
The melting behaviour of water and water–sodium chloride
solutions studied by high-resolution Peltier-element-based
adiabatic scanning calorimetry
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Abstract Peltier-element-based adiabatic scanning calorime-

try was used to obtain equilibrium enthalpy and heat capacity

curves for pure water and water–NaCl mixtures, up to the

eutectic mass concentration of 23.2%, in the temperature range

from –30 to 5 �C, including both the eutectic and the ordinary

ice melting. From these equilibrium data, information about

the transition temperatures and the heats of fusion was

extracted. The transition temperatures are consistent with lit-

erature data for the phase diagram. The heats of fusion were

rescaled with respect to the fraction of the sample that changes

phase at each transition. These rescaled values for the eutectic

transition are independent of the overall salt concentration,

whereas for the ice melting there is an indication of slight

decrease with increasing salt concentration.

Keywords Adiabatic scanning calorimetry � Specific heat

capacity and enthalpy � Heat of fusion � Eutectic transition �
Water � Aqueous NaCl solutions

Introduction

The energy content of a system under given circumstances

is arguably the most important physical quantity defining

the properties of the system. Thermodynamic descriptions

start by formulating an expression for a suitable thermo-

dynamic potential, such as the Gibbs free energy or the

Helmholtz free energy. These potentials are not directly

accessible experimentally, but such formulations allow one

to develop expressions which can be used to accommodate

experimental data, and for sufficiently large data sets, to

construct the underlying energy function.

One physical system for which such efforts have been

undertaken are the aqueous solutions of NaCl, a common

salt solution for which abundant experimental data are

available in the literature, and for which several formula-

tions with varying ranges of validity exist ([1–7], and ref-

erences therein). Yet, to the best of our knowledge, in a

specific region of the phase diagram of water–NaCl, data

on thermal properties like heat capacity and transition

enthalpies are sparse. For concentrations below the con-

centration of the water–NaCl eutectic point and at sub-zero

temperatures, we could only find one relevant investigation

of the heat capacity and latent heats of these solutions

[8, 9]. Much of the data pertains to supercooled systems

[10, 11]. The available data have generally been obtained

by differential scanning calorimetry (DSC), a technique

that suffers from some important intrinsic limitations that

actually impede high-quality studies of phase transitions

[12, 13]. These intrinsic limitations with DSC are avoided

in adiabatic scanning calorimetry (ASC) developed at the

end of the 1970s [14–17] and extensively used to study

many different types of phase transitions and materials

[12, 18–22]. However, ASCs, although further improved

throughout the years, remained largely research instru-

ments to be operated by skilled and trained personnel, not

the least because of elaborate construction and complicated

sample cell mounting. These handicaps have recently been

eliminated in a new design of ASCs by incorporation a

Peltier element between the sample cell and the adiabatic

& Jan Thoen

jan.thoen@fys.kuleuven.be

1 Soft Matter and Biophysics, Department of Physics and

Astronomy, KU Leuven, Celestijnenlaan 200D, Box 2416,

3001 Leuven, Belgium

2 Present Address: Institute for Materials Research IMO,

Hasselt University, Wetenschapspark 1, 3590 Diepenbeek,

Belgium

123

J Therm Anal Calorim (2017) 129:1727–1739

DOI 10.1007/s10973-017-6330-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-017-6330-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-017-6330-4&amp;domain=pdf


shield [13, 23, 24]. In this work, we use this novel type of

Peltier-element-based adiabatic scanning calorimeter

(pASC) to characterise a series of aqueous NaCl solutions

in the concentration range from pure water to the eutectic

NaCl concentration, covering the temperature range from

just above the melting point of pure water at 0 �C to well

below the crystallisation of the eutectic at �21:1 �C.

This paper is organised as follows. ‘‘Adiabatic scanning

calorimetry’’ section gives a brief account of the adiabatic

scanning calorimetric methodology and the experimental

implementation of the presently used ASC. ‘‘Measure-

ments and results’’ section provides basic information and

discussion on the results for two samples of very pure

water of different origin and on the results obtained for a

series of measurements on mixtures of different composi-

tion of water and sodium chloride. ‘‘Analysis and discus-

sion’’ section contains the detailed analysis and discussion

of these results. In ‘‘Summary and conclusions’’, section a

summary and conclusions are presented.

Adiabatic scanning calorimetry

Measurement methodology

Adiabatic scanning calorimetry (ASC) is a calorimetric

technique aimed at the simultaneous measurement of the

temperature dependence of the enthalpy and the heat

capacity of materials in the liquid or the solid state. The

basic concept of ASC resides in applying a constant heat-

ing or cooling power to a sample holder containing the

material of study. This is opposite to what is done in DSC,

where a constant heating rate is imposed and the changing

power needed to maintain the constant rate is measured in a

differential approach with a reference sample. In ASC, the

sample holder is placed in a surrounding adiabatic shield

allowing one to cancel (heating mode) or to control

(cooling mode) continuously the heat exchange between

the sample holder and the shield during scanning with

known applied constant heating or cooling power. During a

run, the sample temperature T(t) is recorded as a function

of time t, and the heat capacity C(T) as a function of

temperature is calculated via the ratio of the known con-

stant power P and the changing temperature rate
_T ¼ dT=dt:

CðTÞ ¼ P

_T
: ð1Þ

This leads to a continuous heat capacity curve. Moreover,

the same T(t) data and the known fixed power P directly

result in the enthalpy curve, since

HðTÞ � HðT0Þ ¼
Z T

T0

CðTÞdT ¼
Z tðTÞ

t0

Pdt ¼ PðtðTÞ � t0Þ;

ð2Þ

where HðT0Þ is the enthalpy of the system at the start time

t0 of the experiment. It is a direct consequence of the

constant power requirement that the integral can be simply

solved.

