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a b s t r a c t

In the present work, the temperature dependence of heat capacity of KNaCaTh(Si8O20) has been measured
for the first time within the range from T = 6 K to T = 347 K by precision adiabatic vacuum calorimetry.
The experimental values were used to calculate standard thermodynamic functions, namely the heat
capacity Cp�(T), enthalpy H�(T) � H�(0), entropy S�(T) � S�(0) and Gibbs function G�(T) � H�(0), for the
range from T? 0 K to 347 K. The value of the fractal dimension D in the function of multifractal gener-
alization of Debye’s theory of the heat capacity of solids was estimated and the character of heterody-
namics of structure was detected. The incongruent melting point of KNaCaTh(Si8O20) was determined
by differential scanning calorimetry.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Several stoichiometric compositions are known today for
thorium-containing silicates: ThSiO4 (Th:Si = 1:1) [1], Ca3Th2

(SiO4)3O (Th:Si = 2:3) [2], MM0CaTh(Si8O20) (M – alkali metal
or vacancy; M0 – sodium or calcium) (Th:Si = 1:8) [3–6], and
Na12Th3(Si8O19)4�18H2O (Th:Si = 3:32) [7]. Low-temperature modi-
fication of thorium silicate a-ThSiO4 is an analogue of natural
mineral thorite (space group I41/amd, zircon structural type),
which at T = 1498 K transforms into the high-temperature modifi-
cation, b-ThSiO4 (huttonite, space group P21/n, monazite structural
type) [8]. Ca3Th2(SiO4)3O is the one known actinide-containing
apatite (space group P63/m), which can be synthesized as an
individual compound. Among the minerals containing Th and Si,
the most diverse are minerals with the general formula MM0CaTh
(Si8O20) [9,10]. About 50 years ago the first representative of this
series, ekanite Ca2Th(Si8O20), was discovered. In this mineral, the
M0 positions are occupied by Ca ions. In steacyite and turkestanite
minerals, the M positions are occupied by Na and K atoms.
Steacyite is characterized by higher content of alkali metals [5].
Furthermore, Th atoms can be substituted by lanthanide atoms,
in particular, by La and Ce atoms with the formation of iraqite
mineral [4]. The only polysilicate with the atomic ratio Si:Th > 10
is thornasite of the composition Na12Th3(Si8O19)4 � 18H2O [6]. All
thorium silicates are a natural source of radioactive thorium. In
addition, oxygen-containing thorium compounds are used in catal-
ysis (methanol production from carbon monoxide and hydrogen

[11], catalytic conversion of butan-2-ol [12] and others). The
compound KNaCaTh(Si8O20) may also be of interest for the
catalysis in the synthesis of organic compounds.

The goals of this work include calorimetric determination of the
temperature dependence of the heat capacity C�

p ¼ f ðTÞ of KNaCaTh
(Si8O20) (synthetic analogue of turkestanite mineral) from T = 6 K
to T = 347 K, detection of the possible phase transitions, and calcu-
lation of the standard thermodynamic functions Cp�(T), H�(T) � H
�(0), S�(T) � S�(0) and G�(T) � H�(0) over the range from T? 0 K
to 347 K.

2. Experimental

2.1. Sample

Synthetic turkestanite KNaCaTh(Si8O20) was prepared by the
solid-state reaction between of thorium nitrate tetrahydrate, cal-
cium nitrate tetrahydrate, potassium nitrate, sodium nitrate and
silicon oxide. The synthesis was performed in a platinum crucible,
into which the reaction mixture with the atomic ratio K:Na:Ca:
Th:8Si was loaded. The mixture was calcined at T = 1420 K for
20 h, undergoing regrinding every 5 h.

For phase identification, an X-ray diffraction pattern of a KNa-
CaTh(Si8O20) sample was recorded on a Shimadzu X-ray diffrac-
tometer XRD-6000 (CuKa radiation, geometry h–2h) in the 2h
range from 10� to 80� with scan increment of 0.02�. The elemental
composition of crystalline compound was determined by energy-
dispersive X-ray fluorescence analysis on an EDX-900HS Shimadzu
spectrometer (from 11Na to 92U) with a high-precision detector
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without liquid nitrogen (table 1). The X-ray results led us to con-
clude that the KNaCaTh(Si8O20) sample studied was an individual
crystalline compound.

Thermal analysis was carried out with a Setaram LABSYS DSC
1600 differential scanning calorimeter in an argon atmosphere at
a heating rate of T = 0.1667 K � s�1.

2.2. Apparatus and measurement procedure

To measure the heat capacity C�
p of the tested substance over

the range from T = 6 K to T = 347 K, a BKT-3.0 automatic precision
adiabatic vacuum calorimeter with discrete heating was used.
The calorimeter design and the operation procedure were
described earlier [13]. The calorimeter was tested by measuring
the heat capacity of high-purity copper and reference samples of
synthetic corundum and K-2 benzoic acid. The analysis of the
results showed that measurement relative standard uncertainty
of the heat capacity of the substance at helium temperatures was
within ±2%, then it decreased to ±0.5% as the temperature was
rising to 40 K, and was equal to ±0.2% at T > 40 K.

