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Abstract: The modeling of the refractive index for binary aqueous solutions of boric acid, sodium
chloride, potassium chloride, sodium sulfate, lithium sulfate, and potassium sulfate, as well as ternary
aqueous solutions of boric acid in the presence of sodium sulfate, lithium sulfate, or potassium
chloride, is reported. The refraction index was represented by molar refraction. It was described as
the sum of solutes’ partial molar refraction and solvent molar refraction. The solutes’ partial molar
refraction was estimated from the molar refraction of the binary solutions. The excess molar refraction
for these systems was described with the equation of Wang et al. The polarizability of the solutes
present in the studied systems was estimated using the Lorenz–Lorenz relation. The results showed
the model is appropriate for describing the systems studied; the interactions of boric acid, sodium,
potassium, lithium, chloride, and sulfate ions with water molecules are relevant to explain the molar
refraction and refractive index, and those for the binary systems of lithium chloride and sodium
chloride are also relevant the ion–ion interactions. The model is robust and presents estimation
capabilities within and beyond the concentrations and temperature range studied. Therefore, the
outcomes represent valuable information to understand and follow the industrial processing of
natural brines.

Keywords: refractive index; polarization coefficient; modeling; boric acid; lithium; alkaline;
sulfate; chloride

1. Introduction

The refractive index is a physical property of a medium. It is defined as the ratio of
the speed of light in a vacuum to its speed in that medium [1]. This property is useful to de-
termine the concentration of compounds in liquid solutions and to study optical properties
in film and fiber optic technologies, thermodynamic properties, molecular polarizability,
and molecular interactions in liquid solutions, among others [2,3]. The refractive index
could be also applied for monitoring industrial processes where the control variable is the
concentration of the target compound in the solution [4,5]. This is feasible because the
refractive index is sensitive to changes in concentration and is easy to measure [4,5].

The refractive index could be used for monitoring the industrial processing of natural
brines from the Salar de Atacama. Brines are aqueous solutions that contain B3+, Li+, Na+,
K+, Mg2+, Cl−, and SO4

2− ions [6,7], from which potassium, sodium, boron, and lithium
compounds are produced [8,9]. To obtain the target compounds, the brines are concentrated
by solar evaporation and further purified by chemical methods and crystallization [8,10,11].
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Evaporation is performed in systems of ponds that work in concentration ranges to control
salts’ precipitation [8,12]; therefore, it is necessary to periodically measure the concentration
of the salts in the solutions; however, measuring the concentration is time-consuming and
costly. Moreover, the knowledge of the behavior of the brines is required for designing and
simulating the concentration processes [13], purification, and selective crystallization of
the target compounds [14].

Brines containing these valuable resources are also located in other salt lakes in
Chile, Bolivia, Argentina, China [15,16], and the USA [11,17], thus the monitoring of brine
processing by the refractive index could be used where the solar evaporation process is
applied. To monitor the brines’ processing using the refractive index, experimental data of
the chemical systems involved are required [18]. Moreover, robust models to describe the
data and estimate this property at the industrial operational conditions are needed.

In the literature [6], experimental data and empirical correlations of the refractive index
and density have been reported for two types of synthetic solutions of H3BO3+KCl+H2O
and Na2B4O7+KCl+H2O, including the binary systems H3BO3+H2O, KCl+H2O,
and Na2B4O7+H2O at (293.15, 298.15, and 303.15) K. In previous work, we reported
the refractive index of solutions saturated with respect to boric acid of the systems
H3BO3+Na2SO4+H2O [19] and H3BO3+Li2SO4+H2O [10], at T = (293.15, 298.15, 303,15,
308.15, and 313.15) K. The data of the system in the presence of lithium sulfate were rep-
resented with an empirical correlation. Pacak et al. [20,21] measured the refractive index
and density of Li+, Na+, NH4

+, and Ag+ nitrates and iodides, as well as tetraalkylammo-
nium salts (chlorides, bromides, iodides, and nitrates) in aqueous and dimethyl sulfoxide
solutions. They estimated the molar refraction and analyzed the polarization effect for the
ions and solvents. They represent the dependence of the solution molar refraction with the
salt molar fraction by a quadratic equation. Deosarkar et al. [22] measured the density and
refractive index at low salt concentrations of KCl, KBr, and KI in mixed-solvent solutions
(ethanol + water) at 303.15 K. They estimated the solutions’ molar refractions using the
Lorentz–Lorentz equation. Nonetheless, models to describe the refractive index and molar
refraction for these systems are necessary.

An et al. [1] proposed a theoretical equation to describe the refractive index for bi-
nary salt solutions (NaCl, KCl, NaBr, and KBr) and water + acetonitrile + salt solutions
at 298.15 K, obtaining good results, particularly at low salt concentrations. Li et al. [23]
presented a method to estimate the polarizability of the ions from their refractive index in
water. This method was based on their previous theoretical equation [1]. They studied 32 bi-
nary salt solutions. The values obtained agreed with the literature. They also calculated the
polarizability of the cations Na+, K+, Rb+, Cs+, Ca2+, Ba2+, and Sr2+ and the anions F−, Cl−,
Br−, I−, ClO4

−, NO3
−, and SO4

2−. Wang et al. [3] proposed a molecular model to repre-
sent the refractive index of quaternary aqueous solutions (chromium trioxide + potassium
chromate + potassium dichromate + water) at (298.15 to 333.15) K. The results were con-
sistent with the experimental observations. The multicomponent system was considered
as a pseudo binary system with chromium trioxide as solute and potassium chromate +
potassium dichromate + water as solvent. Wang et al. [24] proposed a modified mixing rule
to determine the refractive index and the extinction coefficient of multicomponent mixed
salt solutions at different wavelength and salt concentrations at 293.15 K. They studied
the binary, ternary, and quaternary solutions as well as a quinary solution, of the system
NaCl+KCl+MgCl2+CaCl2+Na2SO4+H2O. The mixing rule described the experimental data
well. Leyendekkers and Hunter applied the Tamman–Tait–Gibson model to describe the
refractive index for aqueous electrolyte solutions [25]. They extended the model to estimate
the refractive index at different wavelengths, temperatures, and pressures, as well as for
multicomponent solutions [26]. To validate its model, they studied the refractive index
for the solutions of CuSO4+ZnSO4+H2O, HCl+H2SO4+H2O, KCl+HCl+H2O, KCl+H2O,
and NaCl+H2O. Padova [27] modelled the apparent molar refractions of Na2SO4, MgSO4,
MnCl2, NaOCOCH3, Ba(OCOCH3)2, Mg(OCOCH3)2, and K(OCOCH3) in mixed solvents
(ethanol + water) at 298.15 K. Padova also determined the solutes’ molar refraction at an
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infinite dilution and discussed the ion–solvent interactions. Li et al. [28] estimated the
polarizability of LiCl, NaCl, NaBr, KBr, and Na2SO4 in mixed solvents (water + acetonitrile
and water + ethanol). For this purpose, they extended their model reported in [1,23].
The ion polarizability of Na+, Cl−, and Br− in the mixed solvents was reported. Their
results showed that the solvent composition affects the anion polarizability, presenting
a nonmonotonic behavior with organic solvent concentration increases, but the cation
polarizability is nearly unaffected.

