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Abstract

Experimental data on the heat capacities, enthalpies of formation from the oxides and elements of the natural pollucites:
Cs.77Nag 14R0p,04A1 0.91Si2.0806-0.34H0 (Minas Gerais, Brazil) (1) and @g4Nag.11Al 0.88Si2.1006-0.17H0 (East Siberia,
Russia) (I) have been determined. The heat capacities of the pollucite (II) were measured by differential scanning calorimetry
(DSC) method fromZ" = 250 to 810K. A value ofC}, ,(298.15K) = 1722J K-2mol~! was obtained and the resul-

tantC}, ,,(7) equation in the interval’ = 298.15-610K was calculated?), ,, = 131.37+ 181.97x 10737 — 11.84x
10°T-2J KX mol~! (+£0.36%). The standard enthalpies of formation were determined by a set of thermochemical cycles
using decomposition and subsequent dissolution of the dehydration products in molten lead oeat® & K. Values of

At HS,(298.15K)are found to be-3104+ 13 kI mof? (pollucite 1) and—3090+ 14 kJ mot™* (pollucite 11). The values of

At G5, (298.15 K)were calculated as2921 kJ mot? (pollucite 1) and—2911 kJ mot (pollucite 11).

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction a = 13.66 x 10°19m for analcime). The typical

compositions of natural pollucite can be described by

Pollucite is found in rare-element-rich granitic peg- Cs1—.(Na, K, Rb, Li}AlSi2Og-xH20 (0 < x < 1).
matites having lithium and niobium—tantalum miner- Sodium-poor pollucite close to the end-member com-
alization. It is an aluminosilicate phase with a cubic position CsAlS}Os has been described only on a
lattice representing the Cs end-member of the anal- microscopic scalgl]. Pollucite abundances in peg-
cime NaAlSpOg-HoO—-leucite KAISpOg—pollucite matites can be economically significant and serve as a
CsAlShOg series. Replacement of Cs ions by Na, K, source of cesium. Synthetic pollucite is an important
Rb and Li occurs and mixing with Na is more signifi- long-term containment phase of cesium radioisotopes.
cant than with alkaline elements. It may be connected Analcime—pollucite phases commonly crystallize at
with the fact that pollucite and analcime are isostruc- low temperatures during hydrothermal alteration of
tural (a = 13.67x 10~1%m for natural pollucite and  nuclear waste formg,3].
The knowledge of the thermodynamic properties of

"+ Corresponding author. Tek:7-95-939-1349; pollucite, gnalcime, leucite qnd their solid solutions is
fax: +7-95-939-2381. of geological and technological interest. We have de-
E-mail address: logor@geol.msu.ru (L.P. Ogorodova). termined previously the thermodynamic properties of
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Table 1
The thermodynamic properties pollucite At= 298.15K
Mineral 8o K Imol™Y)  —AfHg, (kImoll)  —A¢GS, (kIJmoll)  Reference
C9.65Na0.185Rbp,028A1Si 205 863(OH)p 132:0.19H,0 207.2+ 0.4 3098.5+ 3.6 2921.6+ 3.6 [6]
(molar mass= 275.66 x 10~3kgmol™1)
CsAISkOg (synthetic) (molar mass- 312.055x 208.2+ 0.6 3083.4+ 5.0 2917 [7]
103 kg mol1)
CS‘Q_77N30_14RQ)_04A|0_918i2_0806-0.34|'bo (molar 221 31044+ 13 292F This work
mass= 294.15x 10~3kgmol1)
Cs.84Nap 11Al 0.88Si2.1006:0.17H,0O (molar mass 197 3090+ 14 291F This work
=295.88x 10~3kgmol1)
@Values are calculated using tt#,(298.15 K) from [6].
analcime[4] and leucite]5]. This paper is concerned 2. Sample characterization
with an experimental investigation of the thermody-
namic properties of pollucite. The thermodynamic ~ We chose for thermochemical investigation

properties of a natural pollucite with the composition
Cso.65Nao.185R00,028AISi205 g63(OH)0.132-0.19H0
were investigated by Bennington etf#] (Table 1) us-
ing different calorimetric methods: acid (HF) solution
calorimetry to obtain the enthalpy of formation, “drop”

