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INTRODUCTION

Lepidolite is a widespread iron-poor lithium—alumi-
num mica, the composition of which approaches the
ideal formula KLi, sAl, sAISi;O,,F,. However, natural
lepidolite has a much more complex variable composi-
tion owing to isovalent and heterovalent isomorphic
substitutions resulting in the formation of isomorphic
series with muscovite, biotite, phlogopite, siderophyl-
lite, and various lithium micas. According to the
recent mica nomenclature [1], lepidolite is a lithium
mica of intermediate composition between trilithion-
ite  (KLi; Al sAlS130,40F,) and  polylithionite
(KLi,AlSi,0,0F,). Lepidolite is a characteristic mineral
of rare-metal granites and pegmatites, occurs in meta-
somatic rocks and greisens, and is used as a lithium ore
and as a source of rubidium and cesium, which can be
recovered from it as by-products. During recent years,
lepidolite and its solid solutions have been increasingly
used in the construction of modern glass ceramic mate-
rials, because the incorporation of lithium oxide into
the glass matrix imparts a number of unique properties
to the synthetic material [2]. The development of new
technological schemes for the treatment of lithium raw
materials and the creation of new materials requires the
knowledge of the thermodynamic properties of miner-
als used in these processes.

The only available publication on the thermody-
namic properties of lepidolite is that of Ogorodova et al.
[3], who used the method of high-temperature melt cal-
orimetry to determine the standard enthalpy of forma-
tion and to measure enthalpy differences within tem-
peratures of 444-972 K. The low-temperature heat
capacity of lepidolite was never measured, and there
are no data in the literature on its standard entropy and
Gibbs free energy.

This paper presents the results of measurements of
the low-temperature heat capacity of natural lepidolite
by the method of adiabatic vacuum calorimetry within
the temperature range 5-300 K. Calorimetric entropy,
enthalpy difference, and Gibbs free energy were calcu-
lated for this temperature range and for a standard tem-
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perature of 298.15 K. Thermodynamic parameters were
estimated for the lepidolite of the theoretical composi-
tion KLi, sAl; sAlSi;0,(F,, which can be useful for the
investigation of equilibria and the thermodynamic anal-
ysis of aluminosilicate systems containing lithium.
Some recent handbooks [4] present internally consis-
tent thermodynamic parameters only for mineral end-
members of solid solution series.

SAMPLE CHARACTERISTICS

Thermodynamic investigations were carried out
using a sample of natural lepidolite from Na-Li rare-
metal pegmatites of the Eastern Sayan, Russia. Trans-
parent lepidolite flakes of pinkish or pinkish lilac color
and up to 1-2 cm in diameter were separated under a
binocular microscope. The complete chemical analysis
of the sample was obtained at the chemical laboratory
of the Fedorovskii All-Russia Institute of Mineral
Resources, and the contents of Li, Rb, and Cs were
determined by flame photometry (Table 1). The fol-
lowing crystal chemical formula was calculated for a
cation charge of 22: (K;goNagosCapg7Rbg16CSg03)

(Li1.34A11.40Fe(3)51)[Si3.25A10.750lO]Fl.SO(OH)O.Zo; the mole-

cular weight is 409.637 g/mol. The lepidolite is the 2M,
polytype, which was determined by electron diffraction
at the Institute of Geology of Ore Deposits, Petrogra-
phy, Mineralogy, and Geochemistry, Russian Academy
of Sciences. This polytype is typical of lepidolites
whose octahedral lattice is dominated by Li and Al,
which is the case for our sample. Its unit-cell parame-
ters (@=8.98 A,b=5.19 A, c=20.25 A, and 0. =99.58°)
were measured by X-ray diffractometry at the Fedor-
ovskii All-Russia Institute of Mineral Resources and
are typical of the 2M, polytype [5]. The thermal behav-
ior of the lepidolite sample is similar to that described
in [5] and is characterized by the presence of two endot-
hermic effects on the DTA curve. These effects are
related to the processes of simultaneous loss of water
and fluorine and destruction of the crystal structure: the
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Table 1. Chemical composition of the lepidolite studied

Component Wt %
SiO, 47.86
TiO, 0.025
Al,O4 26.84
Fe,05 0.18
FeO -
MnO -
MgO -
CaO 0.90
Na,O 0.40
K,O 9.20
Rb,O 3.75
Cs,O 1.00
Li,O 4.90
F 8.38
H,0* 0.45
H,O0~ 0.19
Total 104.08
-O=F, 3.53
Total 100.55

first effect occurs in the temperature range 675-960°C
(Thax = 895°C), and the second weaker effect is
observed at 1000—1250°C (T, = 1150°C).

