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Abstract

Experimental densities at (293.15, 298.15, 303.15, 308.15, and 313.15) K and
refractive indices at 298.15 K are reported for the binary liquid mixtures of ethanol
with benzene and pyridine over the entire range of compositions and atmospheric
pressure. From these experimental data, the excess molar volumes VE and deviations
in molar refractivity AR were derived and fitted by the Redlich—Kister polynomial to
determine the adjustable fitting parameters and the standard deviations. The number
of adjustable parameters to be included in a Redlich—Kister polynomial for fitting
the derived properties was optimized with the F-test. VE values are found to be nega-
tive over the entire composition range in ethanol + pyridine mixtures, without con-
siderable changes over the temperature range studied. In the ethanol +benzene mix-
tures, the VE results show an S-shaped composition dependence, and the temperature
contribution was found to be very important. The variation of VE with composition
and temperature has been interpreted in terms of molecular interactions between the
components of the mixture and structural effects. AR values are found to be negative
for both mixtures with a minimum located between 0.45 and 0.5 volume fractions of
ethanol. Furthermore, several theoretical and empirical mixing rules were applied
to predict refractive indices of mixtures in order to test their validity for the present
systems.
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1 Introduction

Alcohols and aromatic hydrocarbons alone or in mixtures are essential for various
chemical and industrial processes [1-4]. Benzene is a non-polar aromatic hydro-
carbon and the most versatile from the viewpoint of its uses. Pyridine is structur-
ally analogous to benzene, with one methine group (=CH-) being replaced by an
N atom. However, in contrast to benzene, pyridine exhibits a permanent dipole
moment that is traceable to the higher electronegativity of N compared with C
[5]. Ethanol is a polar liquid, strongly self-associated by H-bonded linear chains
(OH:--HO interactions) to the extent of polymerization that may differ depending
on the temperature [6—8]. Mixing ethanol with aromatics induces dissociation of
some of the H-bonded structures leading to the possibility of formation of weak
n---HO bonding between the n-electron cloud of the aromatic ring and the proton
of the hydroxyl group of ethanol. Weak H-bonding of aromatic rings with proton
donors (like ethanol) plays an essential role in the structure of certain biomol-
ecules [9].

In the mixture with benzene, ethanol is widely used for the extraction of
volatiles in the pulp and paper industry, and diesel exhaust particulates (see
Serbanovi¢ et al. [10] and references therein). Also, an increase in the conversion
of refined coal and oil yield is achieved when raw mined coal is thermally pre-
treated with a binary mixture of benzene with ethanol [11]. On the other hand, a
significant improvement in the coking resistance of SOFCs with Ni cermet anode
operating on ethanol fuel is achieved by applying pyridine as a fuel additive [12].
Pyridine alone or in combination with other chemicals is also widely used as a
denaturing additive to ethanol. Ethanol is also widely used as an additive to gaso-
line in order to improve fuel-combustion efficiency and reduce exhaust emissions
of CO and hydrocarbons [13]. Since these substances alone or in mixtures are
ubiquitous environmental pollutants, some of which exhibit cancerous features, it
is of great interest to know their physical and derived properties at different tem-
peratures and to cover the whole composition range. These properties are essen-
tial for the design and setup of separation processes and processing equipment,
and they will contribute to the fundamental understanding of complex molecular
interactions present in those mixtures.

Here, we present experimental densities p from 293.15 K to 313.15 K at
5 K intervals and refractive indices n at 298.15 K and local atmospheric pres-
sure ~950 hPa for the ethanol 4+ benzene and ethanol 4 pyridine mixtures cover-
ing the entire mole fraction range. The related properties, excess molar volumes
(VE), and deviations in molar refractivity (AR) were derived from experimental
data. The VE and AR data were then fitted by the Redlich—Kister polynomial [14]
to determine the adjustable fitting parameters and the standard deviations. The
results have been interpreted in terms of molecular interactions between the com-
ponents of the mixture and structural effects.

A review of published literature revealed that some thermophysical proper-
ties of the investigated mixtures had been reported [10, 13, 15-22]. For the sys-
tem ethanol + benzene, Serbanovié et al. [10] and Gonzalez-Olmos et al. [13]
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have reported p and VE data in the temperature range covered in this work. The
obtained results are in good agreement with literature values in the region of
overlap. Other reports on p and/or VE are available: for ethanol + benzene system
at 288.15 K and 323.15 K [21], 298.15 K [15, 17, 18, 21, 23], 303.15 K [24]; for
ethanol + pyridine system at 298.15 [16, 19], 308.15 K [22]. A combined study
on p and n (and their derived properties VE and AR, respectively) at 298.15 K has
also been reported for the investigated systems [15, 16]. Recently, Dikio et al.
[20] have published p and VF data for the ethanol + pyridine system in the tem-
perature range from 293.15 K to 323.15 K at 10 K intervals. A detailed inspection
revealed that the accuracy of the results of Dikio et al., as they compare to the
published data and the results of the present study, cannot be guaranteed. Fur-
thermore, in the present study, we used purer reagents and have investigated the
influence of temperature on these systems by using apparatuses with better tem-
perature stability than Dikio et al.