However, there is still a need for models that represent the refractive index and molar
refraction of electrolyte and non-electrolyte binary solutions, and estimate these properties
for aqueous multicomponent solutions, up to high concentrations at different temperatures.
Moreover, the models should estimate the excess molar refraction, solutes’ molar refraction
at different concentrations and at infinite dilution, and their polarizability coefficients.

The knowledge of the molar refraction is useful to explain the changes of ions’ proper-
ties by polarization or their electron shell changes in the presence of other ions [20]. The
excess molar refraction is useful to understand the ion–ion and ion–solvent [29] interactions
and how they affect the refractive index and the behavior of the studied systems.

Therefore, the aim of this work is to model the refractive index and molar refraction of
binary aqueous solutions of boric acid from [6] and inorganic salts (sodium chloride [30],
potassium chloride [6], lithium chloride [31,32], sodium sulfate and potassium sulfate [33],
and lithium sulfate [34]), and the ternary solutions of boric acid + sodium sulfate + wa-
ter [19], boric acid + lithium sulfate + water [10], and boric acid + potassium chloride +
water [6]. The solution molar refraction is represented as the sum of the partial molar
refraction of the solutes and the solvent. The partial molar refraction of the solutes was
estimated from the molar refraction of their binary solutions. The required excess molar
refraction was described with the equation from Wang et al. [35]. The model we proposed
is also able to estimate the molar refraction of the solutes at infinite dilution. The expression
of the refractive index is obtained from the relation between the molar refraction and the
refractive index [24]. The parameters of the model are estimated comparing the calculated
refractive index to the experimental refractive index of the binary solutions involved. More-
over, the polarizability coefficient of the compounds present in all systems studied using
the Lorenz–Lorenz relation [20] is estimated.

2. Method
2.1. Molar Refraction and Refractive Index

The molar refraction of a solution R is described by the following equation [24]:

R =

(

n2 − 1
)

(n2 + 2)
Vm =

N

∑
i=1

Rixi (1)

where n is the refractive index and Vm is the molar volume of the solution. Ri is the
molar refraction and xi is the molar fraction of the component i, and N is the number of
components. The molar volume is calculated by the following equation [36]:

VM =
∑

N
i=1 Mixi

ρ
(2)

where Mi is the molar weight of the component i and ρ is the density of the solution.
Starting from the excess molar refraction REx [37] or deviation in molar refraction ∆R [38]
representation, the molar refraction R can also be expressed as follows:

R = Rid + REx (3)
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Rid is the molar refraction of an ideal solution and is given as follows:

Rid =
N

∑
i=1

Ro
i xi (4)

Ro
i is the molar refraction of the pure component i. Replacing Equation (4) in

Equation (3), the following is obtained:

R =
N

∑
i=1

Ro
i xi + REx (5)

For an aqueous solution of M solutes, based on [24,37,39] the molar refraction could
be written as follows:

R =
M

∑
j=1

Rjxj + Rwxw (6)

Rj and Rw are the partial molar refractions of the solute j and water, respectively. To
estimate Rj, it is proposed to apply the relation for molar properties for binary solutions
reported in [38], then Rj can be derived from the following equation:

Rj = Ro
j + REx − xw

(

∂REx

∂xw

)

T,P
(7)

Ro
j is the molar refraction of the pure solute, T is the temperature, and P is the pressure

of the system. REx is the excess molar refraction for the binary solution.
Wang et al. [35] proposed that an excess property M Ex could be described by

the following:
MEx = ax + bln(1 + gx) (8)

Equation (8) was derived out of a molecular theoretical model, which considers that the
macroscopic solution properties result from the degree of aggregation of subclusters formed
by the molecules in the solution. The subclusters are formed by complex interactions
between all molecules in the solution. The groups statistical theory and a pseudo-chemical
reaction process were used to determine the degree of aggregation when the system reaches
the equilibrium. The parameters a and b are related to the monomolecular membrane
aggregates and pseudo-chemical reaction constants Kij; therefore, they are concentration x
and temperature T dependent. The parameter g is related to the pseudo-chemical reaction
constants, thus it depends on temperature. Based on Equation (8), it is proposed that the
excess molar refraction for a binary solution REx is given by the following equation:

REx = ajxj + bjln
(

1 + gjxj

)

(9)

Replacing Equation (9) in Equation (7) and after simplifying the resulting equation,
the following is obtained:

Rj = Ro
j + aj + bjln

(

1 + gjxj

)

+

(

1 − xj

)

bjgj

1 + gjxj
(10)

For Equation (10), when xj tends to 0, the molar refraction at infinite dilution R∞
j is

given by the following:
R∞

j = Ro
j + aj + bjgj (11)

Isolating R∞
j from Equation (11) and replacing in Equation (10),

Rj = R∞
j − bj

[

gj − ln
(

1 + gjxj

)]

+

(

1 − xj

)

bjgj

1 + gjxj
(12)
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Equation (12) is combined with Equation (6) to obtain the molar refraction of a multi-
component solution as a function of binary properties:

R =
M

∑
j=1

R∞
j xj + Rwxw +

M

∑
j=1

{

−bj

[

gj − ln
(

1 + gjxj

)]

+

(

1 − xj

)

bjgj

1 + gjxj

}

(13)

Rw is calculated from Equation (1) using the refractive index and molar volume of
pure water. Refractive index is obtained. From [40] and the molar volume is calculated
from Equation (2) using water density from [41]. It is considered that R∞

j is temperature
dependent and is represented by the following equation:

R∞
j = R∞,0

j + R∞,1
j (T − 298.15) (14)

R∞,0
j and R∞,1

j are constants.
To calculate the refractive index, the refractie index n is isolated from Equation (1):

n =

[

1 + 2(R/Vm)

1 − (R/Vm)

]0.5
(15)

R is calculated from Equation (13). Vm is estimated from Equation (2) using the
solution density calculated from Equation (16). It is proposed based on [42,43].

ρ =











ρw, wj = 0
M

∑
j=1

ψj
(

ψj/ρo
j

) , wj > 0











(16)

ψj =
wj

∑
M
j=1 wj

(17)

where wj is the weight fraction of the solute j and ρo
j is the density of the binary solution of

the solute j in water calculated at total solute weight fraction wj. ρo
j is estimated using the

equation reported by Apelblat [41]:

ρj =
ρw

1 − ρw(Ajwj + Bjw
2
j )

(18)

Aj and Bj are constants. To estimate the values of the parameters R∞,0
j, R∞,1

j, aj, bj and
gj, Equation (15) is applied for a binary solution. For this purpose R and Vm are obtained
from Equations (12), (18) and (2), respectively. The resulting expressions are as follows:

Vm = (M1x1 + Mwxw)/ρ (19)

ρ =
ρw

1 − ρw

(

A1w1 + B1w2
1
) (20)

R = R∞
1 x1 + Rwxw − b1[g1 − ln(1 + g1x1)] +

(1 − x1)b1g1

1 + g1x1
(21)

The calculated refractive index is contrasted with the experimental values nexp, consid-
ering the objective function:

fobj =
m

∑
i=1

(

nexp,i − ni

)2 (22)

m is the number of data points.
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For the multicomponent solutions, the excess molar refraction is estimated combining
Equations (5) and (13):

REx =
M

∑
j=1

xj

[

aj + bjln
(

1 + gjxj

)

+

(

1 − xj

)

bjgj

1 + gjxj

]

(23)

2.2. Polarizability

The solute electronic polarizability αe,j is related to the partial molar refraction by
Equation (24) [20]:

Rj =
4
3

πNAαe,j (24)

where NA is Avogadro’s constant and Rj is the partial molar refraction of the solute
j. The electronic polarizability coefficient is obtained by isolating this coefficient from
Equation (24):

αe,j =
3Rj

4πNA
(25)

The value of Rj is calculated from Equation (12), using the parameters estimated from
the binary system following the procedure described in Section 2.1.