The main advantage of ASC is the potential to obtain

high-resolution equilibrium enthalpy and heat capacity

data. Because the sample is given a fixed amount of energy

per unit of time, which it can use ‘‘as it wants’’, to heat up

or change its phase, the sample is effectively in control of

the calorimeter. In other words: the calorimeter follows the

behaviour of the sample. This feature, combined with the

slow scanning rates that can be achieved, allows studying

the sample in nearly ideal thermal and thermodynamic

equilibrium conditions. As more extensively discussed

elsewhere, this cannot be achieved by the common DSC

instruments [12, 13].

Experimental

An essential requirement for a high-resolution adiabatic

scanning calorimeter operating in the heating mode is the

equality (mK or better) of the temperatures of the adiabatic

shield and of the sample (holder) in weak thermal contact

with this surrounding adiabatic shield. For operations in the

cooling mode, a constant preset temperature difference

between the sample and the shield has to be maintained

within the same temperature stability limits. The ‘‘classi-

cal’’ ASC implementations used elaborate construction and

calibration procedures to achieve these conditions [17, 21].

All this made these ASC instruments complicated, and they

needed to be operated by a skilled and well-trained person.

In the present type of ASC [13, 23–26], used for the

results presented here, these problems are completely

eliminated by inserting a very sensitive (of the order of

10 mV K�1) semiconductor-materials-based Peltier ele-

ment (PE) as temperature difference detector between the

sample and the shield. The lK sensitivity of the PE for

temperature differences allows, in combination with a

proper servo-system, to maintain almost perfect equality of

the sample and shield temperatures in the heating mode.

For the cooling mode, a preset temperature difference

between sample and shield can be kept constant with equal

resolution. Details on the construction of the pASC

implementation of the ASC concept can be found else-

where [13, 24, 26]. With the pASC used for the present

investigation, the uncertainty on the absolute values of

specific heat capacity and enthalpy is about 2%, while the
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resolution in these quantities and in the measured temper-

atures is much higher.

Measurements and results

Materials and samples

For the measurements on pure water and for the prepara-

tion of the different mixtures, we used HPLC grade water

(code W/0106/17, batch 0625273) purchased from Fisher

Scientific. Sodium chloride was purchased from Aldrich

(Product Number 204439, lot MKBH4096V, nominal

purity 99.999%). In addition to the HPLC grade water

sample, we also measured a sample that was taken from a

one litre bottle of commercially available natural mineral

water (SPA Reine, Spa Monopole, Belgium). Mixtures

were prepared in quantities of typically several cm3 of

which 30–80 mg was then transferred into stainless steel

sample holders (Mettler-Toledo 120 lL medium pressure

DSC crucible) and subsequently hermetically sealed.

Investigated part of the phase diagram of water–

NaCl

In comparison with the phase diagram of a one-component

system (exhibiting transitions between solid, liquid and

gas), the phase diagram of mixtures with two or more

components can be quite complicated and exhibit new

phenomena when heated or cooled or when their compo-

sition is changed. In a two-component system, which is the

case here, phase separation in the liquid and/or solid phases

is quite common. Of particular interest here is a liquid–

solid phase diagram with an eutectic point [28, 29]. Such a

point has a specific composition, and the mixture melts at a

fixed temperature directly from the solid phase to a

homogeneous liquid solution. In mixtures of water and

NaCl, such a eutectic point has mass fraction xeut ¼ 23:2%

and a melting temperature of Teut ¼ �21:1% (see the phase

diagram of Fig. 1). For mixtures with lower NaCl con-

centrations, the transition from the homogeneous liquid

solution (above the solid blue line in Fig. 1a) is more

complicated. In cooling a solution from high temperatures,

it is observed that the solution stays liquid for temperatures

below the melting temperature of pure water (often called

melting point depression). In further decreasing the tem-

perature, solid ice is gradually formed in the solution. Since

this reduces the liquid water content in the solution, it

becomes more and more salty. This reduction of the

amount of water in the liquid solution goes on until at the

eutectic temperature its composition reaches that of the

eutectic point and the system transfers into a solid mixture

of ice and salt hydrate. In this investigation, we explored

the part of the phase diagram of mixtures of water and

sodium chloride for x� xeut. Table 1 gives an overview of

the different samples that have been measured. Figure 1

shows their position in the water–NaCl phase diagram [27].