EXPERIMENTAL RESULTS AND DISCUSSION

The heat capacity of lepidolite was measured using
an automated adiabatic vacuum calorimeter within the
temperature range 5.3—302 K. Measurements were car-
ried out by means of a calorimetric ampoule and
a method described in detail in [6]. The mass of the

specimen was 1.5125 g. The Cg (T) dependence is

smooth and shows no anomalies. The results of mea-
surements are given in Table 2. The smoothed values of

Cg and main thermodynamic functions calculated from

the Cg(T) dependence are shown in Table 3. The

reported errors of thermodynamic functions at standard
temperature (Table 3) were estimated from the results
of control measurements of the heat capacity of a stan-
dard substance (benzoic acid) and the chemical analy-
sis of the sample. It should be noted that the entropy
values shown in Table 3 are not absolute because the
degree of atomic disorder in the lepidolite molecule is

Table 2. Experimental values of the Cg of lepidolite, J/K mol

T,K cg T,K cg T,K cg T,K Cg
5.29 0.1341 45.35 32.85 124.77 155.2 224.64 278.1
6.46 0.2141 49.50 38.63 131.68 165.5 226.76 281.3
7.58 0.3093 53.70 44.83 135.02 170.5 234.70 287.9
8.78 0.4181 56.85 49.24 138.60 175.6 235.59 289.3
991 0.5448 60.44 54.43 147.05 187.3 245.67 299.0

11.04 0.7072 65.48 62.03 151.19 193.3 255.71 307.2

12.30 0.9806 70.49 69.92 156.97 200.8 265.62 315.0

13.29 1.317 75.49 77.77 161.21 206.5 270.14 318.2

13.59 1.392 80.52 85.88 166.95 213.5 275.52 323.0

15.83 2.396 81.56 87.88 171.18 219.2 277.00 323.2

16.46 2.720 84.56 92.64 174.98 223.8 280.17 326.2

17.08 2.963 84.98 93.06 177.03 226.0 286.96 331.1

17.94 3.500 85.60 94.19 181.11 231.5 290.17 334.1

18.33 3.782 87.57 97.60 187.09 237.6 291.96 334.8

19.42 4.413 90.01 101.1 191.05 242.8 295.52 338.5

21.20 5.626 92.65 105.4 197.03 248.4 296.92 338.3

23.33 7.402 94.95 109.2 201.47 254.2 297.14 337.8

25.46 9.312 99.71 116.9 203.97 257.7 297.26 338.4

27.56 11.39 99.90 117.2 204.88 257.8 299.64 3394

29.67 13.62 103.56 122.9 206.95 259.6 299.73 339.8

32.31 16.62 104.89 125.0 211.44 265.1 300.07 340.8

35.40 20.17 110.87 134.4 211.56 265.7 301.86 341.4

38.51 23.98 113.51 138.3 214.70 267.7 302.14 341.2

41.67 27.93 117.83 144.8 219.17 272.8 302.19 341.2
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unknown. These values correspond to calorimetric
entropy. A characteristic feature of the structure of lith-
ium micas [5, 7] is a strongly ordered distribution of
cations between the octahedral positions; however, par-
tial disordering of Si and Al between the tetrahedral
positions is possible in some polytypes. It can therefore
be supposed that the measured values of calorimetric
entropy differ only slightly from the absolute entropy.
The following values were obtained for the heat capac-
ity, calorimetric entropy, enthalpy difference, and
reduced Gibbs potential of the lepidolite at 298.15 K:
339.3 J/K mol, 312.6 J/K mol, 52780 J/mol, and
135.5 J/K mol, respectively.

Since lepidolite is a sheet mineral, it is reasonable to

suppose that its Cg (T) dependence will be quadratic at

the lowest temperatures, which is suggested by theoret-
ical models [8, 9]. This is confirmed by Fig. 1, where

our experimental data are presented as the Cg [T(T)
function. It can be seen that within the temperature

range from 5 to 11 K, the Cg /T(T) dependence is linear.

Ogorodova et al. [3] reported measurements of
enthalpy difference in the temperature range 444-972 K
for the same lepidolite sample that was investigated
here. It is interesting to compare the results of the two
studies and calculate on this basis the thermodynamic
functions of lepidolite within the temperature range
from O to 1000 K. Using the experimental data on the
enthalpy difference [3] and the results of the present

study, the following equation was derived for the C g (D

dependence between 298.15 and 1000 K: Cg =262.34 +

294.1 X 1073T — 9.55 x 10°7T?. The temperature depen-
dence of the heat capacity of lepidolite is shown in Fig. 2.
It can be seen that the results of the two studies are in
adequate agreement with each other. This equation and
the thermodynamic properties at 298.15 K obtained

here (Table 3) allow us to calculated the Cg (T) depen-

dence, change of calorimetric entropy, and enthalpy
difference within the temperature range 298.15-1000 K
(Table 4).

