess mixture volume is suggested. However, more accurate refractive

index measurements are needed to confirm its validity.
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Graphical abstract

Looyenga refractive index mixing rule:
NV =NVx+NJV x, with N,=n»-1

where 7;, I;and x; are the refractive
index, molar volume and mole fraction
of componenti respectively.

Provides near perfect fit of binary data
for mixtures of alkanes in combination
with polar or aromatic compounds
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