Results for the pure HPLC water sample

and for the natural mineral water sample

When pure solidified water, Sample 1, is provided with a

constant power, it heats up according to the temperature

profile in Fig. 2a. Starting as ice at �15 �C, the temperature

increases nearly linearly until it remains constant at 0 �C. The

provided power is then used for the conversion of ice to

water, and only after all ice has melted, the temperature starts

to rise again. Equation (2), with HðT0Þ ¼ Hð�15 �CÞ ¼ 0,

can immediately be used to evaluate the specific enthalpy h

of the sample. This is displayed in Fig. 2b. It is also indicated

how a first estimate for the enthalpy of the transition Dfush

can be obtained on the basis of these data. In Fig. 3a, the h(t)

data are replotted as h(T), and the phase transition becomes
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Fig. 1 a The phase diagram of water–NaCl for low salt concentra-

tions. The blue, red and brown solid lines indicate the limits of the

various two-phase regions [27]. The vertical black dotted lines

correspond to the concentrations of the samples studied in this work.

The symbols indicate the transition temperatures as determined in this

work. b Transition enthalpies for the eutectic and melting processes,

from this work (open symbols) and Han et al. [9] (closed symbols).

(Color figure online)
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now visible as an essentially vertical step in the enthalpy at

0 �C. The height of this step, as indicated in the figure, cor-

responds to the transition enthalpy Dfush.

If now Eq. (1) is used, the specific heat capacity can be

calculated, which is presented in Fig. 3b. The heat capacity

shows most clearly the advantages of pASC. The small

average scanning rate and equilibrium operation lead to a

very sharp peak, which is only broadened by impurity

effects (as we will discuss below). In marked contrast with

DSC results is the sharp end of the peak, as instrument-

related broadening is absent in pASC. The data are greatly

truncated: the highest value of cp attained here is of the

order of 106 J g�1 K�1, where it should be stressed that the

recorded cp during the transition is only an effective value.

For a perfectly pure system, the melting would take place

at a single temperature, leading to a perfect step in h(T) or

equivalently to _T ¼ 0. Using either cp ¼ ðoh=oTÞp or

Eq. (1), one sees that cp ¼ 1 at this idealised transition.

Thus, the height and sharpness of the peak are also a purity

measure.

Spa mineral water (Sample 2), as can be asserted from

its taste, is not a salt solution, although by its nature as

natural spring water, some impurities should be present.

Hence, a somewhat broadened melting transition is

expected in comparison with the Fisher HPLC water.

However, comparison of h(T) and cpðTÞ between these two

samples in Fig. 4 shows that the curves are hardly distin-

guishable. To get a better idea of the scale of the differ-

ence, the curves for the most dilute salt solution, Sample 3

Table 1 Overview of the different samples and results for transition temperatures and enthalpies

# Name x/

Mass%

xm/

mol%

m/mg feut fw Eutectic Melting

Ttr=
�C

Dfush/

J g�1

Dfushscaled=

J g�1

Ttr=
�C

Dfush/

J g�1

Dfushscaled=

J g�1

1 Fisher 0 0 57.3 0 1 0.005 340.7

2 Spa 0 0 46.5 0 1 0.005 338.9

3 0.1388 0.04283 38.9 0.0060 0.9940 -0.078 335.3

4 0.2733 0.08439 42.3 0.0118 0.9882 -0.150 333.2

5 0.5381 0.1665 29.8 0.0232 0.9768 -0.311 324.2

6 0.8831 0.2739 43.3 0.0381 0.9619 -21.110 4.8 126.1 -0.491 321.4 334.1

7 1.579 0.4920 34.6 0.0681 0.9319 -21.080 13.7 200.9 -0.905 313.0 335.9

8 6.273 2.021 37.2 0.2704 0.7296 -21.061 62.1 229.8 -3.754 234.9 321.9

9 9.271 3.054 67.5 0.3996 0.6004 -21.050 93.5 234.0 -5.823 193.8 322.9

10 13.232 4.490 71.7 0.5703 0.4297 -21.030 131.9 231.4 -9.163 138.3 321.8

11 17.400 6.098 83.3 0.7500 0.2500 -21.042 174.2 232.3 -12.968 79.2 316.8

12 Eutectic 23.193 8.516 76.6 0.9997 0.0003 -21.035 235.5 235.6

The transition temperatures are obtained from the intersection of the extrapolations of the h(T) data in the upper transition region and the higher-

temperature phase. The transition enthalpies have been obtained following the procedure of ‘‘Calculation of the molten fraction’’ section. For the

rescaling according to the lever rule, the eutectic and ice fractions feut and fw have been calculated with respect to the literature eutectic

concentration of 23.2%

−10

0

10

solid solid + liquid liquid

(a)

T
/◦

C
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Fig. 2 pASC results for Sample 1 of pure (Fisher) water. a T(t),

showing the temperature increase in the solid and liquid phases and

the constant temperature during phase conversion at 0 �C. b h(t),

indicating how the transition enthalpy Dfush can be extracted
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of 0.139%, are also included. On the basis of this figure,

one can conclude that Spa is nearly as pure as Fisher water.

In any case, it contains much less than 0.139% of impu-

rities. We will quantify and discuss the purity of these

sample in ‘‘Purity determination for the water samples’’

section.

Results for the water–sodium chloride mixtures

The eutectic transition in water–NaCl solutions is very

susceptible to supercooling, and therefore, these samples

were cooled to �33 �C for the three lowest concentrations

and �50 �C for the higher concentrations and left overnight

before the actual heating experiments were started. For the

lower concentrations, Samples 3, 4 and 5, it turned out that

even a prolonged stay at �33 �C is insufficient to crys-

tallise. This is not highly relevant for our analysis, because

the corresponding eutectic peaks are very small.

