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Abstract

A mixture of alcohol and water is commonly used as antifreeze, liquor, and the fundamental solvents for the

manufacture of cosmetics, pharmaceuticals, and inks in our daily life. Since various properties of alcohol water

mixtures such as density, boiling or melting point, viscosity, and dielectric constant are determined by their mixing

ratio, it is very important to know the mixing ratio to predict their properties. One of simple method to find the
mixing ratio is measuring the density of the mixtures. However, it is not easy to predict the mixing ratio from
the density of the mixtures because the relationship between mixing ratio and density has not been established
well. The relationship is dependent on the relative sizes of solute and solvent molecules, and their interactions.
Recently, an empirical model to predict the density of glycerol water mixture from their mixing ratio has been
introduced. The suggested model is simple but quite accurate for glycerol water mixture. In this article, we
investigated the applicability of this model to different alcohol water mixtures. Densities for six different alcohol
water mixtures containing various alcohols (e.g., ethylene glycol, 1,3-propane diol, propylene glycol, methanol,

ethanol, and 1-propanol) were simulated and compared to experimentally measured ones to investigate the

applicability of the model proposed for glycerol water mixtures to other alcohol water mixtures. The model

predicted the actual density of all alcohol water mixtures tested in this article with high accuracy at various ratios.
This model can probably be used to predict the mixing ratio of other alcohol water mixtures from their densities
beyond 6 alcohols tested in this article from their densities.
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1. Introduction

A mixed solution of alcohol and water is a commonly
used mixture in our daily life. For example, a mixture
of ethylene glycol and water has been widely used as
an antifreeze coolant in automobiles, and antifreeze
concrete in constructions.?! As another example, a
mixture of glycerol and water is usually used to man-
ufacture cosmetics, pharmaceuticals, and inks, and an
ethanol-water mixture is always produced in the process
of making fermented liquor.** In addition to these
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examples, there are many more cases where a mixed
solution consisting of various alcohols and water is
used.’"! Many physicochemical properties of the mix-
tures (e.g., density, boiling, and melting point) are deter-
mined by the mixing ratio of alcohol to water mixture.
In addition, optical and electrical properties such as
refractive index, and dielectric constants of the mixtures
also depend on the mixing ratio.®! Also, the solubility
for the same solute may differ depending on the mixing
ratio. This is important property in practical point of
view, because it is possible to extract a specific sub-
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stance more efficiently by changing the mixing ratio.”!"!
Therefore, it is important to find out what the mixing
ratio of the mixed solution is. If the relation between the
mixing ratio and a particular property is well estab-
lished, we can easily predict the properties of a mixed
solution from its ratio. The simplest and the most effec-
tive method to measure the mixing ratio of the mixed
solution is to measure its density. Measuring density
does not require expensive equipment and densities can
be measured in real time through a Coriolis flow ana-
lyzer attached to most chemical process systems.™!

A solution is called to be an ideal solution if all sub-
stances in a mixed solution have the same molecular
size, and there is no interaction between them. The den-
sity of the ideal mixed solution changes in linear pro-
portion to the mixing ratio of each component. However,
since all substances have different molecular size and
there are interactions between them in real mixed solu-
tion, the density of the actual mixed solution changes
in a nonlinear fashion with respect to the mixing ratio
of each component. In general, when each substance in
a mixed solution has different molecular sizes (e.g.,
gravel and sand) or when attractive forces are acting
between them, the actual volume of the mixed solution
is less than the volume obtained by simply adding up
the volumes of each solution. And this volume contrac-
tion occurring in the mixed solutions leads to an
increase in the density of the mixed solutions. Since it
is difficult to analytically estimate the exact size of the
molecules contained in the mixed solution, and their
interaction, the amount of volume contraction in a
mixed solution is predicted mostly by an empirical law.
Recently, a relatively simple but quite accurate model
for predicting the volume contraction in a mixed solu-
tion has been reported, in which the volume contraction
in glycerol water mixture is described as the sine func-
tion."!] The predicted densities of glycerol water mix-
ture at different temperatures have showed the values
which was very close to the density experimentally
measured. In this study, we investigate the applicability
of the model introduced for predicting the density of
glycerol water mixture to three dihydric alcohols (eth-
ylene glycol, propylene glycol, 1,3-propanediol) and
three monohydric alcohol (methanol, ethanol, and 1-
propanol) water mixture. The extension and limitation
of the model for glycerol water mixture will be dis-
cussed in practical point of view.
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2. Theory and Experiment