Additionally, the Lorentz—Lorenz (L-L), Eykman (EYK), Dale-Gladstone
(D-G), Oster (OST), and Newton (NEW) mixing rules [25-33] were used to calcu-
late the refractive indices of the investigated liquid mixtures. The calculated results
were compared with experimental data, and the deviations are reported in terms of
mean absolute percentage deviation (MAPD).

2 Experimental Section
2.1 Materials

All chemicals were obtained from Sigma-Aldrich® and were used as supplied.
Table 1 shows the source and purity of the chemicals used. The mixtures were pre-
pared by mass and were kept in airtight glass containers. Preferential evaporation
during the preparation of mixtures was minimized by always charging the higher-
boiling component first. The vapor space in the glass containers was reduced to a
minimum in order to avoid losses by evaporation during manipulation. Mass meas-
urements were performed in an analytic balance (KERN & Sohn GmbH, model
ABS 220-4N) with precision+0.1 mg. Conversion from mass to molar quantities
was based on the relative atomic mass Table of 2011 issued by IUPAC [34]. The
overall uncertainty in the mole fraction of the studied mixtures was estimated to be
within +0.0001, depending on composition. Fifteen mixtures of ethanol +benzene
and 18 mixtures of ethanol + pyridine were prepared to cover the whole mole frac-
tion range. All mixtures were prepared just before use for measurements of density

Table 1 Chemical information

Chemical name CASno.  Source Purity mass fraction
Ethanol 64-17-5 Sigma-Aldrich  >0.999
Benzene 71-43-2 Sigma-Aldrich  >0.997
Pyridine 110-86-1  Sigma-Aldrich  >0.995
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and refractive index. Densities were studied at 7=(293.15, 298.15, 303.15, 308.15,
and 313.15) K, and refractive indices at 298.15 K only, under a local atmospheric
pressure of ~950 hPa.

2.2 Apparatus and Procedures

Densities were measured as a function of temperature from 293.15 K to 313.15 K
at 5 K intervals by using an Anton Paar DSA5000M digital vibrating U-tube den-
simeter (with automatic viscosity correction). The density measurement regime was
isophletal. The repeatability of density and temperature measurements stated by the
manufacturer are +0.001 kg-m~ and +0.001 K, respectively. The densimeter was
calibrated periodically with Anton Paar’s ultrapure water and dry air. The density
and temperature standard uncertainties supplied by the manufacturer are equal to
+0.005 kg-m™ and +0.01 K, respectively. The combined expanded uncertainty
(with a 0.95 level of confidence) of density measurements is estimated to be bet-
ter than +0.03 kg-m~. Refractive indices were measured with sodium D-line by
using a Schmidt+ Haensch refractometer (model AR12), thermostatically controlled
at 298.15+0.04 K. The combined expanded uncertainty (with 0.95 level of confi-
dence) of refractive index measurements is estimated to be +0.0002. Regular cali-
bration checks of the refractometer were carried out with in-house triple distilled
water to ensure the accuracy of the measurements. At least three independent meas-
urements were performed for each composition, and the average value was consid-
ered in all calculations. Density and refractive index uncertainties were calculated
using the law of propagation of uncertainty [35].

3 Results and Discussion

A comparison of densities and refractive indices of pure chemicals at 298.15 K to
the literature data appears in Table 2. Refractive indices obtained in this work for
the pure components agree with the literature values with an absolute percentage
deviation (APD) of better than 0.003 %, 0.007 %, and 0.002 % for ethanol, benzene,
and pyridine, respectively. The experimental densities of the pure components agree
with the literature values with an APD of better than 0.004 %, 0.006 %, and 0.008 %
for ethanol, benzene, and pyridine, respectively.