3. Results and discussion

3.1. Heat capacity

The C�
p measurements were carried out between T = 6 K and

T = 347 K. The mass of the sample loaded in the calorimetric
ampoules of the BKT-3.0 device was 1.4156 g. A total of 196 exper-
imental C�

p values was obtained in three series of experiments
(table 1S). The heat capacity of the sample varied from 20% to
50% of the total heat capacity of calorimetric ampoule + substance
over the range between T = 6 K and T = 347 K. The experimental
points of C�

p within the temperature interval between T = (30 and
347) K were fitted by means of the least-squares method and poly-
nomial equations (Eqs. (1) and (2)) of C�

p versus temperature have
been obtained. The corresponding coefficients (A, B, C, etc.) are
given in table 2:

C�
p ¼ A1 þ B1 � ðT=30Þ þ C1 � ðT=30Þ2 þ D1 � ðT=30Þ3 þ E1

� ðT=30Þ4 þ F1 � ðT=30Þ5 þ G1 � ðT=30Þ6 þH1 � ðT=30Þ7 þ I1

� ðT=30Þ8 þ J1 � ðT=30Þ9 þ K1 � ðT=30Þ10 þ L1 � ðT=30Þ11

þM1 � ðT=30Þ12 þ N1 � ðT=30Þ13 ð1Þ

ln C�
p ¼ A2 þ B2 � lnðT=30Þ þ C2 � ln2ðT=30Þ þ D2 � ln3ðT=30Þ

þ E2 � ln4ðT=30Þ þ F2 � ln5ðT=30Þ þ G2 � ln6ðT=30Þ þH2

� ln7ðT=30Þ þ I2 � ln8ðT=30Þ þ J2 � ln9ðT=30Þ þ K2

� ln10ðT=30Þ ð2Þ

Their root mean square deviation from the averaging C�
p = f(T)

curve was ±0.15% in the range T = (6 to 40) K, ±0.075% from T =
(40 to 80) K and ±0.050% between T = (80 and 350) K.

The experimental values of the molar heat capacity of KNaCaTh
(Si8O20) over the range from T = 6 K to T = 347 K and the averaging
C�
p ¼ f ðTÞ plot are presented in figure 1. The heat capacity C�

p of this
substance in interval from T = 7 K to T = 347 K gradually increases
with rising temperature and does not show any peculiarities.

From the experimental C�
p values within the range T = (25–50)

K, the value of the fractal dimension D of the KNaCaTh(Si8O20)
was evaluated. According to the fractal theory of the heat capacity
[14], D is the most important parameter that specifies the charac-
ter of heterodynamics of the substance structure. For solids of a
chain structure the relation C�

p versus T at lower temperatures is
proportional to T1, of a layer structure to T2 and of steric one to
T3 [14]. In the fractal theory of the heat capacity, an exponent on
T is the heat capacity function is denoted by D and is called the
fractal dimension. This follows specifically from Eq. (3) [15]:

Cv ¼ 3DðDþ 1ÞkNcðDþ 1ÞnðDþ 1ÞðT=hmaxÞD; ð3Þ
where N is the number of atoms in a formula unit, k the Boltzmann
constant, c(D + 1) the c – function, n(D + 1) the Riemann n-function,
and hmax is the characteristic temperature. As follows from infer-
ences [14], D can be evaluated from the experimental values on
the temperature-dependent heat capacities from a slope of the cor-
responding rectilinear sections of the plot lnCv versus lnT. Without a
substantial uncertainty, it may be assumed that at T < 50 K C�

p ¼ Cv.
From the lnCv versus lnT plot and Eq. (3) it was found that in the
range T = (25–50) K, D = 2.5, hmax = 244.9 K for KNaCaTh(Si8O20).
With these values of D and hmax, Eq. (3) reproduces the experimen-
tal C�

p values in the temperature range mentioned with an uncer-
tainty of ±0.48%. The D-value points to the layered – framework
structure of KNaCaTh(Si8O20) [15–18]. This is in agreement with
the structural data. KNaCaTh(Si8O20) has a quasi-layered structure
[15–18]. The layers are built of ThO8 Archimedean anti-prisms

TABLE 1
Provenance and mole fraction purity of reactants and sample KNaCaTh(Si8O20).

Chemical name Source Initial mole fraction
purity

Purification method Final mole fraction
purity

Method of analysis

Thorium nitrate tetrahydrate American
elements

0.999 None

Calcium nitrate tetrahydrate Aldrich 0.999 None
Potassium nitrate Aldrich 0.999 None
Sodium nitrate Aldrich 0.999 None
Silicon oxide Aldrich 0.999 None
Thorium calcium sodium potassium

octasilicate
Synthesis 0.98 High-temperature

annealing
0.995 X-ray fluorescence analysis and X-

ray analysis

TABLE 2
Coefficients in the fitting polynomials for KNaCaTh(Si8O20).

T/K 6–30 27–350
Polynomial type 2 1

A 3.5389546 �45.536699
B 2.3053127 132.21232
C �1.9235680 �149.51407
D �20.063370 171.85847
E �102.81357 �106.30761
F �272.64912 39.726634
G �421.24778 �9.4032113
H �393.76538 1.3992764
I �219.27086 �0.11883080
J �66.940694 3.0261933 � 10�3

K �8.6259887 4.5070435 � 10�4

L �5.1930500 � 10�5

M 2.2650584 � 10�6

N �3.7895666 � 10�8

A.V. Knyazev et al. / J. Chem. Thermodynamics 92 (2016) 8–11 9



Download English Version:

https://daneshyari.com/en/article/215111

Download Persian Version:

https://daneshyari.com/article/215111

Daneshyari.com

https://daneshyari.com/en/article/215111
https://daneshyari.com/article/215111
https://daneshyari.com

