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Abstract
A comprehensive discussion/analysis of the published viscosity data of ethylene gly-
col, EG, in the temperature range from 260 (just above the freezing point) to 465 K 
was recently reported in this journal. It was found that some of the reported data sets 
significantly deviate from each other, and the largest discrepancies were found at the 
lower end of the temperature interval examined (Mebelli et al. in Int. J. Thermophys. 
42:116, 2021). Hence, in this work, the densities and viscosities of EG were meas-
ured in the temperature interval starting in the supercooled region at 248 and extend-
ing up to 313 K. Well-established experimental techniques were employed, that is, 
pycnometry and laminar flow viscometry, the relative precision of which were better 
than 0.5 and 0.5 %, respectively. The density was found to linearly depend on tem-
perature in the temperature range studied; the cubic expansion coefficient was found 
to be γ = (5.20 + 3.99 ×  10−3 T  K− 1) ×  10−4  K−1. When our experimental density data 
were applied to calculate the dynamic viscosity values using the correlation depend-
ence published in the aforementioned review (Mebelli et al. in Int. J. Thermophys. 
42:116, 2021), the discrepancy between our experimental data and the calculated 
values is less than 2 % above the freezing point; however, in the supercooled region, 
the discrepancy increases up to 4 % at 248 K. When the cooling rate is higher than 
10 K  min− 1 and the sample mass is less than 5 mg, EG does not freeze; it undergoes 
glass formation (Tg =  − 121 °C) as revealed in our DSC experiments. The Arrhenius 
plot for viscosity data was found to be nonlinear; from the Angell plot, it was con-
cluded that EG is a moderately fragile liquid with the fragility index = 70.
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1 Introduction

Ethylene glycol (EG) is the primary ingredient in antifreeze, which is used in 
automobile engines and plumbing to prevent damage due to ice formation. It 
is also a component in the sprays applied to airplane wings, which prevent the 
buildup of ice during flight. In addition, ethylene glycol aqueous mixtures are 
used for the cryopreservation of biological tissues and organs as well as their 
transportation over long distances. The characterization of the rheological prop-
erties of ethylene glycol in a low-temperature range and the clarification regard-
ing the phase diagram of ethylene glycol–water mixtures is of interest for the 
aforementioned fields, as well as for making contributions to the general theory 
of liquids. A recent paper has comprehensively reviewed the data in the literature 
corresponding to the temperature-resolved dynamic viscosities of ethylene gly-
col [1]. In an effort to resolve the discrepancies between the published data, the 
authors of Ref. [1] produced a correlation based upon a sum of theoretical contri-
butions to the viscosity, that is, the contribution to the viscosity in the dilute-gas 
limit, the initial density dependence term for moderately dense gases, a term for 
the long-range density fluctuations that occur in a fluid near its critical point, and 
a residual term that accounts for the contribution of all other effects to the viscos-
ity of a fluid at high densities. As illustrated in Figure 5 of Ref. [1], at high (RT 
and above) temperatures, the deviation of the data reported in Ref. [2] from the 
correlation is as high as approximately 8 % [2]. At 300 K, the data from two pub-
lications deviate as much as 10 % from each other [2, 3]. Below 300 K, the data 
reported deviate about 5  % from the correlation values. However, the discrep-
ancy between the data reported exceeds the sum of the absolute errors reported 
by the original authors [28, 29]. In Ref. [1], a comment was made that additional 
measurements at low temperatures could help resolve these differences. Such data 
would also be beneficial in the analogous studies of supercooled mixtures that 
include ethylene glycol as a component. More specifically, since ethylene gly-
col was first suggested as a primary component of antifreeze [4], there has been 
a lack of consensus in the scientific literature on its phase diagram with water, 
particularly regarding the number of eutectic points. Its phase diagram has been 
reported to contain one, two, or even three eutectic points, while some authors 
claim that there is a range of compositions in which the mixture will not freeze 
[4–12]. A combined effort by two independent research groups was carried out to 
incontestably establish the phase diagram of the system; two eutectic points were 
agreed upon [13]. A later DSC study reported two eutectic points for the mixture, 
in agreement with the combined effort of the two research groups [14]. After-
ward, Fortes and Suard reported that the equimolar EG-water mixture would not 
freeze unless it was cooled to liquid helium temperature [15].