3. Results

This section presents the results obtained by the application of the proposed model to
describe the refraction index and the molar refraction of the binary and ternary systems
studied. Moreover, the estimated electronic polarizability of the solutes is reported. The
sources of the experimental data and temperature and concentration ranges studied are
shown in Table 1.

Table 1. Binary and ternary systems studied.

System Temperature Range (K)

Refractive Index Density

Maximum
Concentration

(Mol·kg−1)
Reference

Maximum
Concentration

(Mol·kg−1)
Reference

H3BO3+H2O 293.15, 298.15, 303.15 1.0000 [6] 1.0000 [6]

Na2SO4+H2O 288.15, 298.15, 308.15,
318.15 3.42297 [33] 2.2250

(273.15–372.15) K [41]

Li2SO4+H2O 278.15, 298.15, 308.15,
318.15 2.2740 [34] 2.2740 [34]

K2SO4+H2O 288.15, 298.15, 308.15,
318.15 0.90485 [33] 0.71 [41]

NaCl+H2O 293.15, 298.15, 303.15,
308.15, 313.18, 318.15 6.0190 [30] 6.0111

(273.15–368.15) K [41]

LiCl+H2O 298.15, 308.15, 318.15 3.5557
Saturation

[31]
[32] 3.315 [31]

[32]
KCl+H2O 293.15, 298.15, 303.15 4.0000 [6] 4.0000 [6]

H3BO3+Na2SO4+H2O 293.15, 298.15, 303.15,
308.15, 313.15 3.3242 [19] 3.3242 [19]

H3BO3+Li2SO4 +H2O 293.15, 298.15, 303.15,
308.15, 313.15 3.14720 [10] 3.14720 [10]

H3BO3+KCl+H2O 293.15, 298.15, 303.15 1.0269 a [6] 1.0269 a [6]
a Total molality = molality of boric acid + molality of potassium chloride.
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3.1. Binary Systems

The parameters of the systems H3BO3+H2O, NaCl+H2O, KCl+H2O, Na2SO4+H2O,
K2SO4+H2O, and Li2SO4+H2O are presented in Table 2. All parameters reported are
statistically significant with a confidence level equal to or greater than 0.95. The models’
residuals are normally distributed. The parameters’ estimation and statistical analysis pre-
sented in this work were performed using the software Gretl [44]. For all systems studied,
it was determined that the parameters a, b, and g are not temperature and concentration
dependent. It was necessary to set g to 1 to assure that the parameters estimated of the
molar refraction are physically significant. The parameter a was set to −b ln(1+g) to satisfy
the limiting conditions for the excess molar refraction and the partial molar refraction.
The partial molar refraction is equal to the partial molar refraction at an infinite dilution
when x tends to 0, and it is equal to the pure compound molar refraction when x tends to
1. The excess molar refraction must be equal to 0 when x tends 0 and 1 because, at that
concentration, the molar refraction is equal to the ideal molar refraction.

Table 2. Parameters of the model of the refractive index of the systems H3BO3+H2O, MX+H2O, and M2X+H2O. M = K+,
Na+, or Li+ and X = Cl− or SO4

2−.

System
bj/

(cm3·mol−1)
R∞,0

j
a/

(cm3·Mol−1)
R∞,1

j/
(cm3·Mol−1·K−1)

R∞
j/

(cm3·Mol−1)
SE/

(cm3·Mol−1) r2

H3BO3+H2O −47.4674 ± 10.7813 a 9.6379 ± 0.1494 0 0.0002 0.9866

Na2SO4+H2O −1.0000 15.2688 ± 0.0298 0 15.34 ± 0.09 c [36]
15.13 ± 0.04 d [45] 0.00064 0.9981

Li2SO4+H2O −1.0000 13.8070 ± 0.1329 0.0218 ± 0.0089 b 12.81 e 0.00136 0.9825
K2SO4+H2O −1.0000 18.6035 ± 0.0851 0 19.55 ± 0.21 c [36] 0.00046 0.9894

NaCl+H2O 1.0000 9.4808 ± 0.0221 0 9.20 ± 0.18 c [36]
9.26 [46] 0.0007 0.9977

LiCl+H2O 1.0000 8.5582 ± 0.0098 0 8.74 [46] 0.0005 0.9999
KCl+H2O −1.0000 11.2102 ± 0.0280 0 11.25 ± 0.06 [36] 0.0005 0.9985

a Statistically significant with a confidence level of 0.99; b statistically significant with a confidence level 0.95.; c average molar refraction at
infinite dilution; d molar refraction at infinite dilution at 298.15 K; e estimated from the molar refraction values at infinite dilution of Li+

from [20] and SO4
2− from [36].

For the system H3BO3+H2O, the model described well the refractive index. The
coefficient of multiple determination, r2, is 0.9986 and the standard error of regression,
S.E., is 0.0002. Moreover, the molar refraction was in agreement with the data calculated
from Equations (1) and (2) using the density and refractive index from [6] (r2 = 0.9941 and
S.E. = 0.0030 cm3·mol−1). Figure 1 shows the results obtained. The statistically significant
parameters of the model are bj and R∞,0

j (Table 2). This means that the molar refraction
is unaffected by temperature changes, as can be seen in Figure 1b. The refractive index
decreases slightly with temperature increase at a constant acid concentration (Figure 1a).
This property depends on the molar refraction and the molar volume as shown in Equation
(15). Thus, the temperature effect could be attributed to the increasing of the solution
molar volume with temperature changes (by density decreases [6]) at a constant acid
concentration, because the molar refraction is unaffected. Both the refractive index and the
molar refraction increase with the acid concentration increments at a constant temperature,
but the excess molar refraction decreases (Figure 1c). Boric acid behaves as a water structure
maker in aqueous solutions [19]; therefore, the behavior of these properties could be related
to the changes in the interactions between boric acid and water molecules.
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Figure 1. (a) Refractive index n of the system H3BO3+H2O at different temperatures T and boric acid molar fractions x1.
Experimental data from [6] at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; △, T = 298.15 K; 3, T = 303.15 K; –, calculated from Equation (15). (b) Molar
refraction R of the system H3BO3+H2O. Data calculated from Equations (1) and (19) using density and refractive index
from [6] at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; △, T = 298.15 K; 3, T = 303.15 K; –, calculated from Equation (21) at T = 303.15 K. (c) Excess
molar refraction REx of the system H3BO3+H2O calculated from Equation (9) at T = 303.15 K.