well-crystallized natural samples of pollucite. The
first pollucite sample (1) is from Minas Gerais, Brazil.
Transparent, and semitransparent colorless crystals up
to 5x 10-3m in dimension were found in the vugs of
granitic pegmatites with spodumene, amethyst, albite

calorimetry method to determine the heat content and and other silicates. The pollucite sample (I1) is from
adiabatic calorimetry to measure the low-temperature East Siberia, Russia. Transparent, clean, colorless

heat capacities and to calculate the value of the

standard entropy7] (Table 1) studied two samples
of synthetic anhydrous pollucite. The enthalpy of

formation was determined by high-temperature so-

lution calorimetry for a sample @§oAl1.01Si2.0606,

which was synthesized by hydrothermal methods.

cubic crystals up t@10-20 x 10~3m size were sep-
arated from vugs of granitic pegmatites. Pure crystals
or pieces of single crystals were separated under a
microscope and samples of210-% kg weight were
chosen.

The chemical compositions of the minerals given

The heat capacities of the same sample and a samplén Table 2were determined by a “Camebax” electron

of composition CggoAl1.09Si2.0006.00 Synthesized

microprobe with WDS spectrometers and an EDS

by solid-state reaction were measured by adiabatic system “Link 860/500”. The amount of zeolite wa-

calorimetry. Semenov et dl7] calculated the thermo-
dynamic properties for the composition of anhydrous
pollucite CsAISyOg. The values of thermodynamic
data obtained by Bennington et §] and Semenov
et al.[7] do not agree with one another as they corre-
spond to different compositions. Bennington et al.’s
[6] data on the entropy ar@,(T) equation for natural
pollucite Cs g5Na0,185R00.028AISi205 863(OH)o.132:
0.19H,0 are included in the compilation of Robie
and Hemingway8], while the values for the enthalpy
and Gibbs free energy of formation are absent.

The goal of this investigation is an extention of

ter was determined by weighing the sample before
and after heating aI' = 973 K with a precision of
+2 x 10~%kg which gave 2.11wt.% (sample 1) and
1.01wt.% (sample Il). The formulae of the two pollu-
cites are: Cg77Nag.14Rbp.04Al 0.91Sin 0806-0.34H,0

(I) and Cg.84Nag.11Al088Si21006-0.17H0O  (II).
Teerstra and Cerny1l] showed composition his-
tograms of 71 pollucites reported in the literature. It
was established that typical natural pollucites contain
70-85mol% of its CRK end-member components
[100(Cs+ Rb+ K)/sum of cations]. The Si/Al ratio is
generally greater than the ideal value of 2.0, typically

the experimental data on fundamental properties (the 2.1-2.5[1,9]. The samples studied in this work have

heat capacity, the enthalpies of formation from ox-
ides and elements) of natural pollucite by differential
scanning calorimetry (DSC) and heat-flux Calvet mi-
crocalorimetry.

the CRK ratios equal to 85 and 88, Si/Al ratios 2.3
and 2.4, respectively.

Powder X-ray diffraction (XRD) measurements
were carried out with DRON UM-1 diffractometer
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Table 2 3. Experimental techniques
The chemical composition and lattice parameters of natural pol-
lucites The enthalpies of formation of pollucite were
Pollucite I (Minas  Pollucite II (East determined with a Tian—Calvet high-temperature
: _ Gerals, Brazi) Siberia, Russia) heat-flux microcalorimeter (“Setaram”) under static
Chemical composition (wt.%) air atmosphere. We used this device previously to
i:?éa ié:é? 22:613421 study minerals, containing water and hydroxyl groups
Cs,0 36.64 40.25 (malachite, azuritd10], dioptase[11], and natural
NaO 1.47 1.12 zeolites[12]. A thermochemical cycle, which takes
K20 0.04 0.03 advantage of the rapid decomposition was utilized
'\Rﬂt&g . o1l to obtain the enthalpy of formation. First the sam-
Fego - 0.03 ple of pollucite was dropped from room temperature

H,0 ;_11 1.01 (T = 298.15K) into the calorimeter @& = 973K
with no solvent present. The heat measured contained