In the analysis of the thermodynamic properties of a liquid mixture, it is 
sometimes useful to determine the ideal behavior of the relevant property (in the 
context of this paper, the temperature-resolved density/viscosity), which is the 
weighted linear combination of the data corresponding to each component of the 
mixture. The comparison of the ideal behavior to the experimental data for the 
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mixture can be used to comment on its corresponding thermodynamic properties. 
For example, the excess viscosity for a mixture, which is found by taking the dif-
ference between the ideal behavior and the experimental viscosity data, is said to 
be a measure of the strength of the interactions between the different component 
molecules in a mixture [16]. The Grunberg-Nissan interaction parameter, which 
is another assessment of the strength of the intermolecular interactions that are 
present between molecules of each component in a mixture, is also calculated 
based upon the ideal behavior [17]. Hence, it would be useful to characterize the 
rheological properties of ethylene glycol at temperatures as low as possible in 
order to accurately determine the difference between the ideal and measured val-
ues in the supercooled region.

Prompted by the findings of Ref. [1] and the aforementioned reasons, this work 
reports the low-temperature density and viscosity data for ethylene glycol including 
the values measured in the supercooled region. In addition, the effect of cooling rate 
on freezing/glass formation of EG was examined using a DSC technique and the 
data obtained were used to assess the EG fragility.

2  Experimental Methods

Anhydrous ethylene glycol (99.8 %) was purchased from ACROS Organics and used 
as received. Differential scanning calorimetry experiments were performed using a 
Q-2000 TA Instruments calorimeter; its calibration was performed by using sapphire 
and indium standards. The low-temperature calibration was verified using analytical 
grade purity cyclopentane. Fluke 52 II digital thermometers with K-type thermocou-
ples were calibrated using a secondary standard platinum resistance thermometer.

2.1  Pycnometry

Low-temperature pycnometry was performed using a custom-made setup compris-
ing a pycnometer, a dewar, a thermometer, and a cathetometer. The pycnometer was 
calibrated using deionized water at 20.0 °C and with toluene at low temperatures. 
Calibration of the pycnometer was performed five times, and the corresponding cali-
bration diagram was produced to obtain the volume-per-unit-height gradient of the 
pycnometer stem. The cathetometer (Griffin and George Ltd., London) equipped 
with a Vernier scale enables a vertical displacement measurement with a 0.01 mm 
precision (Figs. 1 and 2). 

For the measurements to determine the temperature-resolved density of ethylene 
glycol, the dewar was filled with water (above 278 K) or ethanol (below 278 K) to 
ensure thermal equilibration of the pycnometer during the measurements. Knowing 
the mass of the sample, the volume of sample in the reservoir, and the volume of 
sample in the stem, the density of the sample could be determined at a given tem-
perature by using ρ = m  V− 1 [18].

To obtain the densities of the sample in the supercooled region, a modification 
to the procedure was needed. In a typical experiment, one may find it difficult to 
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avoid the regular crystallization of the sample due to either (a) the slow cooling 
rate or (b) the rapid contraction of the sample in the stem. To avoid these compli-
cations, the bath was first precooled to a desired temperature below the freezing 
point of ethylene glycol. The pycnometer was kept outside of the dewar until the 
bath was precooled, at which point the pycnometer was submerged partially up to 
the bottom of the stem. Since most of the sample is being quenched by the bath, 
rapid contraction occurs; however, the portion of sample in the stem remains 
close to room temperature and thus will not crystallize. Once the cooling rate has 
slowed, the pycnometer can then be lowered into the bath completely and allowed 

Fig. 1  The custom-made pyc-
nometer used in this work; the 
thermocouples of a Fluke 52 II 
digital thermometer are inserted 
into the protection tubing of the 
pycnometer

Fig. 2  The experimental setup 
for measuring temperature-
resolved densities, consisting 
of a cathetometer, a dewar, 
a heating rod, a Fluke 52 II 
digital thermometer, and the 
custom-made pycnometer. The 
cathetometer (foreground) is 
pointed at a Dewar in which 
the pycnometer is suspended 
(background)
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to equilibrate. All our attempts to measure the density of EG liquid below  the 
crystallization temperature resulted in crystallization at approximately − 27 °C.