The excess molar refraction is only concentration dependent for all systems studied
because a, b, and g are constants (Table 2).

Figures 2–4 show the results obtained for the systems Na2SO4+H2O, Li2SO4+H2O,
and K2SO4+H2O, respectively. To represent these systems, the parameter b was fixed to −1
and the values of R∞,0

j and R∞,1
j were estimated by contrasting the calculated refractive

index to their experimental data (Table 1).

Figure 2. (a) Refractive index n of the system Na2SO4+H2O at different temperatures T and sodium sulfate molar fractions
x1. Experimental data from [33] at ▽, T = 288.15 K; 3, T = 298.15 K;▽ ◇ K; ○, ▷ ─

▽ ◇ ○ ▷ ─

◁ ◇ ○ ▷ ─

◁ ◇ ▷ ─

∞ ∞

−

∞

∞

∞

, T = 308.15 K;▽ ◇ △ 5 K; ▷, ─

▽ ◇ △ ▷ ─

∞

∞

−

−

−

 
(a) 

◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated from
Equation (15). (b) Molar refraction R of the system Na2SO4+H2O. Data calculated from Equations (1) and (19) using density
from [41] and refractive index from [33] at ▽, T = 288.15 K; 3, T = 298.15 K;▽ ◇ K; ○, ▷ ─

▽ ◇ ○ ▷ ─

◁ ◇ ○ ▷ ─

◁ ◇ ▷ ─

∞ ∞

−

∞

∞

∞

, T = 308.15 K;▽ ◇ △ 5 K; ▷, ─

▽ ◇ △ ▷ ─

∞

∞

−

−

−

 
(a) 

◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated
from Equation (21) at T = 318.15 K. (c) Excess molar refraction REx of the system Na2SO4+H2O calculated from Equation (9)
at T = 318.15 K.
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Figure 3. (a) Refractive index n of the system Li2SO4+H2O at different temperatures T and lithium sulfate molar fractions
x1. Experimental data from [34] at
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(a) 

◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated from
Equation (15). (b) Molar refraction R of the system Li2SO4+H2O: data calculated from Equations (1) and (19) using density
and refractive index from [34] at
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◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated from
Equation (21). (c) Excess molar refraction REx of the system Li2SO4+H2O calculated from Equation (9) at T = 318.15 K.

Figure 4. (a) Refractive index n of the system K2SO4+H2O at different temperatures T and potassium sulfate molar fractions
x1. Experimental data from [33] at ▽, T = 288.15 K; 3, T = 298.15 K; △, T = 308.15 K;▽ ◇ △ 5 K; ▷, ─

▽ ◇ △ ▷ ─

∞

∞

−

−

−

 
(a) 

◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated from
Equation (15). (b) Molar refraction R of the system K2SO4+H2O. Data calculated from Equations (1) and (19) using density
from [41] and refractive index from [33] at ▽, T = 288.15 K; 3, T = 298.15 K; △, T = 308.15 K;▽ ◇ △ 5 K; ▷, ─

▽ ◇ △ ▷ ─

∞

∞

−

−

−

 
(a) 

◻ ◇ △ ○ ● ▷
─

◻ ◇ △
○ ● ▷ ─

, T = 318.15 K; –, calculated
from Equation (21) at T = 318.15 K. (c) Excess molar refraction REx of the system K2SO4+H2O calculated from Equation (9)
at T = 318.15 K.

For the systems Na2SO4+H2O and K2SO4+H2O, only R∞,0
j was statistically significant

(Table 2). This shows that molar refraction for these systems is not temperature depen-
dent; however, the refractive index decreases with temperature increases. This could be
attributed to the increasing of the solution molar volume with the temperature increase
(by solution density decreases) at a constant salt molar fraction. The molar refraction and
refractive index of these salts increase with salt concentration increments, but the excess
molar refraction decreases, as can be seen in Figures 2 and 4. Sodium sulfate [19] and
potassium sulfate [47] are water structure breakers in aqueous solutions [19]; therefore,
the behavior of these properties could be related to the ion–water interactions variations.
To describe the refractive index of sodium sulfate, r2 is 0.9981 and S.E. is 0.00064, and
for potassium sulfate, r2 is 0.9894 and S.E. is 0.00046. In the case of molar refraction, r2

is 0.9992 and S.E. is 0.0063 cm3·mol−1 for sodium sulfate, and r2 is 0.9964 and S.E. is
0.0090 cm3·mol−1 for potassium sulfate.
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The refractive index and molar refraction for the system Li2SO4+H2O were described
using the parameters R∞,0

j and R∞,1
j. For the refractive index, r2 is 0.9825 and S.E. is

0.00136, and for the molar refraction, r2 is 0.9086 and S.E. is 0.0446 cm3·mol−1. This shows
that n and R are affected by temperature and salt concentration changes, as can be seen
in Figure 3a,b. The temperature effect is relevant for the refractive index. It decreases
with temperature increases at a constant salt concentration, while for molar refraction, it is
significant at a high salt concentration, as shown in Figure 3a,b. It could be explained by the
increasing of the solution molar volume with temperature increases (by solution density
decreases [34]) at a constant salt molar fraction. The molar refraction and refractive index
increase with the salt concentration increments, but the excess molar refraction decreases
(Figure 3). Considering that lithium sulfate is a water structure maker [19], these changes
in properties could be related to the ion–water interactions modifications.

Table 2 shows the estimated values of R∞,0
j and the values reported in the literature.

For sodium sulfate, the calculated value agrees with the values from the literature [36,45].
For lithium sulfate, the R∞,0

j value is greater than the value from the literature [46] and, for
sodium sulfate, R∞,0

j is smaller than the value reported in [36].
In Figure 5a,b, Figure 6a,b, and Figure 7a,b, it can be observed that the model described

well the experimental data of the systems NaCl+H2O, LiCl+H2O, and KCl+H2O. The
parameter b was set to 1, in the presence of sodium chloride and lithium chloride, and set to
−1 in the presence of potassium chloride. To represent these systems, only the parameter
R∞,0

j is needed (Table 2). The values of the parameter R∞,0
j estimated for every chloride

salt are in agreement with the values reported in the literature [36,46,48]. For the refractive
index, the goodness of fit statistics are given in Table 2. For the molar refraction of sodium
chloride, r2 is 0.9728 and S.E. is 0.0285 cm3·mol−1; for potassium chloride, r2 is 0.9993 and
S.E. is 0.0047 cm3·mol−1; and for lithium chloride, r2 is 0.9998 and S.E. is 0.0060 cm3·mol−1.

