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Abstract—The composition of vapor over the system Rb,0-B,0;—SiO, and the activities of RbBO in melts
of this system at 1000 K were determined. The sign of deviations of the RbBO, and Rb,SiO; activities from

ideality changes in the melts under study.
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Borosilicate glasses are matrices for immobiliza-
tion of radioactive waste; therefore, the study of
vaporization and thermodynamic properties of com-
ponents of glasses and melts of R,0-B,0;-SiO,
systems (R is an alkali metal) is of significant interest
[2]. To prevent evaporation of the most volatile
components from the glasses, it is necessary to select
the component ratios in the condensed phase that
ensure the minimal thermodynamic activities and ac-
tivity coefficients of volatile components. The most
volatile components of the above-indicated glasses are
alkali metal oxides [3]. It is known that, if the R,0/
B,0; molar ratio is less than or equally to unity,
alkali metal ions are completely associated with borate
anions [4, 5]. Therefore RBO,, (RBO,),, and in some
cases also (RBO,); molecules are present in the vapor
over alkaline borosilicate glasses [6-12], as well as
over R,0-B,0; systems (R is an alkali metal)
[13-15].

The partial pressures of molecular species in the
vapor over the RbBO,-Si0, system, the activities and
activity coefficients of components, and also the
Gibbs energies of mixing in melts at 1000 K were
determined in [11] in a wide range of compositions
of the condensed phase. Negative deviations from the
ideal behavior were found in the system under study.

The activities of components in the condensed
phase of the system Rb,0-B,0; containing from 50
to 92 mol % B,0O; were determined in [15]. The com-
position of vapor over this system was shown to
depend on the composition of the condensed phase
and temperature in the range 950-1350 K: in the

I For communication 1I, see [1].
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range 950-1220 K, RbBO, and (RbBO,), molecules
were present in vapor, and at temperatures higher than
1300 K, RbBO,, (RbBO,),, B,O; molecules and

rubidium atoms. The activities of RbBO, and B,04
and the calculated thermodynamic functions of the
systems RbBO,-B,0; and Rb,0-B,0; are indicative
of significant negative deviations from the ideal be-
havior of the melt.

In this study we determined the composition of
vapor and RbBO, activities in melts of the Rb,0—
B,0;-S10, system at 1000 K. The synthesis of the
samples was described in [12]. The compositions of
the samples under study are presented in Table 1. In
the mass spectra of vapor over melts of the system,
recorded in the range 930-1050 K, the Rb*, RbBO3,
and Rb,BO} peaks were detected. The RbBO}/Rb*
ion current ratio in the mass spectra of the vapor over
the samples depends on the concentration ratio of
the oxides Rb,0/B,0; in the melt. When the molar
ratio Rb,O/B,05 was less than or equal to unity, the
RbBOJ/Rb" peak intensity ratio was constant and
equal to 0.05-0.06, and the appearance potential of
Rb* ions was 9.8 eV. When the temperature was in-
creased to approximately 1300 K, the ion current of
B,Oj with the appearance potential of 14.0 eV was
detected in the mass spectra. The Rb,BO;/RbBO;
ratio was within the range 0.63—0.09 and depended on
temperature. The appearance potentials of RbBO3 and
Rb,BO} are 8.9 and 10.5 €V, respectively. When the
molar ratio Rb,O/B,0; was higher than unity, the
peak of the Rb" ion with the appearance potential of
4.2 eV became noticeable at approximately 750 K,
and the RbBO3/Rb" ion current ratio at 1000 K was
0.01-0.02. The nature of ions and the technique of
interpreting the mass spectra of the vapor over alkali
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Content of oxides in samples of the Rb,O-B,0;-SiO, system, assumed compositions of melts, and RbBO, activities