Tables 3 and 4 list the densities from 293.15 K to 313.15 K at 5 K intervals and
refractive indices at 298.15 K, respectively, for ethanol (1)+benzene (2) and etha-
nol (1)+pyridine (2) mixtures against the mole fraction of ethanol, x,. Densities and
refractive indices of the investigated mixtures have been reported previously [10, 13,
15-22]. The experimental results are in agreement with the literature values. For exam-
ple, the experimental densities of the ethanol +benzene system agree with the results of
Serbanovic et al. [10] with an APD of better than 0.020 %, 0.021 %, 0.020 %, 0.020 %,
and 0.019 % at 293.15 K, 298.15 K, 303.15 K, 308.15 K, and 313.15 K, respectively.
The measured densities of ethanol + pyridine system at 298.15 K agree with the results
of Findlay and Copp [19] with an APD of better than 0.021 %. Han et al. [15] reported
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Table2 Comparison between experimental values of density p and refractive index n of pure compo-
nents and literature values at 7=298.15 K and atmospheric pressure

Chemical name ~ p/kg-m™ APDY% n APDY%
This work  Literature This work  Literature

Ethanol 785.25 785.27 [15]  0.003 1.3593 1.35928 [15]  0.001
78522 [43]  0.004 1.35926 [43]  0.003
785.25[17]  0.000 1.35933[16]  0.002

Benzene 873.69 873.64 [44]  0.006 1.4977 1.4978 [45] 0.007
873.68 [23]  0.001 1.49764 [15]  0.004
873.65[18]  0.005

Pyridine 978.05 978.10 [36]  0.005 1.5070 1.50701 [36]  0.0007
978.13[16]  0.008 1.50 703 [16]  0.002

987.04[19]  0.001

Standard uncertainties are: u(7)=0.01 and 0.04 K for measurements of p and n, respectively; and
the combined expanded uncertainties (with 0.95 level of confidence) are: U (p)=0.03 kg:m~> and
U, (n)=0.0002

2APD (absolute percentage deviation) =Y**? — Y'|.100/Y*?; Y=p or n

results on densities and refractive indices for the ethanol 4+benzene system at 298.15 K.
Our densities agree with their values with an APD of better than 0.017 %; refractive
indices agree within 0.12 %. Noh et al. [16] measured densities and refractive indices of
ethanol + pyridine mixtures at 298.15 K. Their experimental values agree with our own
within an APD of 0.84 % and 0.11 % for the density and refractive index, respectively.
Figures 1 and 2 show the percentage deviations of our measurements of densities and
refractive indices from the literature for the ethanol+benzene and ethanol + pyridine
systems, respectively.

From experimental densities and refractive indices of pure substances and mix-
tures, we have calculated excess molar volumes, VE, and deviations in molar refrac-
tivity, AR, with the following well-known equations [15, 16, 25, 36, 37]:

vE= Zi:xtMi(P_l =), )
AR:Rm—zi:qﬁ,-Rl-, @
n? =1\ [ 2ixM;
Rm=<n2+1>( p > )
nl,z—l M,;
=\ <P_,> @

and
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Table 3 Experimental densities p of ethanol + (benzene or pyridine) mixtures at temperature 7" and local
atmospheric pressure P =~ 950 hPa against the mole fraction of ethanol x;

T/K X1 plkg-m™> X1 p/kg-m™ X1 p/kg-m™ X p/kg-m™>

Ethanol (1) + benzene (2)

293.15  0.0000  879.02 0.2018  865.45 0.4982  843.54 0.8491  809.14
293.15 0.0127  878.04 0.2501  862.14 0.6003  834.73 0.9000  802.97
293.15 0.0488  875.58 0.3001  858.64 0.6990  825.39 0.9509  796.37
293.15 0.0994  872.24 0.4004  851.27 0.7990  814.87 1.0000  789.54
293.15 0.1480  869.06

298.15  0.0000  873.69 0.2018  860.16 0.4982  838.50 0.8491  804.59
298.15  0.0127  872.69 0.2501  856.88 0.6003  829.81 0.9000  798.50
298.15  0.0488  870.22 0.3001  853.42 0.6990  820.60 0.9509  791.99
298.15  0.0994  866.90 0.4004  846.14 0.7990  810.24 1.0000  785.25
298.15 0.1480  863.73

303.15 0.0000 868.34 0.2018  854.83 0.4982  833.42 0.8491  800.00
303.15 0.0127 867.34 0.2501  851.58 0.6003  824.86 0.9000  794.00
303.15 0.0488  864.85 0.3001  848.16 0.6990  815.78 0.9509  787.59
303.15 0.0994 861.53 0.4004  840.96 0.7990  805.56 1.0000  780.94
303.15 0.1480  858.38