2.2  Viscometry

Laminar flow viscometry was performed using a set of Cannon–Fenske viscome-
ters (size 100, 200, and 350). Calibration of the viscometers was performed at room 
temperature using deionized water as well as 91 wt % and 96 wt % glycerol-water 
solutions; the calibration was also performed at low temperatures using toluene. The 
viscometers were temperature-controlled using a dewar with a water or ethanol bath, 
and an iPhone stopwatch with a precision of 0.01 s was used to record the start and 
stop time. The flow time measurement of the ethylene glycol was repeated five to 
seven times at each temperature. A modification to the procedure was once again 
necessary to measure the viscosity of ethylene glycol in the supercooled region. 
Forcing the sample to flow readily promotes crystallization, but only when the sam-
ple is close to the regular crystallization temperature. If the sample is rapidly cooled 
(in a manner similar to that described in the density measurements), then the regular 
crystallization can be avoided. In addition to rapid cooling, the sample was drawn 
up in the capillary leg of the viscometer before quenching and was held in place by 
applying a stopper on one end of the viscometer. Once the sample was thermally 
equilibrated below the regular crystallization temperature, the flow time measure-
ments were performed multiple times with no crystallization occurring.

3  Results and Discussion

The main aim of this work was to determine the low-temperature dynamic viscosi-
ties of ethylene glycol. Since the experimental method applied (Cannon-Fenske vis-
cometry) allows one to determine the kinematic viscosity, the densities of EG were 
also determined to obtain dynamic viscosities via the following relation:

where is μ is dynamic viscosity, ρ is density, and ν is kinematic viscosity.
Figure  3 presents the temperature-resolved densities of ethylene glycol 

from + 40 °C to − 25 °C with a relative precision of 0.5 %. The data follow a clear 
linear trend in the entire temperature region studied  (R2 = 0.99944). The densities of 
EG were previously reported in the temperature range from + 5 to + 45 °C [19–21] 
and are presented with the data from this work in the insert of Fig. 3; the data are 
found to agree well in the aforementioned temperature range.

The cubic expansion coefficient for EG was determined based on the density data 
obtained in this work and is presented in Fig. 4. The following equation was used:

where γ is the cubic expansion coefficient, ρ is the density, and T is temperature. It 
was found that the cubic expansion coefficient of EG does not change significantly in 

(1)� = � × �,

(2)� = −�−1(��∕�T)p
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the temperature range studied, with a value of γ = (5.20 + 3.99 ×  10−3 T  K− 1) ×  10−4 
 K− 1. To the best of our knowledge, no temperature-resolved cubic expansion coef-
ficient of EG in the low-temperature region has been reported yet, which makes it 
difficult to assess its validity by a data comparison. Figure 4 shows that the cubic 
expansion coefficient of EG is significantly smaller than that of ethanol [24–27] 
(which is another hydrogen-bond-forming small molecule with a similar molecular 
mass to ethylene glycol), yet it is larger than that of water [22, 23]. Such differences 
can be attributed to the intensity of hydrogen bonding (the dominating interaction in 

Fig. 3  Temperature-resolved densities of ethylene glycol, including the supercooled region. The size 
of the data points is proportional to their uncertainty. The insert compares our data in the temperature 
range + 5 to + 40 °C with the data from three Refs. [19–21]

Fig. 4  Temperature dependence of the cubic expansion coefficient of EG determined in this work as well 
as corresponding literature values for water [22, 23] and ethanol [24, 25, 27]
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these liquids) as illustrated by the corresponding shapes and intensities of the O–H 
and C–H vibrational bands in their IR spectra (Fig. 5).

