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a b s t r a c t

Heat capacity in solid state was for the sodium nitrite (NaNO2) measured by using two types of calorime-
ters. The measurements were performed in the temperature range 273.15–583.15 K. Three phase changes
were observed in this temperature range – one melting and two transitions between different structural
modifications. Concerning the transitions between structural modifications, the first was observed at
vailable online 20 March 2009
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odium nitrite
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437.2 ± 0.1 K and the second was found at 438.7 ± 0.1 K. Temperature of melting was then determined to
be 553.2 ± 0.2 K with the corresponding heat of fusion being equal to 13.9 ± 0.1 kJ mol−1.

© 2009 Elsevier B.V. All rights reserved.
hase change materials
alorimetry

. Introduction

Storage of available thermal energy is very important in many
ngineering applications. Latent heat storage is one of the most effi-
ient ways of storing thermal energy [1]. This technique is based on
he storing and releasing of thermal energy by a substance during
ts phase transition. Nowadays, the most frequently exploited phase
hanges are the solid–solid (between different modifications) and
olid–liquid (melting, crystallization) transitions. Knowledge of
eat capacity and enthalpy change during the considered transi-
ion is then necessary for the calculation of energy amount that
an be stored in the substance. Besides the desired high values of
eat capacity and enthalpy change during the transition also several
ther important parameters have to be taken into account for the
eat storage applications – i.e. suitable temperature of the phase
ransition, long term stability under thermal cycling without traces
f supercooling or phase segregation, high thermal conductivity,
ow reactivity, price etc.

Sodium nitrite belongs to a group of phase change materials
PCMs) and as such might find utilization in high temperature range
nergy storage applications (e.g. in solar power plants). NaNO2
elts at ∼553 K [2–4] while other two phase transitions can be
ound near 437 K in solid state [5–11]. The first transition is related
o a change from the ferroelectric phase to the sinusoidal antifer-
oelectric phase at the Curie temperature (TC). During the second
ransition the sinusoidal antiferroelectric phase changes to the
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paraelectric one at the Neél temperature (TN). A summary of Curie
and Neél temperatures published by several authors is reported in
Table 1.

Heat capacity and enthalpy of phase transitions were for NaNO2
reported by Sakiyama et al. [5] in the temperature range 275–468 K.
Similar heat capacity measurements were carried out by Hoshino
[12] in the narrow temperature interval near the two solid–solid
transitions. Heat capacity in the temperature range 300–475 K with
an emphasis on the solid–solid transitions region is published in
the papers of Hatta et al. [10–11]. In the work of Kamimoto [2]
and Cases [3] calorimetric measurements were performed to deter-
mine the heat of fusion and heat capacity of liquid NaNO2. Both
solid–solid transitions have been also studied by using various other
experimental techniques: X-ray diffraction [13–15], spectroscopic
methods [8,16–18], dielectric measurements [9,19–21].

In this work the results of our calorimetric study focused on the
determination of heat capacity for NaNO2 in a wider range of tem-
peratures (i.e. from 273.15 K up to the melting temperature of the
sample) are presented. The temperature dependence of heat capac-
ity is then used for calculation of enthalpy and entropy changes.
The enthalpy of fusion was also determined. In the second part of
the paper a detailed study of the two nearby phase transitions that
occur in solid NaNO2 will be presented.

2. Experimental details
2.1. NaNO2 and its characterization

The sodium nitrite was of an analytical reagent grade (NaNO2
content ∼99.8%). Sample was oven-dried at 393.15 K for 24 h and

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:lucie.kourkova@upce.cz
dx.doi.org/10.1016/j.tca.2009.03.005
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Table 1
Curie temperatures (TC) and Neél temperatures (TN) for NaNO2.
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T 36.3
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fitted using a polynomial function (Eq. (1)). This was done in two
separate temperature regions (due to the presence of the phase
transitions), the first temperature range being 273.15–408.15 K
and the second 463.15–530.15 K, respectively. These temperature
Calorimetric study [5] Calorimetric study [7] S

C 436.55 436.1 ± 1.1 4
N 437.15 437.3 ± 1.3 4

tored in a desiccator. X-ray diffraction data of the sample were
btained at 298.15 K for CuK� radiation by using the D8-Advance
iffractometer (Bruker AXE, Germany) and secondary graphite
onochromator The X-ray diffraction confirmed orthorhombic,

ody-centred lattice with the parameters a = 3.5726 ± 0.0010 Å,
= 5.5835 ± 0.0012 Å and c = 5.4015 ± 0.0012 Å. The lattice param-
ters are in a good agreement with tabulated data [22].