Figure 5 shows cpðTÞ for selected concentrations. From

these data, the main effects of increasing the salt concen-

tration can be observed. The first and most obvious one is

the presence of an extra peak at �21:1 �C, which corre-

sponds to the disappearance of the NaCl�2H2O solid. The

eutectic transition temperature does not depend on the salt

concentration, but the peak becomes more prominent with

increasing concentration, although it remains equally sharp

for all samples. The second observation is the broadening

of the ice melting peak: already quite clear for

x ¼ 0:8333%, the peak fills the entire range down to the

eutectic peak for x ¼ 6:27%. This broadening is accom-

panied by a decrease of height. Finally, the temperature of

the melting peak decreases systematically with

concentration.

The curve for the eutectic composition, 23.2%, shows

some small bumps between the eutectic peak and –15%.

These indicate that we are very close to, but not exactly at

the eutectic concentration. Given the high sensitivity of

pASC, the deviation may be very small, and we treat this

concentration further on as the eutectic one.

Comparison to the literature data

The absolute values of cp of the solutions in the liquid

region agree well with the data from Ref. [11]. Our

determination of the transition heat of water,
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Fig. 3 pASC results for Sample 1 of pure (Fisher) water. a h(T),

indicating how the transition enthalpy can be extracted as the height

of the step. b cpðTÞ, indicating the transition temperature and showing

the sharpness of the transition peak
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Fig. 4 A comparison of Fisher and Spa water (Samples 1 and 2),

complemented with the most dilute salt solution (Sample 3). a h(T),

normalised to 450 J g�1 at 5 �C for a clear presentation. b cpðTÞ. Both

curves clearly indicate that the purity of Spa mineral water, as seen

from thermal data, is very close to that of the Fisher HPLC water
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ð340 � 7Þ J g�1, is a bit larger than the standard value

333 J g�1 [30], but this lies within the current limits of

uncertainty that are established for our calorimeter.

For pure water, Sample 1, the heat capacity curve is

compared in Fig. 6 with the curve obtained by Inaba et al.

[31] who constructed a particularly sensitive DSC

instrument, capable of measuring at low scanning rates.

Their results were reported as heat flow data and were

converted here to cpðTÞ data for inclusion in Fig. 6. This

DSC used a rate of 3:6 K h�1, the same order of magni-

tude as the ASC run away from the transition. Yet, it is

clear that the use of a constant rate, even a low one, in

DSC broadens the phase transition, and shifts it to higher

temperatures, even if the temperature where the transition

becomes noticeable in the cpðTÞ curves is about the same

in both calorimeters.

Also for the salt solutions, some DSC heat flow curves

have been published. In particular, we refer to the DSC

heat flow curves that are published in Ref. [9], where a

selection of water–NaCl solutions in the same concentra-

tion range were studied. The DSC curves show the same

tendencies as we see here, but with a much reduced reso-

lution. The eutectic peaks appear much broader in that

work, the melting peaks are stretched out to higher tem-

peratures. No observations can be made concerning the

behaviour between the peaks as a consequence of the used

scale. The shape of the eutectic peak as seen in DSC may

be better asserted from Ref. [32], where it is presented as

heat flow data for a 0:154 M ¼ 0:9% solution, a composi-

tion close to our Sample 6. The peak is sharper than for the

Han et al. data, while it also displays the high-temperature

shoulder that appears in the ASC data. Another example of
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Fig. 5 Specific heat capacity

cpðTÞ of selected water–NaCl

solutions (Samples 2, 4, 6, 8, 10

and 12), showing the effects of

increasing salt concentration:

broadening of the melting

transition peak, decreasing

melting temperature and

emergence of the eutectic peak,

as well as the increasing

importance of the latter at the

expense of the melting peak
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a DSC result is given in Ref. [8]. However, the presented

curve concerned a salt solution that contained also com-

pounds other than the dominant NaCl. In this example, the

eutectic peak with an onset at about �26 �C is much

broader than in the earlier DSC data as well as in the ASC

data. Nevertheless, the basic shape of cpðTÞ data for

Sample 9, which has a similar concentration, is comparable

to this heat flow data.

Enthalpy curves

An overview of the observations that we have made so far

can be achieved by the plot of h(T) for all samples in

Fig. 7. In this figure, the enthalpy has been normalised to

450 J g�1 at 5 �C; such a shift corresponds to an appropriate

choice of H0 in Eq. (2). Equating the h(T) values in the

liquid phase leads to a clear view of the energetic situation

in the solid phase and the two-phase region. It can imme-

diately be verified that the eutectic transition always takes

place at �21:1 �C, and is sharp regardless of the overall

concentration. In contrast, the end temperature of the ice

melting decreases and the transition becomes very broad,

finally disappearing for the eutectic concentration. The

eutectic transition enthalpy increases, whereas the enthalpy

of the ice melting decreases.

An observation that is not simple to make on the basis of

cpðTÞ is now trivially possible. With increasing salt con-

centration, the total amount of heat needed to melt from the

ice þ NaCl�2H2O fully solid mixture at for example

�28 �C to the liquid decreases considerably. This obser-

vation is valid for the range between –28 to 5 �C, as well as

the range between �28 �C and the end of the ice melting

transition, as shown in Fig. 8. This effect scales essentially

linearly with the overall concentration of the salt, both with

the mass concentration as depicted in Fig. 8, as with the

molar concentration.