2.1. Calculation of Density

In this paper, the model proposed by Andreas Volk et
al. was used to theoretically calculate the density of an
alcohol water mixture. The process for deriving the final
formula for calculating the density of an alcohol water
mixture is described below. If an alcohol water mixture
is an ideal solution, the density of the mixed solution
(Om.izear) at a specific temperature (7) is determined by
the density of an alcohol (p,), the density of water (p,),
and the volume of an alcohol and water (V,, V,,) (Eq.

)2

POV (D) +p,(DV,(T)
Vu(D)+V,(T)

In Eq. (1), both terms (density and volume) are
dependent on temperature. If the volume is expressed in
terms of density and weight, Eq. (1) can be expressed
as density (temperature-dependent) and weight (tem-
perature-independent) as in Eq. (2).

+
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Equation (1) is valid only if the mixture is an ideal
solution, in which alcohol and water in a mixed solution
have the same molecular size, and they do not interact
with each other. In this ideal case, the final volume of
the mixed solution (V,,;4q) 1S given by simply adding
the volume of each solution (Eq. (3)).

Vm,ideal(T) = Va(T)Jr VW(T) (3)

However, in reality, the molecular size of the two sub-
stances is different, and there is an interaction between
them. Thus, the actual volume of the mixed solution
(Vmacnar) 18 generally smaller than V), 4., and its actual
density (Onacna) 18 larger than p,, 4. estimated from
Eq. (1) or (2). Therefore, in order to predict O, uena» @
correction term (k) related to volume contraction is
required (Eq. (4)).

/Om,ideal(T)z (1)

PADp D)W, +w,)
WP (D) +w,,p,(T)
“

The difference between 0, izeq; (T) and oy, geniar (T) 18
resulted from the difference between V,, 4w (T) and
Vnacua- Therefore, it would be reasonable to define the

pm,ideal(T) = K‘:Dm,ideal(T) =K
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volume contraction term (i) as the ratio between V,,, iz
and V,, sena as shown in Eq. (5).

Mo, Wy
VinidealT) _ VoDV (D) _p(T) p,(T)
Vm,actual(T) Vm,actual(T) (Wa+ww)

pm,actua/(T)

k()=

_ pm,actua/(T)(wapw(T) +Wwpa(T))
PP (T)(w,+w,,)

As expressed in Eq. (5), the volume contraction term,
«(T) is a function of temperature and which is depen-
dent on the weight (w,, w,,) and density (o, p,,) of alco-
hol and water, and the actual density of the mixture
(Omactuar)- The actual densities of the mixture (0, aemar)
at specific mole fractions, and temperatures are taken
from the literature, and fitted using the following Eq. (6)
as introduced in Reference 11.

K(T) = 1+ A(T)[sin(w,, - MF (6)

The coefficients x and y were obtained according to
the type of mixed alcohol using the least squares
method. The volume contraction term, k(7’) is expressed
as the function of temperature. The optimum value of
A dependent on temperature was obtained using the
same method (the least squares method) in fixed coef-
ficients of x and y. The prefactor “A” was obtained at
several specific temperatures, and plotted as the func-
tion of temperatures. The trend of A dependent on tem-
peratures was simulated using quadratic equation (Eq.

