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Abstract
Characterization of the thermodynamic properties of multi-solute aqueous solutions is of critical
importance for biological and biochemical research. For example, the phase diagrams of aqueous
systems, containing salts, saccharides, and plasma membrane permeating solutes, are indispensible
in the field of cryobiology and pharmacology. However, only a few ternary phase diagrams are
currently available for these systems. In this study, an auto-sampler differential scanning
calorimeter (DSC) was used to determine the quaternary phase diagram of the water-ethylene
glycol-sucrose-NaCl system. To improve the accuracy of melting point measurement, a “mass
redemption” method was also applied for the DSC technique. Base on the analyses of these
experimental data, a comparison was made between the two practical approaches to generate
phase diagrams of multi-solute solutions from those of single-solute solutions: the summation of
cubic polynomial melting point equations versus the use of osmotic virial equations with cross
coefficients. The calculated values of the model standard deviations suggested that both methods
are satisfactory for characterizing this quaternary system.
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Introduction
Thermodynamic properties of multiple-solute aqueous solutions, such as osmolality,
activity, osmotic pressure and melting point, are among the most important parameters for
the experimental and theoretical investigations of biologists and biochemists. Phase diagram
measurement is a fundamental and critical approach to characterize these systems. However,
determination of the phase diagram of a typical multiple-solute solution is time-consuming
and laborious. For example, for a simple ternary system containing water, NaCl and one
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type of plasma membrane permeating solute, e.g. glycerol or ethylene glycol (EG),
preparation of several hundred samples representing different compositions of these
components is required and the measurement of their melting points will take more than 100
hrs. As a result, only a few such ternary phase diagrams have been determined: e.g. the
phase diagram for the glycerol/NaCl/water system was studied by Shepard et al.[8];
Dimethyl sulphoxide/NaCl/water by Hildebrandt et al.[22]; sucrose/NaCl/water by Gayle et
al.[6]; and EG/NaCl/water by Woods et al.[25]. Only part of a quaternary phase diagram of
propane-1,2-diol/glycerol/NaCl/water was determined [18]. Currently, more and more bio-
preservation solutions are supplemented with different types of saccharides, such as sucrose,
raffinose, and trehalose [2,4,5,12,14,23], which function as plasma membrane stabilizers or
ice blockers. However, there is a complete lack of quaternary phase diagrams to optimize
the composition of these solutions. Accordingly, the determination of phase diagrams for
these more complicated quaternary systems is needed for improving cryopreservation
methods.

Auto-sampler differential scanning calorimeters (DSC) provide a practical approach to
achieve this aim by reducing the required labor. For example, a typical auto-sampler DSC
can automatically scan and analyze more than 40 samples in sequence. The measurement of
the melting points of solutions using DSC, however, always suffers from the inaccuracy
generated by the “thermal lag” phenomenon, which is a result of the limited thermal
conduction ability of the frozen solutions and thermal resistance between the sample pan and
DSC furnace. Accordingly, the direct use of the peak temperatures of the exothermic
melting curves of solutions as their melting points may result in a difference as high as
several °C, depending on warming rates, from the results measured using other methods [9].
To overcome this disadvantage, a redemption method based on the sample masses can be
applied to minimize the influence of the “thermal lag” [10,15,19,21,26]. In this study,
combining these two techniques, we determined the quaternary phase diagram of the water-
ethylene glycol (EG)-sucrose-NaCl system, which is the first fully developed quaternary
phase diagram of multi-solute solutions.

To avoid the laborious measurement of the phase diagrams of multiple-solute solutions,
theoretical methods have been developed to generate them from single-solute solutions
[3,11,16,17]. Two most representative methods among them are: 1) the direct summation of
cubic polynomial equations that correlate the melting points with solute molalities [11] and
2) the use of osmotic virial equations with cross coefficients [3]. Both of these approaches
have yielded accurate predictions for ternary systems [3,11]. It is of practical interest to
compare the accuracy of the application of these two methods in the quaternary systems. In
this study, that comparison was made using the results from our experiments.