308.15  0.0000  863.00 0.2018  849.47 0.4982  828.30 0.8491  795.37
308.15 0.0127 861.96 0.2501  846.25 0.6003  819.85 0.9000  789.45
308.15  0.0488  859.45 0.3001  842.85 0.6990 81091 0.9509  783.14
308.15  0.0994  856.13 0.4004  835.74 0.7990  800.85 1.0000  776.59
308.15 0.1480  853.00

313.15 0.0000 857.66 0.2018  844.08 0.4982  823.13 0.8491  790.69
313.15 0.0127  856.57 0.2501  840.88 0.6003  814.80 0.9000  784.87
313.15  0.0488  854.03 0.3001  837.51 0.6990  805.98 0.9509  778.66
313.15 0.0994  850.71 0.4004  830.48 0.7990  796.09 1.0000  772.20
313.15 0.1480  847.58

Ethanol (1) + pyridine (2)

293.15 0.0000 983.08 0.2984  940.49 0.5994  887.28 0.8491  831.05
293.15 0.0491  976.60 0.3996  924.02 0.6489  877.16 0.8916  820.00
293.15 0.1001  969.66 0.4540  914.63 0.7037  865.40 0.9275  810.31
293.15  0.1498  962.72 0.4975  906.79 0.7482  855.43 0.9681  798.91
293.15 0.2004  955.41 0.5480  897.34 0.7990  843.45 1.0000  789.54
298.15  0.0000 978.05 0.2984  935.61 0.5994  882.56 0.8491  826.55
298.15  0.0491 971.59 0.3996  919.18 0.6489  872.48 0.8916  815.56
298.15  0.1001  964.68 0.4540  909.83 0.7037  860.77 0.9275 80591
298.15  0.1498  957.77 0.4975  902.02 0.7482  850.84 0.9681  794.57
298.15  0.2004  950.48 0.5480  892.60 0.7990  838.90 1.0000  785.25
303.15 0.0000 973.01 0.2984  930.70 0.5994  877.83 0.8491  822.03
303.15  0.0491  966.57 0.3996  914.33 0.6489  867.78 0.8916  811.09
303.15 0.1001  959.69 0.4540  905.00 0.7037  856.11 0.9275  801.49
303.15  0.1498  952.79 0.4975  897.22 0.7482  846.21 0.9681  790.21
303.15 0.2004  945.53 0.5480  887.83 0.7990  834.33 1.0000  780.94
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Table 3 (continued)

T/K X, plkg-m™3 X plkg-m™3 X, p/kg-m™> X, p/kg-m™>

308.15  0.0000  967.97 0.2984  925.78 0.5994  873.06 0.8491  817.48
308.15  0.0491  961.54 0.3996  909.45 0.6489  863.05 0.8916  806.58
308.15  0.1001  954.67 0.4540  900.15 0.7037  851.41 0.9275  797.03
308.15  0.1498  947.80 0.4975  892.39 0.7482  841.56 0.9681  785.81
308.15  0.2004  940.56 0.5480  883.03 0.7990  829.72 1.0000  776.59
313.15 0.0000  962.94 0.2984  920.83 0.5994  868.26 0.8491  812.90
313.15 0.0491  956.50 0.3996  904.55 0.6489  858.29 0.8916  802.05
313.15 0.1001  949.65 0.4540  895.28 0.7037  846.69 09275  792.54
313.15  0.1498  942.80 0.4975  887.54 0.7482  836.88 0.9681  781.38
313.15 0.2004  935.57 0.5480  878.20 0.7990  825.09 1.0000  772.20

Standard uncertainties are: u(7)=0.01 K; u(x;)=0.0001; u(P)=10 hPa; and the combined expanded
uncertainty (with 0.95 level of confidence) is U (p)=0.03 kg:m™>

Table 4 Experimental refractive indices n of ethanol +(benzene or pyridine) mixtures at temperature
T=298.15 K and local atmospheric pressure P =~950 hPa against the mole fraction of ethanol x,

X n X n X n X n

Ethanol (1) +benzene (2)

0.0000 1.4977 0.2018 1.4773 0.4982 1.4420 0.8491 1.3883
0.0127 1.4967 0.2501 1.4720 0.6003 1.4280 0.9000 1.3790
0.0488 1.4931 0.3001 1.4664 0.6990 1.4133 0.9509 1.3692
0.0994 1.4880 0.4004 1.4545 0.7990 1.3970 1.0000 1.3593
0.1480 1.4830
Ethanol (1) + pyridine (2)