.2. Methods of measurement

Two differential scanning calorimeters, DSC Pyris 1
PerkinElmer, USA) and DSC 822e (Mettler, USA), and a C80
alorimeter (Setaram, France) were used for experimental mea-
urements. The following description of particular measurements
s sorted out with respect to the device the measurement was
erformed by.

Heat capacity plus respective enthalpies of fusion and of the
wo solid–solid transitions were measured by using the DSC Pyris 1
n the temperature range 273.15–583.15 K. Melting temperatures
f pure metals (Hg, Ga, In, Sn, Pb) and enthalpy of fusion of In
ere used to calibrate the calorimeter. Heat capacity measurements
ere performed at heating rate 5 K min−1, the sample masses were

pproximately 10 mg. In order to separate the two nearby solid-
olid transitions an additional measurement was performed at
eating rate 0.5 K min−1 in the temperature range 420.15–440.15 K.
eat capacity was from the measurements determined by the so
alled ratio method [23], this procedure required one additional
easurement with a standard material (sapphire in our case) at the

ame heating rate as was that of the original sample measurement.
ccuracy of heat capacity measurements was tested by measuring
olybdenum (NIST Standard reference material No. 781D2) in the

emperature range 293.15–573.15 K. The accuracy was for the DSC
yris 1 estimated to be better than 2%. The precision of heat capac-
ty measurements was determined from five reproduced curves and
as found to be better than ±2.5%. All measurements described in

his paragraph were performed under the dry nitrogen atmosphere
20 cm3 min−1).

In addition, several heat capacity measurements were also per-
ormed using the C80 heat conduction differential calorimeter. In
his case the temperature range was limited by the device con-
truction to 303.15–563.15 K. The sample mass was approximately
g. Heat capacity was from the measurements determined by the

o called increment method at heating rate 0.5 K min−1. Details of
he method are described elsewhere [24]. Synthetic sapphire (NIST
tandard reference material no. 720) was used as the reference
aterial. The accuracy of heat capacity measurements was found to

e better than 2% in the studied temperature range. The precision
f heat capacity measurements was for Setaram C80 determined
rom three reproduced curves and was found to be better than ±2%.
he calorimeter was calibrated electrically using the Joule-effect
alibration unit supplied by Setaram.

Finally, the DSC 822e was used to study the two solid-solid tran-
itions. This was done due to the DSC 822e having much better
tability and reproducibility at very low cooling rates than the DSC
yris 1 (the low cooling rates were fundamental in order to fully

eparate the two nearby transitions). The DSC 822e was calibrated
y using the melting temperatures of pure metals (Ga, In, Zn) and
he enthalpy of fusion of In. Mass of each sample was approxi-

ately 10 mg and dry nitrogen was used as the purge gas at a rate
f 20 cm3 min−1.
scopic study [8] Dielectric study [9] Calorimetric study [11]