Materials and methods
Medium

Sodium chloride and sucrose, EG were purchased from Sigma-Aldrich (the former two
99.5% pure, the latter 99% pure, St. Louis, MO, U.S.A.). The solutions were made in
distilled and deionized water. The solute mass ratio R is defined as the ratio of the mass of
EG over the summation of the mass of NaCl and sucrose, Rs as the mass ratio of sucrose
over NaCl, and Wt as the weight fraction of all the solutes in the whole solutions. For a
typical quaternary cryoprotecting solution, the values of R and Rs are larger than 1.0, and
their values were chosen as the integers from 1 to 10 in this study. The values of Wt were
increased from 0.05 to approximately 0.5~0.6, with 0.05 as each augment step. The
maximum values of Wt depend on the values of R and Rs, considering the limitations to the
solubility of sucrose and NaCl in water at room temperatures.
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DSC and the mass redemption method
A volume of 8 μl of each solution was sealed in one 10μl aluminum crucible. Each sample
was cooled from 1°C to −160°C at 100°C/min in a Pyris Diamond DSC (Perkin-Elmer
Corp., Norwalk, CT, U.S.A.) using liquid nitrogen as its cooling fluid. After being held at
−160°C for 1 minute, the sample was warmed to 20 °C at a rate of 10 °C/min. The peak
temperature of the exothermic curve (TP) and its height from the baseline (Φ, unit: w) were
calculated using the analytic software provided by Perkin-Elmer Corp. According to the
relationship between the warming rate and peak temperature first derived by Illers [10], the
melting point (Tm) is determined by:

(1)

where Δh is the transition enthalpy per unit mass, M is the mass of the sample, Rf is the
thermal resistance between the sample pan and DSC furnace, and β is the warming rate.

Since the value of  is the same for all the samples, using a sample made by the same
volume of water as the standard, the value of Tm can be obtained as:

(2)

where the subscript w is for the standard water sample, ΔS (unit: J) is the total area of the
melting peak on the exothermic curve. For solutions with a relatively high concentration of
solutes, determination of ΔS is technically difficult due to the low slope of the initial part of
the melting peaks and devitrification of the solutions. Since the melting peaks have a similar
geometric shape, the ratio of the square root of ΔS can be approximated by the ratio of

. Therefore, Tm can be calculated by adjusting TP with the melting peak
height as:

(3)

To validate this adjustment, three binary phase diagrams of EG-water, NaCl-water and
sucrose-water systems were determined and the results were compared to previous
publications [13].

Synthetic phase diagrams
For simplification, the subscript “a” is used to denote NaCl, “b” for sucrose, “c” for EG. W
is the weight fraction of each solute in the solution, so R = Wc/(Wa + Wb), Rs= Wb/Wa, Wt =
Wa + Wb + Wc, while water weight fraction is calculated as Ww = 100% − Wt. Wa, Wb and
Wc can thus be expressed in terms of R, Rs and Wt as:

(4)
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Assuming the water density is a constant, 1000kg/m3, the molality of each solute was then
calculated by the equation mi = (Wi/MWi)/(Ww/1000), based on the definition of molality,
where i denotes each solute species in the solution and MW is the molecular weight for each
solute.

Using the cubic polynomial approach, the freezing points with different solute molalities for
binary solute-water systems can be obtained as:

(5)

where TFP is the freezing point of the solution, C1, C2 and C3 are constant coefficients. The
polynomial coefficients for NaCl, sucrose and EG from previous publication [11] are listed
in Table 1. Those coefficients can then be used to calculate the freezing point depression of
the quaternary system by the summation of freezing point depressions generated by each
individual solute as:

(6)

Using the osmotic virial equations, for most non-electrolytes, the relation between the
osmolality and molality is:

(7)

where π is the osmolality of the solution, and B2 and C3 are the second and third osmotic
virial coefficients, respectively. This polynomial expansion can be truncated to second-order
terms for simple solutes such as sucrose and EG [3]. For NaCl, an apparent osmolality

 can be used to substitute ma [7]. The values of the B2 for these solutes can be
found in previous study [3]. For a multi-solute solution, a simple mixing rule can be applied
to obtain the overall osmolality of the system from existing data for the single solutes as:

(8)

Osmolality is also related to the freezing point depression of the aqueous solutions as
deducted in previous investigations [1,20,24] as:

(9)

Therefore, the values of TFP in our system can be obtained by submitting:

(10)

into Eq.9. The calculated values of TFP using Eq.6 and Eq.9 were then compared with the
measured values of Tm using the model standard deviation for each combination of R and Rs
as:
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(11)

where N is the total number of different values of Wt for a specific combination of R and Rs.

Results
The accuracy of the “mass redemption” method was demonstrated as shown in Fig. 1 for the
binary phase diagrams of EG-water, sucrose-water and NaCl-water systems. The values of
Tm for the quaternary system are listed in Appendix A as Supporting Information for
different values of R, Rs and Wt. Several representative curves for R=1, 2, 3 and 7 are shown
in Fig. 2. The values of σ ̂ for two different methods are listed in Table 2. Figure 3 shows the
comparisons between the two methods in several cases.