0.0000 1.5070 0.2984 1.4738 0.5994 1.4327 0.8491 1.3901
0.0491 1.5021 0.3996 1.4610 0.6489 1.4249 0.8916 1.3820
0.1001 1.4967 0.4540 1.4537 0.7037 1.4160 0.9275 1.3748
0.1498 1.4913 0.4975 1.4477 0.7482 1.4084 0.9681 1.3662
0.2004 1.4855 0.5480 1.4404 0.7990 1.3994 1.0000 1.3593

Standard uncertainties are: u(7)=0.04 K; u(x;)=0.0001; u(P)=10 hPa; and the combined expanded
uncertainty (with 0.95 level of confidence) is U (n)=0.0002

)ciMipi_1

b=\
2 xMp;

(&)

In Egs. 1-5, x;, M}, p;, ¢;, n;, and R; are, respectively, the mole fraction, molar
mass, density, volume fraction, refractive index, and molar refractivity of the
pure component i in the mixture; p, n and R, are the density, refractive index, and
molar refractivity of the liquid mixture.
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Fig. 1 Relative (a) refractive
index deviations and (b) density
deviations of literature measure-
ments from our experimental
measurements of ethanol + ben-
zene system at 298.15 K and
atmospheric pressure: Han et al.
[15] (O);Tanaka and Toyama
[18] (O); Grguric et al. [17]
(+); Serbanovic et al. [10] (X);
Goznalez-Olmos et al. [13] (%)

Fig.2 Relative (a) refractive
index deviations and (b) density
deviations of literature measure-
ments from our experimental
measurements of ethanol + pyri-
dine system at 298.15 K and
atmospheric pressure: Noh et al.
[16] (O); Findlay and Copp [19]
(+); Dikio et al. [20] (x)
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The dependence of V* on the mole fraction of ethanol x, for the mixtures
with benzene and pyridine is plotted in Figs. 3 and 4. These data are also given
in Table S1, which is part of the electronic supplementary material (ESM). It was
found that with increasing temperature, the VE values only weakly increase in the
ethanol + pyridine system. Thus, to avoid overcrowding of data, in Fig. 4 we have
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Fig. 3 Excess molar volumes,
VE, against the mole fraction 0.15 |- o
of ethanol, x;, for the etha- (]
nol + benzene system. Symbols L 2
refer to experimental data points
at temperatures: 293.15 K (O);
298.15 K (e); 303.15 K (V); 0.10 |-
308.15 K (M); and 313.15 K °°
(O). Solid lines are the results ~ | @]
calculated from Eq. 6 5
€
"’E 0.05 |-
3
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X
Fig.4 Excess molar volumes, 0.0
VE, against the mole frac-
tion of ethanol, x;, for the
ethanol 4 pyridine system at r
298.15 K. Solid lines are the
results calculated from Eq. 6
-0.1 +
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S
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> L
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plotted VE against x; at 298.15 K only. The values of VE are negative over the entire
range of compositions for the ethanol + pyridine system, whereas in the case of the
ethanol 4+ benzene system, the VE varies much like an S-shaped curve, with positive
values at lower x; and negative values at higher x,. Contrary to the mixtures with
pyridine, the effect of temperature on VE is noteworthy in the mixtures containing
benzene, as seen in Fig. 3. There is a systematic increase in the values of VF along-
side the increase in temperature in both low- and high-x; regions. Consequently, the
point on the mole fraction axis, x(l), where the VE changes the sign from positive to
negative values, and the equimolar VE both increase with increasing temperature, as
seen in Fig. 3 and Table 5.

The observed variations of VF with composition can be interpreted qualitatively
by considering the factors that influence this thermodynamic function. In general,
the magnitude and sign of VE depend upon several opposing contributions arising
from physical, chemical, and structural factors [6, 7, 10]. The physical contributions
consist mainly of dispersion forces or weak dipole—dipole interactions, resulting in
positive VE values. The chemical contributions include: (i) specific interactions such
as hydrogen bonding, the formation of charge-transfer complexes, and the strong
dipole—dipole interactions between the component molecules in the mixture—all
leading to negative VE values, and (ii) the stretching and breaking of molecular asso-
ciates present in the pure liquids, leading to an expansion in volume and a positive
contribution to VE. The structural contribution includes the geometrical interstitial
accommodation of molecules in each other’s structure due to differences in the size
and shape of the component molecules of the mixtures, resulting in negative VE
values.

The positive trend in VE for the mixtures with benzene suggests that there are no
strong specific interactions between components of the mixtures and that the values
are a consequence of mainly the rupture of the hydrogen-bonded ethanol structures
as the ethanol molecules were added to a large amount of benzene. The negative VE
values in the ethanol-rich region (x; >0.5949 at 298.15 K; see Table 5) indicate that
complex formation occurred through =---HO bonding between the n-electron cloud
of the aromatic ring of benzene and the proton of the hydroxyl group of ethanol.
A further negative contribution may arise from the interstitial accommodation of
benzene molecules in the remaining hydrogen-bonded ethanol structure. In addition
to these effects, the dispersion forces were also expected to operate between unlike
molecules.