Figure 5. (a) Refractive index n of the system NaCl+H2O at different temperatures T and NaCl molar fractions x1.
Experimental data from [30] at
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, T = 318.15 K; –, calculated from Equation (15). (b) Molar refraction R of the system NaCl+H2O. Data calculated
from Equations (1) and (19) using density from [41] and refractive index from [30] at
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, T = 318.15 K; –, calculated from Equation (21) at T = 318.15 K. (c) Excess
molar refraction REx of the system NaCl+H2O calculated from Equation (9) at T = 318.15 K.
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Figure 6. (a) Refractive index n of the system LiCl+H2O at different temperatures T and LiCl molar fractions
x1. Experimental data from [31,32] at 3, T = 298.15 K;▽ ◇ K; ○, ▷ ─
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,
T = 308.15K; △, T = 318.15 K calculated from Equation (15). (b) Molar refraction R of the system LiCl+H2O.
Data calculated from Equations (1) and (19) using density and refractive index from [31,32] at 3, T = 298.15 K;▽ ◇ K; ○, ▷ ─
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, T = 318.15 K; –, T = 298.15 K;

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 308.15 K; △, T = 318.15 K calculated from Equation (21). (c) Excess
molar refraction REx of the system LiCl+H2O calculated from Equation (9) at T = 298.15 K.

Figure 7. (a) Refractive index n of the system KCl+H2O at different temperatures and potassium chlorides molar fractions
x1. Experimental data from [6] at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; 3, T = 298.15 K; △, T = 303.15 K; –, calculated from Equation (15).
(b) Molar refraction R of the systems KCl+H2O. Data calculated from Equations (1) and (19) using density and refractive
index from [6] at
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−

−

, T = 293.15 K; 3, T = 298.15 K; △, T = 303.15 K; –, calculated from Equation (21). (c) Excess molar
refraction REx of the system KCl+H2O calculated from Equation (9) at T = 303.15 K.

For the system NaCl+H2O, the molar refraction is not temperature dependent, but
it changes with salt concentration variations (Figure 5a,b). The refractive index changes
with temperature and salt concentration modifications. It decreases with temperature
increments at a constant salt concentration and increases with salt concentration increments
at a constant temperature. The temperature effect is related to the molar volume variation
with temperature modifications (density changes). The excess molar refraction is positive
and increases with concentration increments, as shown in Figure 5c. Sodium chloride is
a water structure maker [49]; therefore, the concentration effect could be explained by
changes in the ion–water and ion–ion interactions [49].

Figure 6 shows that the refractive index and molar refraction of the system LiCl+H2O
are mainly reported at 298.15 K; therefore, only the salt concentration effect was anal-
ysed. Both properties and the excess molar refraction increase with salt concentration
increments. In lithium chloride solutions, ion–water and ion–ion interactions (ion-pair
formation) are relevant [50]; therefore, those interactions could explain the behavior of the
properties studied.
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For the system KCl+H2O, the molar refraction is unaffected by temperature changes,
but the refractive index is slightly affected, as can be seen in Figure 7a,b. This could be
attributed to the slight molar volume changes with the increases in temperature (density
decreases [6]). These properties increase with salt concentration increments. This salt is a
water structure breaker [49], where the ion–water interactions are relevant [49]; therefore,
these interactions could explain the behavior of the refraction index, molar refraction, and
excess molar refraction.

Table 3 presents the values of the polarizability coefficients estimated from
Equation (24) at infinite dilution at 298.15 K. Polarizability of H3BO3, Na2SO4, and K2SO4
is concentration dependent. It rises with concentration increments. The temperature effect
is negligible. Polarizability of Li2SO4 grows as temperature rises, but it is not changed
by concentration increments. Polarization of NaCl, LiCl, and KCl is not modified with
temperature increases. In the case of NaCl and LiCl, the polarization decreases with con-
centration increments, but the polarization of KCl increases with concentration increases
(Figures S1–S7 in the Supplementary Materials).

Table 3. Solute electronic polarizability coefficient in aqueous solutions at 298 K.

Compound αe (Å3) a
αe (Å3) b

αe (Å3) c
αe (Å3) d

H3BO3 3.820
Na2SO4 5.988 4.907 ± 0.083 3.978 5.921
Li2SO4 5.473 4.528 ± 0.052 3.734 5.544
K2SO4 7.374 6.224 ± 0.128
NaCl 3.758 3.532 ± 0.034 2.391 3.65
LiCl 3.392 3.271 ± 0.033 2.262 3.462
KCl 4.443 4.126 ± 0.024 2.931 4.465

a Estimated at infinite dilution in this study; b taken from [23]; c taken from [48]; d reported at 291.15 K in [51] as
cited in [23].

Table 3 shows that the polarizability values of NaCl, LiCl, and KCl are slightly greater,
but greater than the values reported in [48]. Because the polarizability is unaffected by
temperature changes, it was also compared with the values reported at 291.15 K in [51] as
cited in [23]. The values we reported are similar to those values for Na2SO4, Li2SO4, and
KCl; slightly greater for NaCl; and slightly smaller for LiCl. These comparisons showed
that the values we reported in Table 3 are consistent.

The values we reported are close to the values in [51] as cited in [23], because those
values were obtained from molar refraction at infinite dilution. The values from [48]
were calculated from the total in solution molar polarizability by the direct extrapolation
method [23]. The values reported by Li et al. [23] were estimated from the slope K of a
linear equation that relates the refractive index to the salt molar fraction. K depends on the
constant γ’ that is obtained from fitting the solution volume Vsol with the molar fraction
of the salt. Thus, it can be inferred that the polarizability value depends on the solution
volume and refractive index values. The method we proposed also depends on the solution
volume and refractive index because they are necessary to estimate the molar refraction
at infinite dilution. Therefore, the differences between the values we obtained and those
reported by Li et al. [23] could be related to the different methods used to estimate the
solution volume. In our work, we calculated the molar volume using Equation (2) with
density from Apelblat [41].

The effect of the ion nature on the refractive index and molar refraction can be ex-
plained by determining the ions’ polarizability as well as applying the hard and soft bases
concept (HSAB). It is related to the atom or molecules’ polarizability [52].
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The HSAB [52] states that the atoms or molecules can be classified as hard and soft
according to the easiness with which their electrons can polarize (easy deformation of the
electrical field). An atom or molecule that easy polarizes is called soft, otherwise it is called
hard. The relevance of the hard/soft classification is related to the strength of the acid–basic
interactions, the bonds, and their nature (ionic or covalent). Hard bases may coordinate
with hard acids, by ionic bonds, and soft acids with soft bases, by covalent bonds. An
indicator to classify the atoms or molecules is the absolute hardness η. The inverse of
the hardness is the softness (σ = 1/η). Soft acid and bases have high polarizability. The
interaction between molecules that increases the chemical hardness is promoted [53].

The polarizability of the ions was estimated using the procedure described in [20].
The reference ion was Li+ (αe = 0.029 Å3) [23,54]. The polarization of Cl− was obtained by
subtracting the value of Li+ from the polarization of LiCl (Table 3). The value obtained for
Cl− was used to calculate the polarization of Na+ and K+ from NaCl and KCl polarizability,
respectively. The polarizability of SO4

2− was obtained for every sulfate salt studied using
the polarization of Na+, Li+, and K+ ions calculated previously. The average polarizability
of ion sulfate was calculated from the values obtained for every sulfate salt. Table 4 reports
the estimated values. The ion polarizability increases with the ionic bare radius increments,
but the polarizability decreases with the hardness increments.