(7).
A(TY=B,  T*+B,- T+IC 7

®)

2.2. Measurement of Density

In order to compare the theoretically obtained density
using Eq. (4) with the experimentally measured density,
a mixed solution was prepared using various alcohols
(glycerol, ethylene glycol, 1,3-propanediol, propylene
glycol, methanol, ethanol, and 1-propanol) and water in
three specific volume ratio (1:4, 1:1, and 4:1), and their
densities were measured using a pycnometer at ambient
conditions (1 atm, 21°C). Glycerol (>99.5%, Aldrich),
ethylene glycol (EG, 99.8%, Aldrich), 1,3-propanediol
(13-PD, 99.0%, DAEJUNG), propylene glycol (PG,
99.0%, DAEJUNG), methanol (MeOH, 99.5%, DAE-
JUNG), ethanol (EtOH, 99.9%, DAEJUNG), and 1-pro-
panol (299.5%, Aldrich) was used as purchased, and

mixed with deionized water (18.2 MQ x cm) produced
by water purification system (QPAKI; MILLI Pore).
Environmental conditions such as humidity and tem-
perature were measured using Humidity-Dew-Point-
Wet-Bulb-Traceable Thermometer (4410CC; Trace-
able). Since density is dependent on environmental con-
dition such as humidity and temperature, Density
measurements are conducted three times per sample and
averaged with standard deviation.

3. Results and Discussion

Before we extend the applicability of the model pro-
posed by Andreas Volk et al. [11] to other alcohol water
mixture, it must be verified that our calculations are per-
formed correctly. In order to confirm this, the calcula-
tion results performed in Reference 11 were reproduced.

(a) 1.012 -
1.010
= 1.008 |-
c
=]
4 1.006 |-
<
% 1.004 | remp 20| Roforonced | calculatod
15°C(288K) | oooe |
1.002 | 200C(293K) | ©€0® | mmm—mm
25°C(206K) | oo | m—mm
1.000 - 30°C (303 K) ssee —
L 1 : r r 1
0 20 40 60 80 100
Weight of Alcohol (%)
(b) 0.0120 - mumn Prefactor “A” simulated at
various temperatures using
s Equation 6 with fixed x and
= y parameter
500116 - e .
wmmsm  Fitted line using Equation 7
o
F=
<
-
= 00112 |-
<
S
=]
ke 0.0108
8
4
o
0.0104 -
1 1 L L 1 L 1 1

14 16 18 20 22 24 26 28 30
Temperature (T)

Fig. 1. (a) Correction term (k) plotted as the function of
weight ratio of glycerol, and (b) prefactor, A simulated at
various temperature using Eq. (6) [black dots in (b)] in
glycerol-water mixtures. The prefactor, A can be fitted by
quadratic function of Eq. (7) [red solid line in (b)].
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Table 1. Parameters of Eq. (6) for Glycerol water mixtures at various temperatures

Parameter A < y
Temp.
15°C 0.01189 1.30414 0.81551
20°C 0.01128 1.30809 0.81081
25°C 0.01076 1.31067 0.80739
30°C 0.01033 1.31437 0.80731
Ave. £ S.D. 0.01107+0.000673325 1.30932+0.00431 0.81026+0.00386