at 1000 K
Content of components, mol % Assumed composition of melt, mol %
Sample
no. . . . «RbBO,)
Rb,O B,0, SiO, RbBO, B,0; SiO, Rb,Si05
1 5.0 19.0 76.0 10.0 71.0 19.0 - 0.03
2 20.0 64.0 16.0 40.0 44.0 16.0 - 0.05
3 33.3 53.0 13.7 66.6 19.7 13.8 - 0.47
4 50.0 40.0 10.0 88.9 - - 11.1 0.96
5 5.0 57.0 38.0 10.0 52.0 38.0 - 0.04
6 20.0 48.0 32.0 40.0 28.0 32.0 - 0.10
7 33.3 26.7 40.0 66.6 6.7 26.7 - 0.69
8 50.0 30.0 20.0 75.0 - - 25.0 0.86
9 5.0 37.5 57.5 10.0 32.5 57.5 - 0.04
10 20.0 32.0 48.0 40.0 12.0 48.0 - 0.06
11 33.3 26.7 40.0 57.1 - 35.8 7.1 0.68
12 50.0 20.0 30.0 57.1 - - 429 0.78
13 5.0 19.0 76.0 10.0 14.0 76.0 - 0.03
14 20.0 16.0 64.0 33.3 - 62.5 4.2 0.11
15 33.3 13.7 53.0 314 - 24.4 41.5 0.71
16 50.0 10.0 40.0 33.0 - - 67.0 0.75
17 5.0 47.5 47.5 10.0 42.5 47.5 - 0.03
18 16.7 16.7 66.6 334 - 66.6 - 0.04
19 50.0 - - - - - 100.0 0.00

metal metaborates was described in detail elsewhere
[16, 17].

The intensities of the Rb", RbBOJ, and Rb,BO}
ion currents gradually decreased in the course of iso-
thermal heating. The maximal temperature of heating
the block of effusion cells with the samples was
1550 K. Silicon dioxide cannot be evaporated at this
temperature; therefore, after measuring the RbBO,
activity and partially evaporating the sample, the ef-
fusion cell was moved to a high-temperature evapora-
tor allowing the cell with the sample to be heated to
2500 K, to completely remove the sample residue.
Silicon oxide started to pass into vapor as SiO and
oxygen at approximately 1700 K.

The mass spectra measured, their dependence on
temperature and evaporation duration, the ratio of ion
current intensities, the appearance potential of ions,
and the character of the ionization efficiency curves
indicate that the vapor over the melts of the Rb,O—
B,0;-S10, system in the range 930-1040 K consists
of monomeric RbBO, molecules and insignificant
amount of (RbBO,), dimers. Furthermore, atomic
rubidium is present in the vapor over melts with
Rb,0/B,0; ratios greater than unity. As the melt and
hence the vapor phase are depleted of rubidium meta-
borate and the temperature is increased to 1350-

1370 K, in some cases B,0O; molecules start to pass
into vapor, as demonstrated by detection of B,O3 ions
with the appearance potential equal to the ionization
potential of boron oxide [18].

The activities of RbBO, in melts of the system
Rb,0-B,0;-Si0, at 1000 K were determined by
Egs. (1) and (2) [12, 15]. The results obtained are
presented in the table.

1

a(RbBOy) = —t, (1)
Im
Iyl

a(RbBO,) = -4 2

Here a(RbBO,) is the activity of rubidium metaborate
in the melt, /; and [, are the intensities of ion currents
of the dimer and monomer, respectively, in the mass
spectrum of vapor over the melt of the system of the
specified composition, and [ 3 and / ?n are intensities
of the ion currents of the dimer and monomer in the
mass spectrum of vapor over pure rubidium meta-
borate. The activities of RbBO, calculated by Egs. (1)
and (2) coincided with each other within the limits of
the measurement error, and in the table we give the
averaged values.

From the data of [19, 20] we can conclude that the
acid properties of B,0O; are stronger than those of
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Fig. 1. Concentration dependence of activities of
(/) RbBO, and (2) Rb,SiO3 in the
RbBO,-Rb,Si05 at 1000 K.

system

Si0,; therefore, the modifier oxide Rb,0O in the con-
densed phase is primarily bound to give rubidium
borate. If the Rb,O/B,0; ratio is higher than unity,
the borate forms an equimolar amount of rubidium
oxide, and excess rubidium oxide is bound to give a
silicate. The above assumptions are proved by the
qualitative and quantitative coincidence of the mass
spectra of the vapor over samples 1-3, 5-7, 9, 10, 13,
17, 18, and pure rubidium metaborate at 1000 K, an
increase in the Rb"/RbBOj ion current ratio in the
mass spectra of vapor over samples 4, 8, 11, 12, and
14-16, and the absence of B,03 peak from the mass
spectra of vapor over samples 4, 8, 12, and 16 at the
temperature increased to 1350 K. The assumed com-
positions of the melts are presented in the table. The
presence of atomic rubidium in vapor over samples 4,
8, 11, 12, and 14-16 is caused with the thermal dis-
sociation of rubidium silicate according to Eq. (3),
which is confirmed by the experiments on evaporation
of pure rubidium silicate.