Total 99.45 100.31 e

_ ' two contributions: the heat content of the sample and
Catl_ons and KO molecules in formulae the enthalpy of dehydration & = 973K (A%g 15

Si 2.08 2.10 N . N ;

Al 0.91 0.88 Hm + Adehydratior,1973l'1m = Adropdehydratioer)- The

Cs 0.77 0.84 amount of the free water was determined by weighing

Na 0.14 0.11 the sample before and after the run with a preci-

Rb 0.04 - sion of 2 x 10~2kg, and this indicated complete

H20 0.34 0.17 dehydration. The water-free sample was removed
Lattice parameter from calorimeter, then dropped again in a second

a (x1071°m) 13.6796 13.6520 step into the calorimeter frofi = 298.15 to 973K,

whereby the heat conterind3 | HS) = AdopH
was measured. Then the enthalpy of solution of de-
using Co Ka radiation. A thin layer of the pol- hydrated pollucite ai" = 973 K was determined. An
lucite was mounted on a glass slide, and the data amount of(10-20 x 10-%kg of sample was placed
were collected from 26 to 68(20) with steps of in a foil cup and then equilibrated thermally in the
0.05 and a step time of 2s. Metallic Si powder was calorimeter usually 7200-10,800s before being dis-
used as an internal standard for determination of the solved in about 36 103 kg of molten 2PbO-BOs.
unit-cell constant. The diffraction patterns showed Dissolution of the sample is initiated by dipping
that the samples are monophasic and they assume theéhe cup with the sample into the melt solvent. Stir-
la3d structure. The lattice parameters of the samples ring is manual by moving the platinum cup up and
studied are given ifmable 2. They agree well with  down several times. The sample dissolved readily
reference datar = 13.674x 1071°m (JCPDS # 29— and gave a complete reaction within 1800-3000s
194). before a steady baseline signal was restored. The
High-temperature behavior was studied by Derivato- same method was used to measure the enthalpy of
graph Q-1500D (Hungary) betweeh = 293 and solution of corunduma-Al,O3 (the standard sam-
1273 K with heating rate of 0.25K4$ in the air at- ple of thermodynamic properties). The “transposed
mosphere. The masses of the samples studied wergdemperature drop calorimetry” method was used to
about 100x 1076 (+2 x 10 ")kg. DTA and TG obtain the enthalpies of solution of pollucite (Il) and
curves showed small endothermic effects connected cesium chloride (“high purity”, >99.9%). In each run,
with loss of water in the temperature intervals of (5-10 x 10-%kg of sample was dropped from room
T = 623-1023K (2.1%) for sample | andl = temperature into molten 2PbQ83 at T = 973 K.
843-1033K (1.0%) for sample Il. The difference in The heat effect measured was thus the sum of the heat
the dehydration temperature of samples can be ex-content and the enthalpy of solution of the mineral
plained by higher containing of analcime component, (A3 :HS, + Asolutiono73H = Adropsolution)-
which looses its water at lower temperat(4g The behavior of water in high-temperature lead
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borate solution calorimetry of volatile-bearing phases Table 3

was studied by Kiseleva and Ogorodof&3] and Experimental heat capacities of pollucite (II) (molar mass
—3 1

Navrotsky et al.[14]. They showed that the water 295-88x 10"kgmol™)

interacts with melt and dissolves in it. Calibration of T (K) €5, (x1JK 1kg™) T (K) 5, (x10°IK 1kg™)

the ca_lorimete_r was performe_d by dropping pieces sg5  0.569 450  0.694
of platinum wire (in the solution experiments) and 290 0.577 460 0.710
a-Al203 (in the “drop” experiments), and using their 300  0.585 470 0.720
known enthalpie$8]_ 310 0.593 480 0.732
: . 320 0.601 490 0.736