The temperature-resolved dynamic viscosities of ethylene glycol are presented in 
Fig. 6 in the same temperature range as the density measurements, that is, + 40 °C 
to − 25  °C; the relative error of the viscosity values presented is 0.5  %. The red 
line represents the viscosities of ethylene glycol, which are calculated according to 
the residual viscosity term from the correlation (Eq. 9 in Ref. [1]) and the densi-
ties of this work. The insert of Fig. 6 compares the previously published viscosity 
data of ethylene glycol [28–30] and the data produced in this work to the viscosity 

Fig. 5  IR spectra of the O–H 
stretching for water, ethanol, 
and ethylene glycol. The C–H 
stretching for ethanol and EG 
in the wavenumber region 
2700–3000  cm−1 is also shown

Fig. 6  Temperature-resolved dynamic viscosities of ethylene glycol, including the supercooled region 
(black open circles). The red solid line is calculated using Eq. 9 from Ref. [1] and the densities measured 
in this work. Insert shows percentage deviations of the experimental data from the residual viscosity cor-
relation values
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correlation values, which are presented as the zero dashed line. The following exper-
imental procedure analysis was performed in order to understand the discrepancies 
found. Reference [28] used a Schott–Geráte AVS 400 viscosity measuring system 
that utilized a series of Ubbelohde viscometers. The viscometers were cleaned auto-
matically by the instrument and were dried by blowing air through the viscome-
ters. The flow time measurements were also performed automatically by the instru-
ment. The Hagenbach correction for kinetic energy was taken into account in order 
to determine the absolute viscosities; the corresponding relative error was reported 
to be 0.1 %. However, no information such as flow times or calibration procedure 
were reported that will allow for the error evaluation. In Ref. [29], Ubbelohde and 
Hoeppler viscometers were also used to measure the viscosities with a relative error 
of 2.0 %, that is, their experimental error is 20 times larger than that of Ref. [28]. 
The viscometers were calibrated using two standard solutions of known viscosity. 
The calibration solutions were not identified, and no other information regarding the 
experimental methods was provided. In Ref. [30], Cannon–Fenske viscometers were 
used to measure the viscosities with a relative error of 1.5 %; no other information 
regarding the experimental procedure was provided. In this work, Cannon–Fenske 
viscometers were also used, and our experimental error is 0.5 %. This was achieved 
by the proper calibration (as described in the experimental part) and selecting vis-
cometers applied such that the ratio of the accuracy of flow time measurements vs. 
the corresponding flow time was ≤ 1/200.

In an effort to characterize the thermodynamic properties of EG below its regu-
lar crystallization point, a DSC measurement was performed and the thermogram 
obtained is presented in Fig. 7.

It was found that the regular crystallization of the sample was avoided when the 
cooling rate was higher than 10 °C per minute, and that the sample instead under-
went a glass transition at Tg =  − 121 °C (Tg is determined as the arithmetic mean 
of the two values indicated in Fig. 7). The glass softening was observed on heating 
at Tg, after which the sample underwent cold crystallization at − 60 °C and subse-
quent melting which was finished at − 20 °C (because the crystallites produced were 

Fig. 7  DSC thermogram of 
ethylene glycol obtained using 
cooling and heating rates of 
10 K  min−1 and a sample size of 
4.38 mg
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small). With our viscosity data and value of Tg obtained in the DSC measurements, 
the Arrhenius plot and Angell plot of the viscosity data were produced to character-
ize the rheological properties of ethylene glycol.

The Arrhenius plot of the viscosity of ethylene glycol is presented as an insert in 
Fig. 8. The red dashed line is included to emphasize that the data exhibit non-Arrhe-
nius behavior, that is, ethylene glycol is not a strong liquid according to Angell’s 
classification of liquid glass formers [31]. According to Angell’s research results, 
the viscosity of a glass-forming system is expected to be on the order of  1012 Pa s at 
the glass transition temperature [31]. Given this, one can produce the corresponding 
Angell plot in order to determine the fragility index of EG [32], which is defined by 
Eq. 3:

 
Its value for ethylene glycol was found to be 70, which is indicative of a moder-

ately fragile liquid. The previous temperature-resolved dielectric spectroscopy study 
found EG to be a type A glass former, that is, its α-relaxation peak is accompanied 
on its high frequency side only by the excess wing, and has no secondary relaxation 
peak, β [33]. In Ref. [33], Tg = 152.0 K was determined by interpolating τα(T) at 
τg = 100 s and the fragility index m = 50.0 was obtained by evaluating the numerical 
temperature derivative of the relaxation time data at Tg. The value of Tg coincides 
with the value determined in this work; however, the fragility index is about 30 % 
smaller. The error analysis of our DSC experiment indicates that the Tg was deter-
mined with the precision of ± 1  °C. The fragility index was determined from the 
Angell plot shown in Fig. 8. Despite the large interval with no experimental data, 
the fit is very good (the coefficient of determination,  R2 = 0.99998), hence its tan-
gent value error is less than 1 %. Since neither raw dielectric spectroscopy data nor 
the log(τα) = f(T) relationship corresponding to EG was reported in Ref. [33], it is 
difficult to comment on the m values discrepancy. In an attempt to assess the validity 
of our data, the fragility indices of hydrogen bonding glass formers similar to EG 

(3)m = �(log �)∕�(Tg∕T)|T=Tg

Fig. 8  Angell plot of the 
dynamic viscosities of ethylene 
glycol. Insert shows Arrhenius 
plot of the dynamic viscosities 
of ethylene glycol



 International Journal of Thermophysics          (2024) 45:134   134  Page 10 of 13

are listed in Table 1. When compared to the others, the value for EG does not appear 
to be an outlier. Linear regression analysis of the fragility index as a function of 
molar mass, surface tension, number of OH groups, and glass transition temperature 
was performed. The strongest correlation was found between the fragility index and 
the surface tension (Fig. 9). This is to be expected because both the viscosity and the 
surface tension similarly depend on the intermolecular forces. 

4  Conclusions

The densities and viscosities of EG were measured in the temperature interval 
starting in the supercooled region at 248 (12 K below the regular crystallization 
point) and extending up to 313 K. The density was found to linearly depend on 
temperature in the entire range studied; no deviation from linearity was observed 

Table 1  Fragility indices of some representative hydrogen-bond-forming small molecules compared to 
their corresponding physicochemical properties

Glass former Molar mass 
(g ×  mol−1)

Surface tension 
N ×  m−1

Number of 
OH groups

Tm  
(°C)

Tg  
(°C)

Fragility index

1,2,6-Hexanetriol 134.175 0.05 (20 °C) [34] 3  − 20  − 71 74
Ethylene glycol 62.068 0.0473 (25 °C) [35] 2  − 12.9  − 121 70
1,3-Butanediol 90.122 0.03741 (20 °C) [36] 2  − 77  − 100 65
Ethanol 46.069 0.02239 (20 °C) [35] 1  − 114.1  − 179 55
Glycerol 92.094 0.0634 (20 °C) [37] 3  + 17.8  − 83 53
Propylene glycol 76.095 0.03651 (20 °C) [38] 2  − 59  − 106 52
n-Propanol 60.096 0.02378 (20 °C) [39] 1  − 126  − 164 40
Methanol 32.042 0.02250 (20 °C) [35] 1  − 97.6  − 173 39
Isobutanol 74.122 0.023 (20 °C) [40] 1  − 108  − 166 39

Fig. 9  Fragility index as a 
function of surface tension 
for the compounds listed in 
Table 1. The parameters related 
to the linear fit, Y = A + B 
* X, are: A = 33.25 ± 10.5, 
B = 581.6 ± 270, R = 0.63115
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around the crystallization point and the cubic expansion coefficient was found to 
be γ = (5.20 + 3.99 ×  10−3 T  K−1) ×  10−4  K−1. When our experimental density data 
were applied to calculate the viscosity values using the correlation dependence 
published in Ref. [1], the discrepancy between our experimental data and the cal-
culated values was less than 2 % above the freezing point; however, in the super-
cooled region, the discrepancy increases up to 4 % at 248 K. When the cooling 
rate is higher than 10 K  min−1 and the sample mass is less than 5 mg, EG does 
not freeze; it undergoes glass formation (Tg =  − 121 °C) as revealed in our DSC 
experiments. The Arrhenius plot for viscosity data was found to be nonlinear; 
from the Angell plot, it was concluded that EG is a moderately fragile liquid with 
the fragility index = 70.
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