Discussion
As shown in Fig. 1, with the adjustment according to Eq.3, the results are nearly the same as
those from published results [13] and the cubic polynomial equations obtained through
curve fitting are almost the same as those listed in previous study [11], while the direct
measurement of the peak temperatures results in a remarkable difference as high as
approximately 5°C. The peak temperatures of the melting curve of the low concentration
solutions (Wt<0.1) were even higher than 0°C due to thermal lags. Therefore, it is important
to apply this “mass redemption” method to adjust the results to minimize the influence of
thermal lags inherent in DSC measurement. However, for this quaternary system, when
Wt=0.05 or 0.1, due to the very low concentration of sucrose or NaCl, the variation of Tm
with different values of Rs can be as small as 0.1°C and it is still technically difficult to
detect the differences of such small magnitude using DSC. Similar situations will be
encountered in some cases when R>5 and Rs>5. Therefore, in Appendix A, the comparison
between Tm with different values of Rs may be influenced by the measurement errors
(<0.5°C) for the cases stated above.

From the comparison in Table 2, the direct summation of cubic polynomial equations
developed by a previous study [11] demonstrated an accurate prediction (the mean value of
σ ̂ is 0.94) for our experimental data. In general, the method using osmotic virial equations
with cross coefficients results in a higher deviation from the measured values (the mean
value of σ ̂ is 1.46), especially when the solute concentration is relatively high as shown in
Fig. 3. There are two possible explanations for this disagreement. First, the binary system
for water-EG system is not an ideal system for the application of the simple osmotic viral
equations. As shown in Fig. 1.a, this binary phase diagram requires a cubic, or higher order
polynomial equation to describe the relationship between the melting points and solute
molality; while the virial parameters used in previous study [3] were obtained from a
modified binomial equation, i.e. Eq.8. This defect may be improved by incorporating the
third virial coefficient, C3, but the complexity of the items for solute interaction in Eq.10
would become significantly increased by appending the item

 and new errors might be generated. Second, the cross
coefficients B2 in Eq.10 were obtained from the curve-fitting of each binary phase diagram,
performed in previous study [3]. Although this approach for the use of the cross coefficients
is well supported in ternary systems [3], the cross coefficients may be influenced by the
concentrations of solutes in a more complicated quaternary systems. However, when the
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concentration of NaCl is relatively high (Rs=1 and R=1; Rs=2 and R=1), the use of virial
equations achieves better results (σ ̂ =1.59 and 1.01, respectively) than the use of cubic
polynomial equations (σ ̂ =2.35 and 2.06, respectively), which may suggest the importance of
the adjustment of solute interaction in this special case. Further investigation of the
improvement the efficiency of the application of the osmotic virial equations in a quaternary
system is under development.

Conclusion
In this study, using an auto-sampler DSC and a mass redemption method, the quaternary
phase diagram was developed for the water-ethylene glycol-sucrose-NaCl system. Based on
our experimental data, two theoretical methods to generate phase diagrams of multi-solute
solutions were tested and their accuracies were compared. This comparison demonstrated
that the method using the summation of cubic polynomial melting point equations yields
more accurate predictions for this quaternary system. The accuracy of the method using
osmotic virial equations with cross coefficients may be improved by modifying its approach
to represent the properties of binary solutions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The demonstration of the improved measurement accuracy using the “mass-redemption”
method for the binary phase diagrams of the binary systems of EG (a), sucrose (b) and NaCl
(c) in water. The comparisons were made between the values of peak temperature (Tp in Eq.
3), corrected melting points (Tm in Eq.3) and literature data [13].
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Fig. 2.
Examples of the experimentally derived isopleths of the water-ethylene glycol-sucrose-NaCl
system for the cases where: A. R =1 and Rs=1, 3, 5; B. R =2 and Rs=1, 3, 10; C. R =3 and
Rs=1, 3, 10; and D. R =7 and Rs=1, 10, where R is the ratio of the mass of EG to the
summation over the mass of sucrose and NaCl, and Rs is the ratio of the mass of sucrose
over the mass of NaCl, and with different total solute weight fractions (Wt).
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Fig. 3.
Examples of the comparison between the experimental data (black diamonds) of the
determined phase diagram of the water-ethylene glycol-sucrose-NaCl system and the
derived theoretical values from cubic polynomial equations (open circles) and osmotic virial
equations (open triangles).
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Table 1

Polynomial constant coefficients for binary systems used by the method developed by Kleinhans and Mazur
[11]a.

Solute C1 C2 C3 Max. Conc.(molal)

NaCl (a) −3.34 −0.0201 −0.0231 5.2

Sucrose (b) −1.93 −0.301 0.0221 5.4

Ethylene Glycol (c) −1.83 −0.0531 0.0017 24.2

a
R2 > 0.9996 for each fit and coefficients are not valid above maximum concentration.
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