Analysis and discussion

Calculation of the molten fraction

The unique possibility of ASC, yielding simultaneously

thermodynamic equilibrium data for the enthalpy and heat

capacity during the whole melting process of a sample,

allows for an alternative approach for the determination of

the heat of fusion (latent heat) and for extracting the mole

fraction of the solute from those data, at least in the case of

ideal solutions. Both of these require the same underlying

calculation, namely the determination of the molten frac-

tion F, which quantifies the fraction of the sample that has

transitioned from the low-temperature phase to the high-

temperature phase.

Since at a melting transition, Dfush represents the total

energy that is needed to go from one phase to the other, a

natural way of determining the molten fraction is com-

paring the energy provided for the melting of the sample up

to a temperature T with Dfush:

FðTÞ ¼ h0ðTÞ
Dfush

: ð3Þ

In this equation, h0ðTÞ denotes the measured enthalpy

increase related to melting up to temperature T and Dfush

the measured total enthalpy increase over the transition, the
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Fig. 6 Comparison of cpðTÞ near the melting point of water, obtained

with pASC from Sample 1, pure water and as measured by custom-

built high-resolution DSC at a comparable temperature scanning rate
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Fig. 7 Overview of the enthalpy for all the water–NaCl samples,

showing the important features of the samples with increasing salt

concentration. The eutectic transition temperature is constant at

�21:1 �C and the melting temperature decreases. The transition

enthalpy of the eutectic transition increases at the expense of the

melting enthalpy. Also, the melting transition becomes broader
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latent heat. h0ðTÞ only refers to the enthalpy change related

to the melting process, and it does not include the heat that

is needed to increase the sample temperature during

melting. This latter heat is present, and the melting is not

fully isothermal because the transition is broadened due to

the presence of impurities. Therefore, some heating is

needed to achieve the higher temperature on which the

sample can continue to melt.1 Thus, in determining h0ðTÞ,
Dfush and consequently F of Eq. (3), one should realise that

these quantities relate only to the changes induced by the

melting process. In the two-phase region, the energy nee-

ded to heat the liquid part and solid part has to be sub-

tracted from the measured total enthalpy. This is

particularly relevant if the specific heat capacity of the

solid and the liquid are quite different, or if the transition is

relatively broad.

In DSC, this subtraction is usually done by subtraction

of an ad hoc choice of different types of heat capacity

baselines, for example linear interpolations or different

types of sigmoidal baselines. The fact that in ASC thermal

and thermodynamic equilibrium data are obtained in the

solid and liquid phase and over the entire two-phase region

allows for a more rigorous approach [13, 24].

The procedure starts by defining the heat capacity of the

lower- and higher-temperature phases (which we will call

here solid and liquid) far away from the transition, where

they can be considered as uninfluenced by the phase tran-

sition. In such a linear region of cpðTÞ below the transition,

the data of the solid phase are fitted by a straight line. The

same is done for the liquid phase above the transition,

resulting in

cs ¼ As þ BsT ð4Þ

cl ¼ Al þ BlT : ð5Þ

In the melting region, the heat capacity baseline cslðTÞ,
which is composed of the added heat capacities of the solid

and liquid fractions of the sample, can be written as

cslðTÞ ¼ clðTÞFðTÞ þ csðTÞ 1 � FðTÞ½ �: ð6Þ

For a given (estimate of) F(T), the quantity h0ðTÞ can now

be calculated via

h0ðTÞ ¼ hðTÞ �
Z T

Tb

cslðTÞdT; ð7Þ

where Tb is the starting temperature of the phase transition

region. It is obvious that the above system of equations that

defines F(T) cannot easily be solved, and therefore, an

iterative approach is used. A zero-order approximation

F0ðTÞ, with F0ðTÞ ¼ 0 below a certain temperature

Ts [ Ttr and F0ðTÞ ¼ 1 above Ts, is inserted in Eq. (6).

Then, h00ðTÞ can be calculated through Eq. (7), from which

a first estimate Dfush0 can be found, and this gives then the

first iterated value F1ðTÞ with Eq. (3). This F1ðTÞ then

serves as the starting point for the next iteration, and the

procedure can continue until the desired accuracy is

achieved. In Fig. 9, some iterative Fi results between i ¼ 0

to i ¼ 4 are given for Sample 4 (0.273%). This number of

four iterations has proven to be sufficient for any sample.

The method as described above is applied to Sample 1

and 2 in this work, but for the salt solutions, there is a

complication. Above the eutectic transition temperature,

the concentration of the liquid part of the system cannot be

considered constant: as more pure ice melts, the solution

becomes more dilute, until at the end of the ice melting

temperature the nominal concentration is reached. As the

heat capacity of salt solutions increases with decreasing

concentration, a linear extrapolation of the liquid heat

capacity as used in Eq. (5) would lead to a systematic

overestimation of the background heat capacity csl and

consequently an underestimation of Dfush. Therefore, the

procedure above was slightly modified to replace cl with

the interpolated literature heat capacity data for the

supercooled salt solutions [11]. This modification changed

the values Dfush by at most 1%, the difference being the

most pronounced for the samples between 6 and 13%,

where the broadening of the transitions is large, as well as

the temperature range of the two-phase region.