0 .

Table 5 Values ohf)c1 (tf.le point T/K X0 VE(xl =0.5)/

on the mole fraction axis where ! em3-mol~!

the VE changes the sign from

positive to negative values) 293.15 0.5513 0.0127

fmd the equimolar VE at each 208,15 0.5949 0.0240

investigated temperature 7 for

the ethanol + benzene system 303.15 0.6425 0.0374
308.15 0.6969 0.0542
313.15 0.7513 0.0740
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The fact that the VE values are negative over the entire composition range in
the ethanol + pyridine system suggests that the stretching and rupture of associ-
ates present in the pure liquids did not result in considerable positive VF values.
The negative deviations in VE can be attributed mainly to the formation of com-
plexes by strong cross-associated N---HO interactions between the free lone elec-
tron pair of electronegative N-atom of pyridine and the proton of the hydroxyl
group of ethanol. Additional negative contributions to VE arise from structural
effects and =---HO bond formation between the ethanol molecules and delocal-
ized m-electrons of the aromatic ring of pyridine. Kijev€anin et al. [38] have also
suggested that the resulting structure and properties of mixtures of pyridine with
I-propanol and 1- and 2-propanediol are determined entirely by interactions
through the —OH group and structural effects. Similar results are also obtained by
Ali et al. [7] for binary mixtures of pyridine and 1-alkanols (C4—C,).

A comparison between anm values at each temperature of the investigated mix-
tures revealed that the Vrﬁm values of the mixtures with pyridine are from 8 to 15
times higher than the corresponding values in the ethanol-rich region of the mix-
tures with benzene, which is attributed entirely to the stronger cross-associated
N---HO interactions existing only in the mixtures with pyridine, forming a more
compact packing than in mixtures with benzene, thus giving more negative values
of VE

In liquid mixtures, there is always a competition between molecular interactions
and disordered thermal movement of molecules. Increasing the thermal movement
of molecules with increasing temperature will lead to a decrease in molecular inter-
actions, which, as a consequence, will give rise to volume expansion. This explains
the systematic increase of VE values with the rising temperature in the ethanol + ben-
zene mixtures. In the lower ethanol concentration region, the elevation of tempera-
ture increases the stretching and rupturing of hydrogen bonds, which results in the
weakening of molecular association, thus leading to higher positive values of VE. In
the higher ethanol concentration region, the number of cross-associated complexes
through n---HO bonding decreases with the increasing temperature and leads to less
negative VE values. The effect of temperature on the VE values is minimal for the
mixture with pyridine. We assume that the increased thermal agitation has enabled
a more compact packing of component molecules into one another’s structure facili-
tated by N---HO interactions, resulting in only slight variations in VE. Similar results
were obtained by Kijevcanin et al. [38] for the binary mixtures of pyridine with
mono- and poly-alcohols.

The deviations in molar refractivity AR of the studied mixtures are shown in
Fig. 5 against the volume fraction of ethanol, ¢, and also listed in Table S2 of the
ESM. The AR values of both systems were found to be negative over the entire range
of compositions. We can observe that the AR data exhibit a parabolic-like depend-
ence with a minimum value located between 0.45 and 0.5 volume fractions of etha-
nol, ¢,. Molar refraction deviation AR represents the electronic perturbation due to
orbital mixing of the components of the mixtures. Therefore, AR can be used as a
measure of the strength of the interaction between the components of the mixture
and is strongly dependent on composition and temperature [16, 39]. Negative values
of AR indicate greater dispersive forces in the mixtures than pure components [40].
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Fig.5 Deviations in the molar 0.0
refractivity, AR, against the
volume fraction of ethanol, ¢,

of the present work and those 0.2
available in the literature at
298.15 K and atmospheric pres- 04|

sure. Ethanol + pyridine: this
work (O); Noh et al. [16] (+);
ethanol + benzene: this work -0.6 R

(O); Han et al. [15] (%). Solid <
lines are the results calculated g
from Eq. 6 o 0.8 |- " +
e
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x ¥er 7
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The VE and AR data were also fitted by the unweighted least-square method to the
Redlich—Kister (R-K) polynomial expression [14]:

k

Y =X(1-X) ) B(1-2X)", ©)
j=1

which is one of the most popular expressions for the mathematical representation
of excess physical or thermochemical properties of binary liquid mixtures [41]. In
Eq. 6, X=x, (mole fraction of ethanol) for Y= VE, and X =¢, (volume fraction of
ethanol) for Y=AR; and k is the number of adjustable fitting parameters, B;.