436.85 436.75
438.35 437.95

3. Results and discussion

The experimental values of molar heat capacity obtained for
NaNO2 from the DSC Pyris 1 and C80 measurements are available
as Supplementary Material (the introduced DSC data were acquired
at heating rate 5 K min−1). These data are shown in Fig. 1 together
with values obtained by Sakiyama et al. [5]. Taking a look at our
data, the maximum difference between the Cp values obtained by
DSC and C80 was observed at 403.15 K, where the C80 values were
by approximately 4% lower than those obtained by DSC. Origin of
this divergence may lie in the fact that different methods of Cp eval-
uation (ratio vs. increment) and different sample masses (masses
in the order of few milligrams in the case of DSC vs. several grams
of sample in the case of C80) were used in each case. However, the
precision envelopes of heat capacity measurements performed by
both instruments at least partially superpose, thus the difference
lies within the statistical error. If we compare our data to those of
Sakiyama, one can see that his Cp values are approximately 15–19%
lower than our data. The reason for this is unknown to us so far, its
origin may possibly lie in different purities of the material or maybe
in a slightly inaccurate calibration of the Sakiyama’s calorimeter
(the calibration process is unfortunately not described in [5]). The
heat capacity data obtained by AC calorimetry and published by
Hatta et al. [10] are not shown in the Fig. 1 because no discrete
values are unfortunately given in that paper. However, after digi-
tizing the data from Fig. 2 in [10] and shifting the origin of their
ordinate (according to what is described in [11]; the procedure is a
form of correction due to the exclusion of additional heat capacity
associated with the thermocouple and glue attached to the sample
during ACC measurements) we could see that the Cp data published
by Hatta are in a good agreement with our values. The difference
between the two dependencies was approximately 2% (Hatta’s data
being lower).

The experimental molar heat capacities obtained by DSC were
Fig. 1. Heat capacity of NaNO2: (�) DSC Pyris 1; (�) Setaram C80; (©) Ref. [5]; heating
rate 5 K min−1. The heat capacity data are divided into four temperature intervals.
Inset shows the heat capacity data zoomed in the solid state region.
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ig. 2. Heat capacity of the first and second phase transition of NaNO2 measured by
SC Pyris 1 (0.5 K min−1).

egions were chosen to be the widest possible while still having
he correlation coefficient of the resulting fit R2 ≈ 0.995 (in order
ot to include the data points that are too close to the present
ransitions and therefore were not reproducible under different
ooling/heating rates). Final parameters of both polynomial equa-
ions are listed in Table 2 (the confidence intervals were calculated
s ±1�).

The calculation of the energy accumulated in the temperature
nterval studied in this paper can be then done according to the
ig. 1 and Eq. (2). The heat capacity data are in the Fig. 1 divided
nto four regions A–D, where the regions A and C are the two above

entioned and fitted Cp plateaus, the regions B and D are then
he temperature intervals covering the solid–solid transitions and
usion, respectively. Accumulated heat is then given by the Eq. (2),
here n is the amount of substance and particular terms in brackets

tand for the enthalpy changes in the corresponding tempera-
ure regions (according to the subscripts). The enthalpy changes in
egions A and C were calculated from the temperature dependence
f heat capacity according to the integrals in Eq. (2) (more generally
ccording to Eq. (3)) and are available as Supplementary Material. In
ddition, the entropy changes were for the two regions calculated
ccording to the Eq. (4). The behaviour of heat capacity in regions
and D partially depends on the conditions of the measurement

nd therefore it is correct (based only on non-isothermal measure-
ents) to give just the values of the total enthalpy contributions:

B = 8.706 J mol−1 and qD = 18.100 J mol−1.

p = P1 + P2T + P3T2 (1)

= n

[∫ 408.15

CpA(T)dT + qB +
∫ 530.15

CpC(T)dT + qD

]
(2)
298.15 463.15

H = HT2 − HT1 =
∫ T2

T1

Cp(s)dT (3)

able 2
arameters (P1, P2, P3) and coefficient of determination (R2) of the polynomial func-
ion (Eq. (1)) used to fit the heat capacity data.

arameters Temperature interval (K)

273.15–408.15 463.15–530.15

1 237 ± 15 1469 ± 97
2 −1.128 ± 0.086 −5.75 ± 0.39
3 (2.10 ± 0.12) × 10−3 (6.17 ± 0.39) × 10−3

2 0.9947 0.9959
ca Acta 491 (2009) 80–83

�S = ST2 − ST1 =
∫ T2

T1

Cp(s)
T

dT (4)