Transition temperatures

For determining transition temperatures on the basis of

DSC cpðTÞ data, two methods are commonly used. The

simplest of these uses the temperature of maximum cp as
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From −28 ◦C to melting
From −28 to 5 ◦C

Fig. 8 Enthalpy increments per g of sample between �28 �C and

either the end of the ice melting or 5 �C. These represent the energy

needed to heat the entire sample over the respective temperature

ranges

1 For an ideal, impurity-free sample, the enthalpy would make a step

at the melting temperature Ttr of the exact value of Dfush, and F(T)

would become a step function that is 0 below Ttr and 1 above.
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Ttr. The second method uses the onset temperature, defined

as the intersection between an extrapolation of the solid cp

and a linear fit to part of the transition peak [33]. There are

arguments against the first method. It fails to incorporate

the rate dependence in DSC, and Ttr will depend on the

rate. This can eventually be overcome by an extrapolation

of Ttr from multiple rates to zero-rate. Also, it is not clear

whether the maximum of the peak has any physical

meaning due to the important influence of the instrument

on the result. For the second method, the rate dependence is

partly overcome: because this definition relates to the

temperature where the sample first clearly starts to melt (in

the view of the DSC method), it is intrinsically less

dependent on the rate. But, it may be strongly dependent on

the interpretation of the operator and, more importantly, on

the properties of the transition. For the higher concentration

samples, the melting phase transition is very broad, and the

cp curve strongly curved. This makes it unclear how to

choose the extrapolation lines, especially the one corre-

sponding to the slope of the peak. Finally, one may ask

whether it would not make more sense to consider the end

of the phase transition. In many cases, this side is ther-

modynamically much sharper defined in enthalpy and heat

capacity, not influenced by multiple possible pre-melting

effects in the more ordered phase. This sharpness is very

clear in our ASC data. These observations lead naturally to

the choice of the end of the melting temperature as the

transition temperature Ttr.

These considerations have led us to investigate several

methods for the determination of the transition tempera-

tures. For all methods, we take the end of the transition as

the defining point. Since ASC obtains equilibrium data, it is

more sensible to discuss the temperature where the tran-

sition is completed, rather than, like in DSC, focus on the

region where the transition becomes detectable in out-of-

equilibrium data.

It is possible to read Ttr from the cpðTÞ curves as the

temperature where the cp transition peaks ends, this is for

most transitions a nearly 90 � angle. Another approach can

be based on the values of F(T). Since the transition is, by

definition, finished when F reaches 1, we can define the

transition temperature this way. In practice, however, we

have used TðF ¼ 0:99Þ as the transition temperature, in

order to avoid any numerical difficulties that may arise by

choosing the limit at exactly 1. For most practical cases we

have encountered, this approach led to a value that would

correspond within 10 mK to the temperature that according

to a visual assertion of the F(T) would correspond to

TðF ¼ 1Þ. For these two methods, the results largely agree

with each other, and also with the third method that will be

introduced below.

This third method bears some similarity to the onset

temperature method from DSC, but then applied to h(T)

data. Ttr is taken as the temperature where two lines

intersect: a linear extrapolation of h(T) in the higher-tem-

perature phase just above the phase transition, and a linear

extrapolation of h(T) in that part of the transition where it

can be reasonably well described by a linear approxima-

tion. This latter definition seems arbitrarily, but in most

cases, it corresponds to the upper half of the enthalpy in the

transition region for the eutectic and to the upper quart for

the ice melting. This contrasts with the onset temperature

determination in DSC, which is focussed on the lower parts

of the transition peak. In Table 1, the results for the melting

and the eutectic peak are summarised, and they are com-

pared with the literature phase diagram in Fig. 1a.

Transition enthalpies

As explained in ‘‘Calculation of the molten fraction’’ sec-

tion, the calculation of F(T) on the basis of h(T), cpðTÞ and

the derived csl, also leads to values for Dfush. In our earlier

work [13, 24], as well as for the low-concentration samples
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Fig. 9 Illustration of the iterative calculation of F(T) for Sample 4 of

0.273%. a The molten fraction F(T) and selected intermediate steps

for the iteration procedure. The final F(T) result mostly obscures the

curve from the initial iteration. b Specific (cp) and background

specific heat capacity (csl) for intermediate steps
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in this work, we found that this method gives good results

for relatively sharp transitions. But for samples with higher

concentration, the presence of two transition peaks in the

solutions, together with the broadening of the ice melting

range, makes this approach unsuitable. In particular, the

determination of the extrapolations cs and cl for Eqs. (4)

and (5) becomes ambiguous.

Thus, we apply the method to the entire region and not

to each of the transitions separately. This means that cs is

obtained from ice þ NaCl�2H2O below about �23 �C,

whereas cl is obtained from the fully liquid solution above

the melting point.

However, the obtained Dfush would correspond to the

melting enthalpy for the two combined transitions, and we

need a means to split this into the eutectic and the ice

melting contribution. From its definition in ‘‘Calculation of

the molten fraction’’ section, it can be seen that h0ðTÞ will

be equal to 0 below a given transition and equal to Dfush

above that transition, as illustrated in Fig. 10 for Sample 8.