The volume contraction term, k(7)) of glycerol water
mixture was obtained as the function of weight percent-
age of alcohols at 15, 20, 25, and 30°C.using densities
measured in a previous paper [12] and represented by
black, blue, red, and pink dotted circles sin Fig. 1(a),
respectively. As reported, the maximum value of «(7)
appears when the weight percentage is about 60%, and
the overall value of k(7' gradually decreases as the tem-
perature increases. These results obtained from experi-
mentally measured densities can be simulated using Eq.
(6), and three parameters A4, x, and y can be obtained
at each temperature by the least squares method as rep-
resented in Table 1. The values of x, and y parameters
do not change significantly with temperature, and their
relative standard deviations are ~0.3 and ~0.5%, respec-
tively. On the other hand, the relative standard deviation
of the parameter, 4 was ~6%, which means that the
parameter, 4 quite sensitively depends on the tempera-
ture. In order to obtain a general formula adaptable at
any temperature, the parameter, 4 should be expressed
as a function of temperature at fixed values of x and y
parameters. This may be the reason for obtaining
parameter A using fixed parameters 1.31 and 0.81 in
Reference 11. Following the same logic, after taking the
average values of 1.31 and 0.81 as fixed x and y param-
eters, the parameter 4 according to the temperature can
be obtained again using the least squares method [black
squares in Fig. 1(b)]. By fitting these values with a qua-
dratic function of Eq. (7), red solid line in Fig. 1(b) was
obtained, and 1.80x107%, —1.85x107*, and 1.43x107
were obtained as the values of coefficients B,, B;, and
IC, and these values are closed to the literature values,
1.78x107, —1.82x107, and 1.41x107% respectively.
Taking into these results, it can be confirmed that our
calculation process is correct and the results are well
reproducible. We applied the same calculation process
to other alcohol water mixtures.
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As explained in the introduction part, the model pro-
posed by Andreas Volk et al. was developed to predict
the density of only glycerol water mixture. Thus, this
model may be well adapted for molecules that are struc-
turally similar to glycerol, but may be difficult to apply
to other alcohols as the size or number of hydroxyl
groups of alcohols is much different from those of glyc-
erol. In order to ensure our expectation, 6 different
mixed solutions containing three dihydric alcohols with
different chemical structures (e.g., EG, 13-PD, and PG),
and three monohydric alcohols with different number of
methyl groups (e.g., MeOH, EtOH, and 1-Propanol)
were explored. The volume contraction term, (7)) of
each mixture was obtained as the function of weight
percentage of alcohols from the densities at 25°C that
were referenced from several literatures'™!'*'*! (grey dot-
ted circles in Fig. 2), and simulated by the least square
method using Eq. (6) with variable parameters 4, x, and
y (black solid line in Fig. 2). The simulated results are
well matched with experimental data in dihydric alcohol
water mixtures [Fig. 2(a-c)], and MeOH water mixture
[Fig. 2(d)], however, some deviations between experi-
mentally obtained «(7) and theoretically simulated one
appeared in EtOH water mixtures [Fig. 2(e)] and 1-Pro-
panol water mixtures [Fig. 2(f)]. The degree of devia-
tion increases as the number of methyl groups increases
from MeOH [Fig. 2(d)] to EtOH [Fig. 2(e)], and finally
to 1-Propanol [Fig. 2(f)]. This must be resulted from an
increase in hydrophobicity of the alcohols with the
number of methyl groups. Although the number of
methyl groups of 13-PD and PG is the same as that of
1-Propanol, the reason that the experimentally obtained
«(T) is well described by Eq. (6) is probably due to the
hydrophilicity by multiple hydroxyl groups. This ten-
dency is consistent with our expectations, but one inter-
esting point is that the model used for glycerol still
works well for MeOH, which is much smaller in size
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Fig. 2. Correction term « of (a) ethylene glycol, (b) 1,3-propanedion, (c) propylene glycol, (d) methanol, (e) ethanol, and
(f) 1-propanol obtained by Eq. (5) with referenced densities (filled circles), and simulated by Eq. (6) (solid lines) at 298K.

compared to that of glycerol. These results imply that
the application of the model proposed by Andreas Volk
et al. is determined by the hydrophilicity or hydropho-
bicity of he molecules rather than their size. In order to
obtain a general formula for each alcohol water mixture,
the same procedure used for glycerol was repeated, and
the parameter 4 of each alcohol water mixture was
obtained at several temperatures with fixed x, and y
parameters, and plotted against temperature (Fig. 3).
The mixtures containing alcohols with multiple
hydroxyl groups (e.g., EG, 13-PD, and PG) show sim-
ilar tendency with that of glycerol, in which the pref-
actor, A follows a positive parabolic function [Fig. 3(a-
¢)], whereas other mixtures containing monohydric
alcohols (e.g., MeOH, EtOH, and 1-Propanon) is
described as a negative parabolic function [Fig. 3(d-f)].
This can be clearly confirmed by comparing their qua-
dratic coefficient, B, [Fig. 4(a)], which is positive for
tri- or dihydric alcohols [red squares in Fig. 4(a)] but
negative for monohydric alcohols [blue squares in Fig.
4(a)]. Although additional investigations should be
required for more alcohols with different structure,
based on the results so far, it can be concluded that the
tendency of the prefactor 4 with respect to temperature
depends on the number of hydroxyl groups in the alco-
hol.