Table 4. Ions’ polarizability coefficient αe in aqueous solutions at 298.15 K. HSAB, hard and soft bases
concept.

Ion rbare (Å) a
αe (Å3) αe (Å3) b

αe (Å3) cryst
c η d HSAB

Classification e

Li+ 0.94 0.03 0.03 0.03 35.12 Hard acid
Na+ 1.17 0.4 0.279 ± 0.001 0.41 21.08 Hard acid
K+ 1.49 1.08 0.873 ± 0.009 1.33 13.64 Hard acid
Cl− 1.64 3.36 3.253 ± 0.033 2.96 4.70 Hard base

SO4
2− f 5.28 4.432 ± 0.110 Hard base

a Bare ionic radius taken from [55]; b polarizability coefficient taken from [23]; c polarizability coefficient taken
from [56]; d absolute hardness taken from [52]; e taken from [57]; f average value of the polarization of SO4

2−

obtained from the polarization of Li2SO4, K2SO4, and Na2SO4.

For the systems Na2SO4+H2O, K2SO4+H2O, and Li2SO4+H2O, the effect of salt con-
centration increments on the refractive index is related to the type of cation. The basis of
this was the analysis of the cation effect on their refractive index, molar refraction, molar
volume, salt polarizability coefficient, the ratio between the solution molar refraction and
the molar volume (R/Vm), and excess molar refraction, when salt concentration increases
at a constant temperature (Figure 8). Their values were calculated with the equations
presented in Section 2 and the parameters estimated in this study.

Figure 8b shows that, in the presence of K+, the molar refraction has the greatest value.
This can be explained by its greatest bare ionic radius and polarizability coefficient, as well
as lowest hardness (Table 4). The ions’ effect follows the order K+ >Na+ > Li+, as shown
in Figure 8c. In the case of the refractive index, the salt concentration effect is strong at
high concentrations and the ions’ effect order (Na+ > K+ > Li+) is different from for molar
refraction (Figure 8a,b). This is because the refractive index depends on the solution molar
refraction and molar volume. The molar refraction increases in the order K+ > Na+ > Li+,
but, although the molar volume is the greatest in presence of K+, there is no significant
difference for Na+ and Li+ (Figure 8b,d). However, the salt effect on the refractive index is
similar to the salt effect on R/Vm, as shown in Figure 8e. This implies that the refractive
index is directly proportional to R/Vm. The excess molar refraction increases with salt
concentration increments, as shown in Figure 8f; thus, it could be related to ion–water
interactions changes.



Processes 2021, 9, 525 14 of 29

Figure 8. Comparison of the physicochemical properties of the systems:

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, Na2SO4+H2O; 3, K2SO4+H2O; and o,
Li2SO4+H2O for different salt molar fraction x1 at 298.15 K. (a) Refractive index n estimated from Equation (15). (b) Molar
refraction R calculated from Equation (21). (c) Molar volume Vm calculated from Equation (19) using density from [41].
(d) Electronic polarizability coefficient αe calculated from Equation (25). (e) Molar refraction to molar volume ratio R/Vm

calculated dividing the values obtained in (a,c). (f) Excess molar refraction REx calculated from Equation (9).
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The temperature effect was analyzed by comparing the properties of the sulfate salts at
a constant salt concentration (Figure 9). The molar refraction is the greatest in the presence
of potassium ion. The effect of the other ions follows the order Na+ > Li+. In presence of K+

and Na+, the molar refraction decreases slightly with temperature increments, but the in
presence of Li+, this property has a low increase. This is attributed to the negligible effect
of temperature on the ions’ polarizability. The refractive index decreases with temperature
increments in the order Na+ > K+ > Li+. This property behavior is similar to that presented
by the ratio of solution molar refraction to molar volume, as shown in Figure 9a,e. In
this case, R/Vm reduces with the temperature increases. This means that the refractive
index is directly proportional to R/Vm. Figure 9f shows that temperature changes are not
significant for the excess molar refraction.

In the systems NaCl+H2O, KCl+H2O, and LiCl+H2O, the molar refraction increases
with the growth in salt concentration. Moreover, the greatest effect on the molar refrac-
tion is attributed to the potassium ion (Figure 10b). The ions’ effect follows the order
K+ > Na+ > Li+. The refractive index increases with the salt concentration increments
(Figure 10a). There is no significant difference in the presence of the K+, Na+, and Li+ at
low concentrations, while it is slightly greater for K+ >Na+ > Li+ when the concentration
rises. This property has the same trend that R/Vm has with salt concentration increments,
as shown in Figure 10a,e. The greatest molar volume is given in the presence of K+ ions,
and significant differences in the presence of Na+ and Li+ ions are present at a higher salt
concentration than 0.06 molar fraction (Figure 10c). The excess molar refraction is positive
in presence of Na+ and Li+ and negative in the presence of K+. It increases in the presence
of Na+ and Li+, but decreases in the presence of K+. This indicates that ion–water and
ion–ion interactions are relevant in the presence of Na+ and Li+, but in the presence of K+,
ion–water interactions are important.

The temperature effect was analyzed only in the presence of sodium and potassium
ions (Figure 11). Figure 11b shows that molar refraction is not temperature dependent, but
its value is greater in the presence of potassium ion than in the presence of sodium ion.
This could be attributed to ions’ polarizability behavior (Figure 11d). Figure 11d shows that
ions’ polarizability is not temperature dependent. Polarizability is greater for K+ than for
Na+. The refractive index decreases slightly with the temperature increments (Figure 11a).
This effect is greater for Na+ than K+. Moreover, it can be inferred from the refractive
index and R/Vm behaviors (Figure 11a,e) that n is directly affected by changes in R/Vm.
Figure 11f shows that only salt concentration variations affect the excess molar refraction.

The results suggest that the molar refraction and refractive index are more affected by
salt concentration changes than for temperature variations. The K+, Na+, and Li+ effects
on these properties are similar, but greater in the presence of sulfate than chloride ions at
the same concentration range and constant temperature. This is attributed to the greater
polarizability for SO4

2− than for Cl−. Moreover, the refractive index is directly proportional
to R/Vm, and the solution molar volume is a relevant property to describe this property.
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Figure 9. Comparison of the physicochemical properties of the systems:

ց

at ◻, △ ◇ ─
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−

, Na2SO4+H2O; 3, K2SO4+H2O; and o,
Li2SO4+H2O for different temperatures T at salt molar fraction x1 = 0.06. (a) Refractive index n estimated from Equation (15).
(b) Molar refraction R calculated from Equation (21). (c) Molar volume Vm calculated from Equation (19) using density
from [41]. (d) Electronic polarizability coefficient αe calculated from Equation (25). (e) Molar refraction to molar volume
ratio R/Vm calculated dividing the values obtained in (a,c). (f) Excess molar refraction REx calculated from Equation (9).
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Figure 10. Comparison of the physicochemical properties of the systems:

ց
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, NaCl+H2O; 3, KCl+H2O; and o, LiCl+H2O
for different salt molar fraction x1 at 298.15 K. (a) Refractive index n estimated from Equation (15). (b) Molar refraction R

calculated from Equation (21). (c) Molar volume Vm calculated from Equation (19) using density from [41]. (d) Electronic
polarizability coefficient αe calculated from Equation (25). (e) Molar refraction to molar volume ratio R/Vm calculated
dividing the values obtained in (a,c). (f) Excess molar refraction REx calculated from Equation (9).
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Figure 11. Comparison of the physicochemical properties of the systems:
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, NaCl+H2O and 3, KCl+H2O for different
temperatures T at salt molar fraction x1 = 0.06. (a) Refractive index n estimated from Equation (15). (b) Molar refraction R

calculated from Equation (21). (c) Molar volume Vm calculated from Equation (19) using density from [41]. (d) Electronic
polarizability coefficient αe calculated from Equation (25). (e) Molar refraction to molar volume ratio R/Vm calculated
dividing the values obtained in (a,c). (f) Excess molar refraction REx calculated from Equation (9).
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3.2. Ternary Systems

The molar refraction and refractive index of the systems H3BO3+Na2SO4+H2O and
H3BO3+Li2SO4+H2O were described using Equations (13) and (15). The boric acid concen-
tration was calculated with the equation reported in our previous work [58] because the
solutions were saturated in boric acid. The concentrations were converted from molality
to molar fraction to apply in the model. The partial and excess molar refraction were
calculated from Equations (12) and (23), respectively. Table 2 presents the values used for
the parameters b and R∞,0

j for boric acid, sodium sulfate, and lithium sulfate. The model
residuals were normally distributed. The model represented well the refractive index. In
the presence of sodium sulfate, r2 is 0.9885 and S.E. is 0.0013, and in the presence of lithium
sulfate, r2 is 0.9953 and S.E. is 0.0009. Moreover, good results were obtained for the molar
refraction. In the presence of sodium sulfate, r2 is 0.9969 and S.E. is 0.0121 cm3·mol−1, and
in the presence of lithium sulfate, r2 is 0.9948 and S.E. is 0.0122 cm3·mol−1.

Figure 12c,d shows that the molar refraction increases with the salt concentration and
temperature increases. The refractive index increases considerably with salt concentration
increases, but the temperature effect is negligible (Figure 12a,b). The excess molar refraction
decreases in the presence of sodium sulfate, but increases in the presence of lithium
sulfate (Figure 12e,f). This could be related to the behavior of these salts in the systems
H3BO3+Salt+H2O. In the system, in the presence of sodium sulfate, the effect of salt
concentration increments could be attributed to boric acid solubility increasing with salt
concentration increases [58] (Figure 13a). This is because sodium sulfate behaves as a water
structure breaker [19]. In the presence of lithium sulfate, the effect of salt concentration
increments could be explained by the decreasing of boric acid solubility with increases in
salt concentration [10] (Figure 13b). This is attributed to the behavior of lithium sulfate
as a water structure maker [19]. This implies that, for these systems, the interactions
between acid and water and between ion and water molecules are relevant. For both
systems, the salt contribution is greater than the boric acid over the molar refraction. This
is demonstrated by its greater partial molar refraction and salt polarization coefficient
than that corresponding to boric acid (Figure 13a,b and Figure 14). The temperature effect
is explained by the increasing of boric acid solubility with temperature increments at a
constant salt concentration [10,58]. Figure 12a,b shows that the temperature effect on the
refractive index is negligible. This is because R/Vm is not temperature dependent, as can
be seen in Figure 13c,d.

Figure 15 presents the molar refraction, refractive index, and excess molar refraction
of the system H3BO3+KCl+H2O. Boric acid (1) and potassium chloride (2) solutions were
studied at total solutes molar fractions (xT = x1 + x2): 0.0045 ± 0.0001, 0.0090 ± 0.0001,
and 0.0182 ± 0.0001 at T = (293.15, 298.15, and 313.15) K. Both properties, molar refraction
and refractive index, increase with salt and acid concentration increases, as shown in
Figure 15a,b. The temperature effect on molar refraction is negligible, but that of the
refractive index is not. It decreases when temperature rises at a constant salt concentration.
Equations (13) and (15) represent appropriately the molar refraction and refractive index,
respectively, using the binary parameters estimated for boric acid and potassium chloride
(Table 2).
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Figure 12. Refractive index n at different temperatures T and salt molar fraction x2 of the systems saturated in boric acid:
(a) H3BO3+Na2SO4+H2O and (b) H3BO3+Li2SO4+H2O. Experimental data from [19] for (a) and from [10] for (b) at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

,
T = 293.15 K; 3, T = 298.15 K; △, T = 303.15 K; o, T = 308.15 K; •, T = 313.15 K; –, calculated from Equation (15) at
T = 308.15 K. Molar refraction R at different temperatures T and salt molar fraction x2 of the systems saturated in
boric acid: (c) H3BO3+Na2SO4+H2O and (d) H3BO3+Li2SO4+H2O. Data calculated from Equations (1) and (2) us-
ing density and refractive index from [19] for (c) and from [10] for (d) at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; 3, T = 298.15 K; △,
T = 303.15 K; o, T = 308.15 K; •, T = 313.15 K; –, calculated from Equation (13). Excess molar refraction REx of the
systems saturated in boric acid: (e) H3BO3+Na2SO4+H2O and (f) H3BO3+Li2SO4+H2O calculated from Equation (23) at –,
T = 293.15 K; –, T = 298.15 K; –, T = 303.15 K; –, T = 308.15 K; –, T = 313.15 K.
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Figure 13. (a) Boric acid solubility x1, –, and and molar refraction R of: –, H3BO3; –, Na2SO4; –, H3BO3+Na2SO4+H2O; in
sodium sulfate aqueous solutions saturated in boric acid and (b) boric acid solubility x1, –, and and molar refraction R of: –,
H3BO3; –, Li2SO4; –, H3BO3+Li2SO4+H2O; in lithium sulfate aqueous solutions saturated in boric acid; at T = 298.15 K and
different molar fractions of salt sulfate x2. R was calculated from Equation (12) for H3BO3, Na2SO4 and Li2SO4; and from
Equation (13) for H3BO3+Na2SO4+H2O and H3BO3+Li2SO4+H2O. x1 was calculated from [58]. Ratio R/Vm of the systems
saturated in boric acid: (c) H3BO3+Na2SO4+H2O and (d) H3BO3+Li2SO4+H2O. Data calculated from Equations (1) and (2)
using density and refractive index from [19] for (c) and from [10] for (d) at
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at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; 3, T = 298.15 K; △, T = 303.15 K;
o, T = 308.15 K; •, T = 313.15 K; –, calculated dividing Equation (13) by Equation (2) at T = 308.15 K.
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Figure 14. Electric polarization coefficient αe of boric acid (a,b) sodium sulfate in sodium sulfate aqueous solutions saturated
in boric acid and (c) boric acid and (d) lithium sulfate in lithium sulfate aqueous solutions saturated in boric acid, calculated
from Equation (25), at different salt molar fraction x2 and temperatures: –, T = 293.15 K; –, T = 298.15 K; –, T = 303.15 K; –,
T = 308.15 K; –, T = 313.15 K.