By selecting appropriate limiting temperatures for the parts

of h0ðTÞ corresponding to the eutectic transition and to the

ice melting transition, a Dfush can be associated to each of

these transitions. The Dfush values obtained this way are

reported in Table 1. For the low-concentration samples, we

compared the value for Dfush for the melting obtained from

this approach to h0ðTÞ with the results from the direct

calculation as outlined in ‘‘Calculation of the molten

fraction’’ section, and the values are essentially identical.

Concentration dependence of the transition enthalpy

In the previous section, we have reported the Dfush values

with respect to the mass of the total sample. But, as the

phase diagram in Fig. 1 indicates, once below the start of

the ice freezing temperature of the solution, there are in

fact two distinct phases in the system, a solid (ice) and a

liquid (salt solution) one. Pure water gradually freezes out

of the solution, and the remaining fraction of the solution is

a salt solution of increasing salt concentration. Upon fur-

ther cooling below �21:1 �C, also this fraction crystallises

at the eutectic temperature. Therefore, in the temperature

range between the upper limit of the ice melting and the

eutectic temperature, the variation in the initial NaCl

concentration of the solution is reflected by the presence of

different amounts of pure water ice and aqueous salt

solution. These amounts can be obtained from the phase

diagram by applying the lever rule [34]. This also means

that upon heating the total amount of transition enthalpy

can be considered as the result of two separate processes.

Starting at sufficiently low temperature, there is first the

melting of ice þ solid salt hydrate and the dissociation of

the NaCl�2H2O [always at �21:1 �C and with transition

heat Dfush(eutectic)]. This leads to a system with a salt

solution of the eutectic composition and solid pure ice in

fractions corresponding with the overall composition in the

fully liquid phase. Upon further temperature increase, the

ice gradually melts and the liquid solution dilutes up to a

maximum temperature (Ttr of melting in Table 1). With

this pure ice melting, the corresponding transition heat

Dfush(melting) is associated. This separation in two distinct

processes might possibly imply that the total melting in

J g�1 with respect to the total mass of the sample can be

rescaled to the masses of the melting fractions of the

sample involved in the separate transitions.

This procedure has been performed earlier for aqueous

NaCl solutions [8, 9]. These authors reported that the

melting of the pure water ice fraction in the solutions

requires 303:7 � 2:5 J g�1, while the melting of the eutectic

fraction requires 233:0 � 1:6 J g�1, both independent of salt

concentration. They also remarked that the former value

for water/ice deviates substantially from the literature value

for pure water, 333 J g�1 at 0 �C, for reasons that are not

clear. On the other hand, the value for the eutectic fraction

was the same as obtained from their measurement of the

eutectic concentration. We have repeated this analysis on

the basis of our ASC results, and the outcome is sum-

marised in Table 1 and Fig. 1b.

For the eutectic fraction, the values for the scaled Dfush

are corresponding closely to the measured value for the

eutectic concentration, both in this work and from the

earlier work of Han et al. This can be expected: the eutectic

transition is rather narrow, even in a DSC run, and hence,

problems related to the background determination will be

minimal in either technique. Exceptions are Sample 6 and

to some extent Sample 7, with quite small eutectic peaks.

Since these peaks are very small, the uncertainty is quite

high here and some supercooling of the eutectic transition
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Fig. 10 h0ðTÞ for Sample 8, as used for the determination of Dfush for

the melting. The three stars near –23, –21 and �3 �C indicate the

limits of the transition regions
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might also be present for Sample 6 that was only precooled

to �33 �C.

For the melting of the pure water fraction, the values are

close to Dfush of pure water, with a small tendency to

decrease for the higher concentrations. Thus, our results

clearly disagree with those of Han et al. We find values that

are larger than the 303:7 �C these authors reported. In order

to attempt to understand this difference, we first note that,

on the above separation of the transitions, a value corre-

sponding to Dfush of pure water should be expected. The

ASC results adhere within 5% for all concentrations except

the highest one. For this concentration, the smallness of the

peak and closeness to the eutectic one might be at the

origin of the deviating value. However, the correspondence

decreases a bit with increasing concentration. As a first

reason for this decrease and the deviation observed by

Han et al., one might think at uncertainties in the deter-

mination of background, which is intrinsically more diffi-

cult in DSC. However, the possibility of the effect of

temperature dependence of Dfush by the melting point

depression should not be ignored [35].

Purity determination for the water samples

Thermal data can be used to determine the purity of the

samples. The method to achieve this is well established

[36–38] and often used in combination with DSC experi-

ments [39–44]. However, the method is subject to stringent

assumptions about the ideality of a system [34]. Assuming

that only the number of impurity ‘‘particles’’ plays a role

(colligative property), the mixing of the pure compound

and the impurity is ideal, and the impurity is only present in

the liquid part of the sample, the van ’t Hoff relation can be

derived [45]. We have modified this method for use with

ASC data, a discussion can be found in Refs. [13, 24].

Unfortunately, it is well established for the uni-univalent

electrolyte NaCl in water that activity coefficients deviate

substantially from the ideal value of one even for very

dilute solutions [46]. This makes the van t Hoff equation

not applicable for these NaCl salt solutions. Since the

impurities in the two ‘‘pure’’ water samples are not known

and the impurity level expected to be very low, the van t

Hoff approach should be applicable.