The obtained values of the heat capacity and entropy
of natural lepidolite provide an opportunity to estimate
these parameters for the lepidolite of the theoretical
composition KLi, sAl, sAlISi;0,,F,. To this end, we used
the well-known empirical rule of additivity [10].
According to this rule, the heat capacity and thermo-
dynamic functions of any complex compound can be
presented as a sum of the corresponding thermody-
namic parameters of simple substances composing it
(oxides and salts). The thermodynamic properties of
the lepidolite studied here can be derived using the

following equation (for the calculation of Cg as an
example):  040C,(K,0) + 0.025C,(Na,0) +
0.07C; (Ca0) + 0.08C; (Rb,0) + 0.015C;, (Cs,0) +
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Table 3. Heat capacity and thermodynamic functions of lep-
idolite; Cg (1), SUT) — $°0), and ®y(T) are in J/K mol, and
H(T) — H%(0) is in J/mol

I,K Cg (M) |SAT) - SA0)|HX(T) - H0)| D)
5.29] 0.1338 0.0446 0.177 | 0.0112
10 0.5536 0.2364 1.697 | 0.0667
15 1.986 0.6731 7.320 | 0.1851
20 4.814 1.604 23.83 0.4122
25 8.880 3.092 57.56 0.7897
30 13.95 5.147 114.3 1.337
35 19.66 7.719 198.1 2.059
40 25.83 10.74 311.6 2.951
45 32.40 14.16 457.0 4.003
50 39.30 17.93 636.1 5.204
60 53.87 26.37 1101 8.013
70 69.21 35.81 1716 11.30
80 85.11 46.09 2487 15.00
90 101.2 57.04 3419 19.06
100 [117.2 68.54 4511 23.43
120 [148.2 92.66 7167 32.94
140 1775 117.7 10430 43.25
160 [204.7 143.2 14250 54.15
180  [229.7 168.8 18600 65.47
200 |252.7 194.2 23430 77.08
220 |273.8 219.3 28700 88.87
240 12929 244.0 34370 100.8
260 (310.2 268.1 40400 112.7
280 3259 291.7 46760 124.7
300 [340.6 314.7 53430 136.6
302.19|342.2 317.1 54170 137.9
298.15(339.3£0.6| 312.6 £ 0.6 | 52780 £ 100 [135.5£0.5

o1 = %) - $%0) - (H(1) - HOO)1T.

Cp(ALO;) + 0.005C, (Fe,05) + 3.25C,(Si0,) +
1.34C) (LiF) + 0.153C,(AlFy) + 0.1C,(H,0) =
Cﬁ (Ko.80Nag,05Cag,07Rbg.16C80.03) (L} 34A1 40 FCSBI )
[Si355Al9750,0]F; 30(OH)g 20,

The thermodynamic parameters necessary for these
calculations were taken from the handbook [11]. The
calculation of thermodynamic parameters for 298.15 K
showed that the use of the additivity rule [10] gives sat-
isfactory results for our sample. The following values
were obtained for the heat capacity, enthalpy difference
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Fig. 1. Dependence of Cp/T on temperature.

H°(298.15) — H°0), and calorimetric entropy
§9(298.15) — §°%0): 339.6 J/K mol, 52050 J/mol, and
305.8 J/K mol, respectively. The calculated values dif-
fer from the experimental results by 0.1% for Cg , 1.5%
for H%(298.15) — H%(0), and 2% for 5°(298.15) — S%(0).
These results allowed us to use the additivity rule [10]
for the estimation of the Cg (298.15), H°(298.15) —

H®0), 5°(298.15) — $°%0), and reduced Gibbs potential
at 298.15 K for the lepidolite of the theoretical com-
position KLi; 5Al, s[Si3AlOy]F,. The following

equation was used for this purpose (Cg is given as

an example):  05C,(K,0) + 15C,(LiF) +

Table 4. Heat capacity and thermodynamic functions of lep-
idolite within the temperature range 298.15-1000 K; Cg @))]
and $%T) — §°(0) are in J/K mol, and H(T) — H%(0) is in J/mol

T.K Gy | SUT)=S°0) |HAT) - H(0)
298.15 339.3 312.6 52780
300 340.0 314.7 53410
400 374.0 417.3 89140
500 405.6 504.1 128100
600 436.2 580.8 170200
700 466.3 650.3 215400
800 496.2 714.5 263500
900 526.0 774.7 314600

1000 5544 831.6 368600
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Cp, J/K mol
600 -

400
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Fig. 2. Heat capacity of lepidolite according to the results of
this study (curve /) and after [3] (curve 2).

0.167C, (AIEy) + 0.167C,(ALO;) + 3C,(Si0) =
Cg (KLi; 5Al; 5S15A10,0F,). The following parameters

were obtained for 298.15 K: Cg = 337.3 J/K mol,

H°(298.15) — H°(0) = 50940 J/mol, $°(298.15) — §°(0) =
296.3 J/K mol, and @° = 125.4 J/K mol. The accuracy
of these thermodynamic parameters can be estimated as
1.5-2.0% on the basis of the above-described compari-
son of experimental data for the lepidolite sample and
corresponding thermodynamic parameters calculated
on the basis of the additivity rule [10].

The Gibbs free energy of natural lepidolite can be
calculated from the entropy obtained here and the
enthalpy of formation of lepidolite of the same compo-
sition determined previously [3] by the calorimetric

method, Angl (298.15 K) =-6201 = 18 kJ/mol. For

this purpose, the entropy of formation of lepidolite
from elements at 298.15 K was calculated as Angl =
—1162.6 = 0.8 J/K mol, and the necessary data on the

entropy of elements were taken from the handbooks
[11, 12]. The Gibbs free energy at 298.15 K of the lep-

idolite appeared to be Angl =-5854 + 18 kJ/mol.
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