The R-K power series expansion has a valuable feature that the values of the
parameters of expansion are less correlated, i.e., will not vary considerably upon the
total number of terms used, than the parameters of a simple power series expansion.
This is an important feature because if any physical meaning is to be assigned to
one of its parameters, then its value is practically constant for various orders of fit.
Effectively, terms may be truncated from an R-K polynomial expansion in order to
yield acceptable approximations. In this work, the number k in the R—K power series
expansion, Eq. 6, was optimized by using the F-test at 0.005 significance level [42].
The F-test is a simple and robust statistical test to optimize the number of param-
eters to be included in the R-K polynomials for fitting thermodynamic excess and
deviation properties. In general, the number of adjustable fitting parameters depends
on factors such as (i) the dependence of the excess or deviation property with com-
position, i.e., the shape of data across the graph; (ii) the number of data points; (iii)
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Table 6 Fitted parameters b
Property Y* T/K B B B B c

B; (j=1to k) and standard perty ! 2 3 ¢ -

deviations ¢ for representation Ethanol + benzene

with Redlich-Kister polynomial, ; 20315 0051 0511 0213 0395 0.004
Eq. 6, of property Y for o ) ’ ’ ’ ’
ethanol + (benzene or pyridine) 298.15 0.096 0.536 0.243  0.432 0.004
mixtures at temperature T and 303.15 0150 0564 0271 0467 0.005
local atmospheric pressure 30815 0217 0595 0322 0533 0.006
P=~950 hPa
31315 0296 0.625 038 0.619 0.007
AR 208.15 —6.689 —1.263 0.007
Ethanol + pyridine
VE 20315 —1409 0709 —0.146 0.001
20815 —1411  0.698 —0.141 0.001
30315 —1411 0687 —0.137 0.001
308.15 —1.407  0.683 —0.125 0.001
31315 —1400  0.683 —0.109 0.001
AR 208.15 —4.003 —0.658 0.002

Standard uncertainties are: u(7T)=0.01 and 0.04 K for VF and AR,
respectively; u(P)=10 hPa; and the combined expanded uncertain-
ties (with 0.95 level of confidence) are: UC(VE)=0.OO9 cm?mol~!
and U (AR)=0.010 cm®mol™"

ay=VE, units: cm3-m01"'; Y=AR, units: cm?mol~!
172

b 1 J exp cal]?

o =9 5z Z -7

the quality of the experimental data; and (iv) the level of significance. In this work,
only two parameters were needed to fit the AR data significantly because they exhib-
ited a nearly symmetric parabolic dependence. Since VE data were less symmetrical,
more parameters were needed to fit those data significantly.

The values of adjustable fitting parameters, B;, at each temperature, and the cor-
responding standard deviations for the V£ and AR data are summarized in Table 6.
The solid lines in Figs. 3, 4, 5 refer to the values calculated from Eq. 6 using the
corresponding parameters B; given in Table 6. We can observe that there is a good
agreement between the experimental data and the solid lines calculated with the
adjustable parameters.

Additionally, the results for refractive indices obtained by the Lorentz—Lorenz
(L-L), Eykman (EYK), Dale-Gladstone (D-G), Oster (OST), and Newton (NEW)
mixing rules [25-33] for the present systems are summarized in Table S3 of ESM.
These mixing rules are based on the electromagnetic theory of light, which treats the
molecules as dipoles or assemblies of dipoles in an external field [31]. The ability of
these rules to predict the refractive indices of the investigated systems was tested by
calculating the mean absolute percentage deviation (MAPD) of the predicted values
from experimental ones. The MAPD results are presented in Table 7. From a perusal
of Table 7, it is obvious that all the considered mixing rules performed well for both
systems. The EYK rule resulted in the lowest deviation for the ethanol +benzene
system. For the ethanol + pyridine system, the NEW rule shows the best agreement
with experimental values, whereas the highest deviation was obtained with the L-L
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Table 7 Mean absolute percentage deviation (MAPD) for the Lorentz—Lorenz (L-L), Eykman (EYK),
Oster (OST), Dale—Gladstone (D-G), and Newton (NEW) mixing rules for binary liquid mixtures of eth-
anol 4 benzene and ethanol 4 pyridine at 298.15 K

System L-L EYK 0ST D-G NEW

Ethanol + benzene 0.024 0.020 0.071 0.038 0.096

Ethanol + pyridine 0.190 0.134 0.063 0.109 0.029
N

MAPD =22 3 |nf" — nfe!| /n™

mixing rule. The observed deviations are expected and can be accounted for, to
some degree, if the excess volume is taken into consideration in the various mix-
ing rules [31]. Based on MAPD data, the predicting ability of the mixing rules fol-
lows this sequence: EYK>L-L >D-G> OST>NEW for ethanol + benzene system;
NEW >OST>D-G>EYK>L-L for ethanol + pyridine system.