As was already mentioned, two nearby phase transitions occur
in the solid NaNO2. A detailed study of these phase transformations
will be presented in the following paragraph. Unfortunately, due to
the thermal gradients resulting from the large mass of the sam-
ple used in the calorimeter C80, only a single peak with a shoulder
was observed, using this instrument, even for the lowest applied
heating rate. On the other hand, by using the DSCs both transfor-
mations were fully distinguished. Basic thermal characterization of
the sample was primarily carried out by using the DSC 822e due to
its better stability at slow cooling rates (when compared to the DSC
Pyris 1). The corresponding values obtained from measurements
performed on the DSC Pyris 1 will be therefore given in paren-
theses. The measurements on both instruments were performed
repeatedly at cooling rates 0.2, 0.5 and 1 K min−1. Results are given
as mean values out of 10 measurements. The onset on cooling of the
first order transition was observed at 437.18 ± 0.06 (437.04 ± 0.16) K
and the corresponding enthalpy of the effect was found to be
�H = 327.3 ± 4.8 (318 ± 14) J mol−1. Midpoint of the second order
transition was then observed at 438.74 ± 0.05 (438.76 ± 0.13) K and
the corresponding change of heat capacity was determined to be
�Cp = 99.4 ± 5.5 (91.1 ± 2.8) J mol−1 K−1. If the results of both DSCs
are compared, one can see that the absolute values are very close;
however the precision of the measurements is for the DSC 822e

much higher. If we compare our results with literature (summa-
rized in Table 1), it can be said that our values of TN and TC are
very close to those published, however, slight divergences can be
found. Their origin can be assigned to different measurement tech-
niques and sample masses, but above all to dissimilar methods
of TN and TC evaluation (e.g. the difference between the evalua-
tion from cooling and heating). When we tried to compare our
value of enthalpy of the first order transition with literature, we
found that only two papers with this value are at disposal. The
first paper was published by Sakyiama et al. [5], who divided
their studied temperature range into four stages. The first stage
ranged from 333.15 K to 436.55 K with the corresponding enthalpy
1.584 kJ mol−1. After the first stage two narrow temperature inter-
vals (436.55–437.15 K and 437.15–438.15 K) followed, each with
enthalpy equal to 234.08 J mol−1. The last, fourth stage ranges from
438.15 to 459.15 K; the corresponding enthalpy was 163.02 J mol−1.
However, it is very important to mention, that Sakiyama evaluated
enthalpy of these four stages as if all four were only parts of one large
effect, that is that the baseline for evaluation was extrapolated from
333.15 to 459.15 K. Therefore no comparison with our data could be
made. The second paper dealing with phase transition enthalpies
was published by House and Goerne [7]. For the first order trans-
formation they determined the value of �H = 249 ± 5 J mol−1, while
our value is approximately 1.3× higher. This discrepancy might be
caused by improper evaluation due to the incomplete separation of
the two effects (the cooling rates applied by House were 1, 2 and
4 K min−1). In addition, House also evaluated enthalpy change of
the second order transition equal to 27 ± 3 J mol−1; in our opinion
it would be more correct to characterize the second order transition
by using �Cp.

Furthermore, in order to determine heat capacity in the very
vicinity of the two transitions more accurately, a measurement at
heating rate 0.5 K min−1 was performed in the temperature range
420.15–440.15 K using the DSC Pyris 1 (Fig. 2; the heat capacity data
are available as Supplementary Material).
Melting point investigated by the DSCs was detected at
553.2 ± 0.2 (553.8 ± 0.2) K and the corresponding heat of fusion was
13.87 ± 0.14 (13.94 ± 0.21) kJ mol−1. As the enthalpy change associ-
ated with the 530.15 to 564.15 temperature increase was found to
be 18.1 kJ mol−1, the direct contribution of fusion generates ∼77%
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f this value (the remainder originates from the Cp correction in
he given temperature range). The heat of fusion presented in this
ork is close to the value 15.3 kJ mol−1 published by Kamimoto [2]

nd 14.9 ± 0.8 kJ mol−1 introduced by Cases [3]. Based on the high
alues of heat capacity and enthalpy of fusion, it can be concluded
hat NaNO2 seems to be a promising material for thermal energy
torage applications.
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