Contrary to this tendency, when the values of the

prefactor A for all alcohol water mixtures are compared,
it is revealed that they are classified in different way
other than the number of hydroxyl groups. As shown in
Fig. 4(b), the prefactor A4 for all alcohol water mixtures
are broadly classified into three categories (upper for
MeOH and EtOH, middle for 1-Propanol and PG, and
lower for Glycerol, EG and 13-PD). The prefactor 4 of
mixtures containing alcohols with multiple hydroxyl
groups Glycerol, EG and 13-PD) appear in the category
with the smallest prefactor 4. Interestingly, PG with two
hydroxyl groups does not appear in the same category
with Glycerol, EG, and 13-PD, but with 1-Propanol in
the middle category. It is believed that different category
of PG with 13-PD is attributed to their different chem-
ical structure. In the structure of 1-Propanol, two
hydroxyl groups are attached to the first and third car-
bons, and these two hydroxyl groups can effectively
cover the second methyl groups, which cannot function
as methyl groups exhibiting hydrophobicity. Thus, the
chemical structure of 13-PD is different from that of EG
but its chemical properties can be similar to that of EG
resulting in the same category of the prefactor A. On the
other hand, although PG has the identical molecular for-
mula with 13-PD, its chemical properties can be differ-
ent with that of 13-PD, but similar to that of PG
because the methyl group located at the end of the struc-
ture can efficiently exhibit hydrophobic properties by
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less hindrance effect of hydroxyl groups. The monohy-
dric alcohols with two or less methyl groups such as
MeOH and EtOH also appear in the same upper cate-
gory. In summary, it is presumed that as the number of
hydroxyl groups increases, a lower prefactor 4 value is
exhibited, and a smaller number of methyl groups tends
to exhibit a higher prefactor 4 value.

To prove the accuracy of the model developed for
calculating alcohol-water mixtures density, various
alcohols (Glycerol, EG, 13-PD, PG, MeOH, EtOH, and
1-Propanol) were mixed with water in three different
volume ratios (1:4, 1:1, and 4:1), and their densities
were measured by the pycnometer at ambient condi-
tions (1 atm, 21°C), and compared to calculated ones
(Fig. 5). To quantify the deviation between calculated
density and experimentally measured density, the error
range is defined as the ratio between the deviation of
two values and experimentally measured density |o.,.—
Pesp-l/ Pexp-» Where p.q. and p,y,. represent the calculated,
and measured density, respectively. The error range
obtained at each volume ratio was averaged, and their
averaged error range of each alcohol water mixture was
0.49% for glycerol, 0.26% for EG, 0.94% for 13-PD,
0.77% for PG, 1.1% for MeOH, 0.67% for EtOH, and
0.28% for 1-Propanol. Overall, the calculated densities
(filled circles in Fig. 5) are well matched with experi-
mental values (empty triangles in Fig. 5) as represented
their small averaged small error range. Interestingly,

based on the results of Fig. 2, the calculated density of
1-Propanol and the experimental values were expected
to show a large deviation, but its deviation was not very
large.

3. Conclusion

In this paper, we extended the density model devel-
oped for predicting the density of only glycerol water
mixture to other alcohol water mixture systems. The
applicability of the model was investigated for various
mixtures containing 6 different alcohols (e.g., EG 13-
PD, PG, MeOH, EtOH, and 1-Propanol). For 6 alcohols,
The simulation parameters are mainly dependent on the
number of hydroxyl groups, rather than the molecular
sizes, but more different alcohols should be tested.
Overall, the calculated densities are consistent with the
measured values within small error range of 0.64%,
which means that the model proposed by Andreas Volk
et al. is well applicable to other alcohol (at least, EG
13-PD, PG, MeOH, EtOH, and 1-Propanol) water mix-
tures.
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