Usually, not the full form of the derived equation is

used, but instead, a linearisation is made, assuming a small

concentration of impurities, leading to

T ¼ T0 �
RT2

0

MwDfush
x2

1

F
: ð8Þ

Here T0 is the melting temperature of the pure compound,

R the gas constant, Mw the molar mass of the pure com-

pound, Dfush the phase transition enthalpy, x2 the molar

concentration of the impurities and F the molten fraction.

Equation (8) suggests a linear relation between T and

1 / F, but in real systems this is almost never observed.

One way to resolve this is to linearise the data, a procedure

described in an ASTM standard [47] and often used in the

literature [41, 42, 44], sometimes with small variations

[38]. The linearisation is performed by, in the notation of

this paper, replacing F by

F�ðTÞ ¼
h0ðTÞ þ �

Dfushþ �
; ð9Þ

where � is a correction factor, required to be smaller than

20% of Dfush [47]. It is also common to find F� defined

without � in the numerator.

Mastrangelo and Dornthe eliminated one assumption

from the derivation of the van ’t Hoff relation. In their

model, the impurity could be present in the solid part of the

sample [40, 48]. They arrived at

T ¼ T0 �
RT2

0

MwDfush
x2

1

F þ K
1�K

; ð10Þ

where K is the ratio of the amount of impurity in the solid

phase to that in the liquid phase. T0, x2 and K can be

obtained by reading out T from the TðF�1Þ curve at

F ¼ 0:25, F ¼ 0:5 and F ¼ 1, inserting these values in

Eq. (10) and solving the resulting set of equations. In our

analysis, we rescaled these points to F ¼ 0:1, F ¼ 0:3 and

F ¼ 0:5 and adapted the calculation appropriately; this also

conforms to the range of F values recommended by

Ref. [47].

Table 2 lists the results of this analysis for the two water

samples. Fisher and Spa have indeed a non-zero level of

impurity (as indicated in ‘‘Results for the pure HPLC water

sample and for the natural mineral water sample’’ section).

No real system is ever entirely free of impurities; thus it is

to be expected, but the values are low. In fact, even if the

sample would be completely free of any other chemical

compounds, the presence of surface melting and grain

boundaries would still lead to some broadening. For the

Fisher water a nominal impurity level of 5 ppm is given by

the supplier, in reasonable agreement with the value

obtained from the thermal data. These numbers show also

that the Spa mineral water is nearly as pure as the Fisher

water. On the bottle, the amount of impurities present can

Table 2 Purity results for the two water samples

# Name x2

van ’t Hoff ppm ASTM ppm M&D ppm

1 Fisher 11 19 22

2 Spa 17 22 24

x2 is the molar concentration in Eq. (8), as determined from the

analysis of the thermal data
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actually be found, and this corresponds to an impurity level

of 16 ppm, in good agreement with the number obtained

from the thermal properties.

There is also a significant difference in the results

between the linear van ’t Hoff method on the one hand and

the ASTM and M&D method on the other hand. This is

caused by the fact that the linear approximation to the

TðF�1Þ data is insufficient. It should be noted that this

deficiency cannot be remedied by using the full van ’t Hoff

equation instead of the linearised form of Eq. (8). The

similarity between the ASTM and M&D values can be

expected when comparing the form of the relations: both

use a modified form of F, with � or K, respectively, as a

parameter. From a numerical point of view, these are

nearly identical, and this is reflected by the similar results.

This correspondence is all the more remarkable because in

the case of the ASTM method; the data are fitted over the

range from F ¼ 0:1 to F ¼ 0:5, whereas for the M&D

method, only three data points are considered.

Summary and conclusions

In summary, we have used Peltier-element-based adia-

batic scanning calorimetry (pASC) to revisit the phase

diagram of water–NaCl from 0% to the eutectic concen-

tration at 23.3% and between �30 and 5 �C and to study

the thermal properties. A series of samples were carefully

heated to determine their equilibrium enthalpy h and heat

capacity cp during the melting process from a solid phase

in which pure water ice and NaCl�2H2O are mixed,

through a broad two-phase region consisting of a dimin-

ishing ice fraction in a salt solution, and finally into a

homogenous liquid phase. These equilibrium enthalpy

and heat capacity data were analysed to obtain the tran-

sition temperatures, transition enthalpies and the purity of

the purest samples.

For this analysis to proceed, an advanced method for the

calculation of the molten fraction F is applied, which is

modified for the specific circumstances of a phase diagram

with a eutectic transition. The innovation is to consider the

two transitions, melting and eutectic, as parts of a single

transition from solid to liquid with a wide two-phase region

in between.

On the basis of the curve for F, the heats of fusion for

the transition can be determined. The heat of fusion for the

ice melting decreases with concentration, while it increases

for the eutectic transition; the total transition heat, how-

ever, also decreases with concentration. After a rescaling

for the amounts of the two fractions present in the two-

phase region, it is seen that the heat of fusion for the

eutectic fraction is constant as a function of concentration

at 235 J g�1. For the ice melting transition, the transition

heat data are close to the value for pure water, but decrease

slightly with increasing concentration of salt.

In conclusion, we have demonstrated the usefulness of a

high-resolution equilibrium calorimetric technique for a

well-known phase diagram, confirming the transition

temperatures. Additionally, the interpretation of the melt-

ing and eutectic transitions as being part of a single melting

process allowed to improve the quality of the determination

of the heats of fusion for these two transitions.
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