Heat capacity measurements were performed using 0.610 500 0743

a heat-flux DSC “Mettler_ TA-2000B". The interval 349 o619 510  0.749
between the initial and final temperatures was= 350 0.627 520 0.756
250-810K. Six scans were made for checking the 360 0.636 530 0.764
experimental precision. Samples of ma88-50 x 370 0.641 540 0.767
6 : ; . 380 0.646 550 0.774
10~° kg were sealed in aluminum pans and placed in 0.654 560 0.775
_calori_meter. Th_e experim_ents were made under flow- 400 ¢ s60 570 0.784
ing nitrogen with a heating rate of 0.17Ks The 410 0.668 580 0.785
molar melting enthalpy and melting temperature of 420 0.676 590 0.793
indium (99.9999% purity) were used to calibrate the 430 0.684 600  0.793

calorimeter. Reproducibility of enthalpy and tempera- 440 0.687 610 0799

ture of melting experiments were0.3 and+0.01%,

respectively. The errors in the heat capacity measure- o ) ) .

ments, based on earlier runs performed on a stan-With variations in chemical composition between the
dard substance (fine-graine€Al,O3), were+2-3%  Samples are not more thail.0%.

at temperatures lower thah = 300 K and+1.5-2% The Calvet microcalorimetry results are given in
betweenT = 300 and 810 K. Table 4, experimental errors are expressed at the 95%

confidence level, number of determinations is given in

parentheses. The enthalpies of formation of the two

4. Results and discussion pollucites were determined by a set of thermochem-

ical cycles, using decomposition and subsequent dis-

The heat capacity of pollucite (Il) was measured solution of the dehy_dration products. The standard en-
between? = 250 and 810K. The average results of thalpy for the reaction:

six scans of heat capacity measurements are presente

in Table 3. These data were fitted by least-squares

methods yielding, with respective average deviation of js calculated using experimental data (Table 4) and the
approximation presented in parenthesis: equation:

%ollucite = dehydrated pollucite- nHOy), (1)

Cym=13137+181.97x 107°T
—11.84x 10°T?JIK T mol1 (£0.36%)
at 298.15-610K.

Areaction1) Hpm(298.15K)

= Adrop dehydratiod? m (Pollucite)

— AdropH 1y (dehydrated pollucite
At T = 298.15K, the molar heat capacity of natu- — AdropH i (H20qy), 2)
ral pollucite Cg g4Nap 11Al0.88Si2.1006-0.17H0 is
172.2JK I mol1. This value is in agreement with wheren is the number of water molecules. The val-
experimental adiabatic calorimetric determination ues of the enthalpies of reaction (1) were found to be
on natural pollucite GgssNag,185Rb0.028A1Si1205 863 8.0+ 10.4 and 140 + 4.7 kJ for the pollucite | and Il
(OH).132:0.19H0 (173.9JKImol 1) [6] and samples, respectively. To determine the standard mo-
for an anhydrous synthetic sample CsAIS§ lar enthalpies of formation of pollucites we need to
(173.23K1mol™1) [7]. The differences connected calculate the enthalpies of formation of the dehydrated
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Table 4
Results of Calvet microcalorimeter experimentsTat 973K
Mineral Molar mass AdropH Adrop dehydratiody,  Adrop solution AsolutionH

(x10-3kgmolt)  (kJmol?) (kImott) (kI mol1) (kImott)

Pollucite CS_77N30_14RQ)_04A|0_91 294.15 187.6+ 8.3 (4)’jl
Si» 0806:0.34H,0
Dehydrated pollucite 287.94 156.3+ 6.2 (6) 456+ 3.1 (4)
Pollucite CggaNap11Alp8gSir100s 295.88 156.9+ 2.6 (9) 247.1+ 7.4 (5)
-0.17H0
Dehydrated pollucite 292.89 131.4+ 4.0 (8) 105.2+ 12.3 (5)

aErrors are expressed by interval ffr= 95%. The number of determinations is given in parenthesis.

pollucites from the constituent oxides via:

At,0xHy,(298.15 K) (dehydrated pollucite
= Z Vi (AdropH m + AsolutionH 1) OX;
— (AdropHp, + AsolutionH )

(dehydrated pollucite 3)

whereyv; is the stoichiometric coefficients in the reac-
tion of pollucites formation from the oxides, the val-
uesAgropH py» AsolutionH i a-ndAdrop solution 1, are the
heat contents, heats of solution and drop solution of

all constituent oxides and dehydrated pollucites under

the same calorimetric conditions (Tables 4 and 5).