> [k — n]Rb(gas) + O(gas) + nRb,0-mSiO(1). (3)

Measuring the temperature dependence of the Rb*
ion current in the mass spectrum of vapor over rubi-
dium silicate allowed us to obtain Eq. (4) for the
vapor pressure of atomic rubidium over rubidium
silicate in the range 745-908 K. The partial pressures
of Rb(gas) over rubidium silicate were determined by
comparing the ion currents using silver as an external
pressure reference [21].

logp(Pa) = —(8176+253)/T + (7.4+0.1).  (4)

25 1 1 1 1 =25
0.0 0.2 0.4 0.6 0.8 1.0
x(RbBO»)
Fig. 2. Dependence of the chemical potentials

(/) AWRDBO,) and (2) An(Rb,SiO3) and (3) of
the integral Gibbs energy on the melt composition
in the system RbBO,-Rb,SiO; at 1000 K.

A part of the ternary system Rb,0-B,0;-SiO,,
namely, samples 4, 8, 12, and 16, can be considered
as a pseudobinary mixture RbBO,-Rb,SiO;. The ac-
tivities of RbBO, in samples of the RbBO,—Rb,Si0,
system were determined experimentally using Eq. (1)
and pure rubidium metaborate as an activity reference.
The activity coefficients of Rb,SiO; were calculated
by integrating the Gibbs—Duhem equation in form (5),
and the Rb,SiO; activities were calculated by Eq. (6).

In Y(RbBO,)
. RbBO
In y(Rb,Si103) = —j )C(TS(Z)) dln y(RbBOy), (5)
In y’(RbBO,) X(RbySi03)
a; = v;x;. (6)

The chemical potentials of components, Gibbs
energies, and the corresponding excess quantities for
glasses and melts of the RbBO,-Rb,SiO; system
were calculated by Egs. (7)—(10).

Au; = RTna,, 7

AG = Zx, (8)
AwE = RTIng; - RTInx, ©)
AGE = zxAnf. (10)

In Egs. (5)-(10), a;, y,, and Ap, are the activity,
activity coefficient, and chemical potential of ith
component, respectively; x;, mole fraction of ith
component; AG, integral Gibbs energy; and Auf
and AGE, the corresponding excess quantities for
glasses and melts of the RbBO,-Rb,SiO; system at
1000 K.
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Fig. 3. Dependence of excess chemical potentials
(1) ARERDLBO,) and (2) Apf(Rb,SiO;) and (3) of
excess Gibbs energy on the melt composition in the
system RbBO,—Rb,SiO5 at 1000 K.

The dependences of the thermodynamic functions
of melts of the RbBO,-Rb,Si0O; system on the com-
position of the melt, calculated by Egs. (1) and (6)-
(10), are presented in Figs. 1-3.

As follows from the thermodynamic functions
given in the table and in Figs. 1-3, at 1000 K the
RbBO, and Rb,Si0; activities deviate from the ideal
behavior. When the composition of the melt corre-
sponds to the ternary system RbBO,-B,0;-Si0,, the
deviation of the RbBO, activity from ideality is neg-
ative. The replacement of B,0; by Rb,SiO; results
in a decrease in the negative deviation proportional to
the concentration of rubidium silicate in the melt. In
melts and glasses of the RbBO,-Rb,Si0; system, the
deviation of the RbBO, activity from ideality is posi-
tive, and that of rubidium silicate, negative. The re-
sults of this study agree well with the data obtained
in [11, 12, 22] for the RbBO,-SiO,, Rb,0-B,0;,
Cs,0-B,0; and Cs,0-B,05-Si0, systems.