A comparison has also been made between our derived data (VE and AR) and
those available in the literature for the investigated mixtures, which is graphically
represented in Figs. 5, 6, 7. From Fig. 5, it can be seen that the AR data of this work
agree well with those reported by Han et al. [15] for the ethanol + benzene mixtures.
The data of Noh et al. [16] present less agreement with our own, especially at the
high-volume fraction region of ethanol. We can observe that the V¥ data of this work
for the ethanol +benzene agree well with those reported by Serbanovié et al. [10]

Fig. 6 Excess molar volumes, 0.15
VE, against the mole frac-

tion of ethanol, x,, for the

ethanol 4+ benzene system of the

present work and those avail-

able in the literature: this work 0.10 L
at 298.15 K (@) and 308.15 K
(m):; Serbanovié et al. [10] at
298.15 K (O) and 308.15 K (O); r
Han et al. [15] (%); Gonzales-
Olmos et al. [13] at 298.15 K
(X); Albright et al. [23] at
298.15 K (A); Tanaka and Toy-
ama [18] at 298.15 K (%). Solid
lines are the results calculated
from Eq. 6

e

VE (cm® mol™)
<

0.00

-0.05 - <

0.0 0.2 0.4 0.6 0.8 1.0
X4
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Fig. 7 Excess molar volumes, 0.0
VE, against the mole frac-
tion of ethanol, x,, for the
ethanol + pyridine system of the
present work and those available
in the literature: this work at R U
298.15 K (®) and 308.15 K (O);
Noh et al. [16] at 298.15 K (+);
Singh et al. [22] at 308.15 K
(x); Findlay and Copp [19] at 02k
298.15 K (). Solid lines are the © X
results calculated from Eq. 6 S
) +
E .
w - -
< 0.3
Xy X
X
X
0.4k x
07} - +
+
0.8 . I . I . I R
0.0 0.2 0.4 0.6 0.8 1.0
X

at both temperatures, 298.15 K and 308.15 K, over the entire composition range,
although our data are less scattered. The data of Han et al. present less agreement
with our own, especially at the low mole fraction region of ethanol. We can observe
that there is a large discrepancy between the VE of Noh et al. and the results of this
work for the ethanol + pyridine system, although we used liquids with similar purity
and apparatus that yield results with same precision and accuracy. We believe that
the accuracy of the results of Noh et al. as they compare to our results and the litera-
ture cannot be guaranteed. The data of Findlay and Coop [19] and Singh et al. [22]
show good agreement with some differences observed in the mid-ethanol concentra-
tion region. The equipment used by Findlay and Coop and Singh et al. gives results
with less precision and accuracy, one reason that can explain these differences.

4 Conclusions

This paper reports experimental data for density, p, and refractive index, n, for etha-
nol+benzene and ethanol + pyridine mixtures over the entire composition range at
five temperatures 7'=(293.15, 298.15, 303.15, 308.15, and 313.15) K and atmos-
pheric pressure. From these data, excess molar volumes VE and deviations in molar
refractivity AR were derived and fitted to the Redlich—Kister polynomial. Good
agreement was achieved between experimental VE and AR and the results calculated
by Redlich—Kister polynomial.
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The values of VE are negative over the entire composition range in ethanol + pyri-
dine mixtures, without considerable changes over the temperature range studied. In
contrast, with ethanol + benzene mixtures, the VE results exhibited an S-shaped com-
position dependence, and the temperature contribution was found to be very impor-
tant. This kind of behavior could be interpreted in terms of various balancing con-
tributions arising from physical, chemical, and structural effects. The AR values are
negative for both mixtures with a minimum located between 0.45 and 0.5 volume
fractions of ethanol.

The application of various theoretical and empirical mixing rules in predicting
the refractive indices of the investigated systems showed that all of the considered
mixing rules worked well for both systems. For the ethanol +benzene system, the
refractive indices provided by the EYK mixing rule were closest to the experimental
values. The NEW mixing rule showed the best agreement with experimental values
for the ethanol + pyridine system.
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