For the refractive index, r2 and S.E. are 0.9843 and 0.0002, respectively, and for the
molar refraction, r2 is 0.9971 and S.E. is 0.0017 cm3·mol−1. The excess molar refraction was
calculated from Equation (22). It is negative and decreases with salt and acid concentrations
increment, but it is not affected by temperature changes, as shown in Figure 15c. This may
imply that acid–water and ion–water interactions are relevant. For this system, the boric
acid polarization increases with the salt and acid concentrations increases. Figure 16 shows
that the polarizability of potassium chloride mainly depends on the salt concentration.
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Figure 15. (a) Refractive index n of the system H3BO3+KCl+H2O. Experimental data from [6] at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; 3,
T = 298.15 K; △, T = 303.15 K; –, calculated from Equation (15). (b) Molar refraction R of the system H3BO3+KCl+H2O
at different temperatures T and potassium chloride molar fraction x2. Data calculated from Equations (1) and (2) using
density and refractive index from [6] at

ց

at ◻, △ ◇ ─

◻ △ ◇ ─

∞ ∞

∞

−

−

, T = 293.15 K; 3, T = 298.15 K; △, T = 303.15 K; –, calculated from Equation (13) at
T = 303.15 K. (c) Excess molar refraction REx of the system H3BO3+KCl+H2O calculated from Equation (23) at T = 303.15 K.
The color of the markers and lines indicate the total solutes molar fractions xT at which the properties are given or calculated:
black, xT = 0.0045 ± 0.0001, green color xT = 0.0090 ± 0.0001, red color xT = 0.0136. The markers filled in black color and
long dotted lines are for xT = 0.0182 ± 0.0001.

Figure 16. Electric polarization coefficient αe of (a) boric acid and (b) potassium chloride, in potassium chloride and
boric acid aqueous solutions, –, calculated from Equation (25) at different potassium chloride molar fraction x2 at
T = 303.15 K. The color of the lines indicate the total solutes molar fractions xT at which the properties are calcu-
lated: black, xT = 0.0045 ± 0.0001, green color xT = 0.0090 ± 0.0001, red color xT = 0.0136. The long dotted lines are
for xT = 0.0182 ± 0.0001.

3.3. Models’ Estimation Applicability

To demonstrate the estimation capabilities of the model within and beyond the
range of the fitted experimental data, the molar refraction and refractive index for aque-
ous solutions of boric acid (1) in presence of lithium sulfate (2) were calculated from
Equations (13) and (15), respectively. These properties were estimated from unsaturated
to saturated solutions in boric acid at different lithium sulfate concentrations and temper-
atures between (283.15 and 323.15) K. The results are consistent at all temperatures and
concentrations studied, as shown in Figures 17 and 18.
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Figure 17. Refractive index n of the system H3BO3+Li2SO4+H2O calculated from Equation (15) at (a) T = 278.15 K,
(b) T = 283.15 K, (c) T = 293.15 K, (d) T = 310.15 K, (e) T = 313.15 K, and (f) T = 323.15K; different boric acid molar fraction x1

and lithium sulfate molar fraction x2: –, 0; –, 0.0017; –, 0.0052; –, 0.0088; –, 0.0125; –, 0.0186; –, 0.0294; –, 0.0367; –, 0.0415; –,
0.0533;

─ ─ ─ ─ ─ ─ ─ ─ ─ ─
0.0533; ⸳⸳●⸳⸳, at ⸳⸳ ⸳⸳, at saturation in boric acid.

─ ─ ─ ─ ─ ─ ─ ─ ─ ─
⸳⸳●⸳⸳ boric acid. ⸳⸳o⸳⸳, experimental data from refractive , experimental data from refractive index from [10] and with values of solubility

of boric acid in lithium sulfate aqueous solutions estimated from [58].
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Figure 18. Molar refraction R of the system H3BO3+Li2SO4+H2O calculated from Equation (13) at (a) T = 278.15 K,
(b) T = 283.15 K, (c) T = 293.15 K, (d) T = 310.15 K, (e) T = 313.15 K, and (f) T = 323.15 K. Different boric acid molar fraction
x1 and lithium sulfate molar fraction x2: –, 0; –, 0.0017; –, 0.0052; –, 0.0088; –, 0.0125; –, 0.0186; –, 0.0294; –, 0.0367; –, 0.0415; –,
0.0533;

─ ─ ─ ─ ─ ─ ─ ─ ─ ─
0.0533; ⸳⸳●⸳⸳, at ⸳⸳ ⸳⸳, at saturation in boric acid.

─ ─ ─ ─ ─ ─ ─ ─ ─ ─
⸳⸳●⸳⸳ boric acid. ⸳⸳o⸳⸳, experimental data from refractive , data calculated from Equation (13) with values of solubility of boric acid in

lithium sulfate aqueous solutions estimated from [58] and refractive index and density from [10].
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These results and those presented in the previous sections support that the model is
robust. The model could be applied to estimate the molar refraction, refractive index, and
electrical polarizability coefficient of the solutes of the solutions studied, within and beyond
the fitted range. Therefore, the model could provide valuable information to understand
and follow the industrial processing of natural brines.

4. Conclusions

• The proposed model represents appropriately the refractive index and molar refraction.
It is robust and has interpolation and extrapolation capabilities.

• The method proposed to estimate the electronic polarizability coefficient of the solutes
is simple and robust.

• The interactions of boric acid, sodium, potassium, lithium, chloride, and sulfate ions
with water molecules are relevant to explain the behaviors of the molar refraction and
the refractive index of the binary and ternary systems studied.

• For the binary aqueous solutions of lithium chloride and sodium chloride, the ion–ion
interactions are also relevant.

• The solute concentration effect is greater than the temperature effect on the molar
refraction and refractive index of the solutions studied.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/3/525/s1, Figure S1: Electric polarization coefficient αe of the system H3BO3+H2O calcu-
lated from Equation (25) at different boric acid molar fraction x and temperatures T:
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coefficient αe of the system K2SO4 + H2O calculated from Equation (25) at different potassium
sulfate molar fraction x and temperatures T:
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T = 318.15 K; Figure S4: Electric polarization coefficient αe of the system Li2SO4+H2O calculated
from Equation (25) at different lithium sulfate molar fraction x and temperatures T: ▽, T = 288.15 K,
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, T = 318.15 K; Figure S5: Electric polarization coefficient αe of the
system NaCl+H2O calculated from Equation (25) at different sodium chloride molar fraction x and
temperatures T:
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T = 318.15 K; Figure S6: Electric polarization coefficient αe of the system LiCl+H2O calculated from
Equation (25) at different lithium chloride molar fraction x and temperatures T: 3, T = 298.15 K,▽ ◇ K; ○, ▷ ─
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, T = 318.15 K; Figure S7: Electric polarization coefficient αe of the system KCl+H2O
calculated from Equation (25) at different potassium chloride molar fraction x and temperatures T:
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