Because of impossibility to measure the enthalpy
of solution of dicesium monoxide @® in the
2PbO-BO3 melt at T = 973K, we estimated this
value (Table 5) from the exchange reaction:

NaxOs) + 2CSClS) = 2NaCk5) + C0s), 4)

using experimental data (Table 5) and reference
enthalpies increments and enthalpies of formation

Table 5
The calorimetric data used for calculation of enthalpies of forma-
tion of pollucite at7 = 973K

Substance AsolutionH Agrop solution i Reference
(kImot1) (kImot1)
CsCls) 72.1+ 1.0 (7) This work
C0¢s) —230.0+ 4.1 This work
Al203s) 32.71+ 0.59 (8) This work
H20() -16.9+ 3.1 This work
NaCls) 652+ 1.4 [18]
NaxOs) —-111.8+ 0.9% [19]
SiOys) —4.23+0.21 [20]

@Value was calculated from drop solution of Mz0zs) data
using new value ofAt H},(298.15 K) NapCOss) from [8].

of all substances from Robie and Hemingws},
Rb,O and CsO from JANAF [15]. Pollucite Il con-
tains a small quantity of dirubidium monoxide. We
estimated the enthalpy of drop solution of &b
(—212 + 18kImotl) by correlation between drop
solution data for KO [4] and CsO. The value of en-
thalpy of solution ofx-Al 03 (32.7140.59 kJ mot 1)
determined in this work is in a good agreement
with our previous data (33.0+ 1.63kJ mot?) [16]
and Charlu et al.’s results (3 + 0.33kJmot?1)
[17].

The values of Af oxHp,(298.15K) of the dehy-
drated pollucites | and Il were calculated to be
—1728 4+ 7.1 and—209.1+ 13.2kJmot?, respec-
tively.

By combining the values akreaction1) Hm (298.15 K)
and Af oxHp,(298.15 K) of dehydrated pollucites, we
determined the values of the enthalpies of formation
of natural (water-containing) minerals from oxides:
—18084+ 12.6 and—223.2+ 14.0 kI mol* for sam-
ples I and I, respectively.

The standard molar enthalpies of formation from
the elements were obtained using the reference
thermodynamic data for the constituent oxides
[8] to be: —3104 + 13kImol?! (sample I) and
—3090 + 14kIJmot? (sample Il) (Table 1). The
enthalpy of formation of pollucite (II) can be cal-
culated also from its experimental drop solution
data (Table 4). The needed value of the enthalpy of
“interaction” of water with solvent was estimated
from our calorimetric dat§3] for analcime. The value
of enthalpy of formation from oxides of pollucite (ll),
calculated with this estimated value for water was
equal to—211.14+7.6 kJ mot ! and the corresponding
standard value off H},(298.15 K) of natural pollu-
cite (I) = —3077.6+ 7.9kJmotl. These data are



256

in a good agreement with our results obtained using
the thermochemical cycle included dehydration. Al-
though theAs H,(298.15 K)= —30904 14 kJ mot™t

was determined with more uncertainty, we adopt this

as our preferred value because it does not include the

estimated value of enthalpy of water solution.

We recommended the following values &k Hp,
(298.15 K) = 3104+ 13 kJ mol™* for natural pollucite
Cs0.77Nag,14Rb0.04Al0.91Si2.0806:0.34H0  (I) and
A Hp,(298.15K)= —3090+ 14 kJ mot ! for natural
pollucite Cg.gaNag 11Al0.88Si»1006-0.17H0 (11).

The enthalpy of formation of Rb-containing pol-
lucite (I) obtained in this work is in a good agree-
ment with that determined by HF-calorimetry for a
Rb-containing pollucite of similar compositiofs]
(Table 1). The enthalpy of formation of pollucite
Il is close to that of synthetic anhydrous pollucite
(Table 1).

The standard entropies for pollucites were esti-
mated from adiabatic calorimetric dg&] for natural
pollucites (Table 1), taking into account their com-

L.P. Ogorodova et al./ Thermochimica Acta 403 (2003) 251-256
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