EXPERIMENTAL

The study of vaporization of the Rb,0-B,0;-Si0,
system and the determination of the RbBO, activity
were made by high-temperature mass spectrometry
on an MS-1301 mass spectrometer at the ionizing
electron energy of 25 V. Samples were evaporated
from a double one-temperature molybdenum cell. The
technique of measurement and determination of
thermodynamic properties of components of melts has
been described in detail in [12].

LOPATIN et al.

ACKNOWLEDGMENTS

This study was financially supported by the Rus-
sian Foundation for Basic Research (project no. 04-
03-32886).

REFERENCES

1. Tyurnina, N.G., Lopatin, S.I., Shugurov, S.M., and
Stolyarova, V.L., Zh. Obshch. Khim., 2006, vol. 76,
no. 12, p. 1966.

2. Sobolev, I.A., Ozhovan, M.I., Shcherbatova, T.D.,
and Batyukhina, O.G., Stekla dlya radioaktivnykh
otkhodov (Glasses for Radioactive Waste), Moscow:
Energoatomizdat, 1999.

3. Kazenas, E.K. and Tsvetkov, Yu.V., Isparenie oksi-
dov (Evaporation of Oxides), Moscow: Nauka, 1997.

4. Furukawa, T. and White, W.B., J. Mater. Sci., 1981,
vol. 16, no. 11, p. 2689.

5. Yun, Y.H. and Bray, P.T., J. Non-Cryst. Solids, 1978,
vol. 27, no. 2, p. 363.

6. Asano, M., Kou, T., and Yasue, Y., Non-Cryst. Solids,
1987, vol. 92, nos. 2-3, p. 245.

7. Asano, M., Harada, T., and Mizutani, Y., Phys. Chem.
Glass, 1991, vol. 32, no. 4, p. 174.

8. Asano, M., Harada, T., and Mizutani, Y., J. Mater.
Sci., 1991, vol. 26, p. 399.

9. Asano, M. and Yasue, Y., J. Nucl. Mater., 1986,
vol. 138, no. 1, p. 65.

10. Asano, M. and Kou, T., Phys. Chem. Glasses, 1982,
vol. 30, no. 1, p. 39.

11. Asano, M., Harada, T., and Mizutani, Y., J. Mass
Spectr. Soc. Jpn., 1996, vol. 44, no. 1, p. 21.

12. Stolyarova, V.L., Lopatin, S.I., Belousova, O.L., and
Grishchenko, L.V., Fiz. Khim. Stekla, 2006, vol. 32,
no. 1, p. 80.

13. Gorokhov, L.N., Gusarov, A.V., Makarov, A.V., and
Nikitin, O.T., Teplofiz. Vys. Temp., 1971, vol. 9,
no. 6, p. 1173.

14. Makarov, A.V. and Nikitin, O.T., Vestn. Mosk. Gos.
Univ., 1974, no. 5, p. 533.

15. Stolyarova, V.L. and Lopatin, S.I., Fiz. Khim. Stekla,
2004, vol. 30, no. 2, p. 204.

16. Makarov, A.V. and Nikitin, O.T., Teplofiz. Vys.
Temp., 1971, vol. 9, no. 5, p. 1073.

17. Asano, M., Yasue, Y., and Kubo, K., J. Nucl. Sci.
Technol., 1984, vol. 21, no. 8, p. 614.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.6 2007



THERMODYNAMIC PROPERTIES OF SILICATE GLASSES AND MELTS: IIL

18. Energii razryva khimicheskikh svyazei. Potentsialy

19.

ionizatsii i srodstvo k elektronu: Spravochnik
(Dissociation Energies of Chemical Bonds: Ionization
Potentials and Electron Affinities: Handbook), Kon-
drat’ev, V.N., Ed., Moscow: Nauka, 1974.
Stolyarova, V.L. and Semenov, G.A., Mass Spectro-
metric Study of the Vaporization of Oxide Systems,
Chichester: Wiley, 1994.

1001

20. Anfilogov, V.N., Bykov, V.N., and Osipov, A.A.,

21.

22.

Silikatnye rasplavy (Silicate Melts), Moscow: Nauka,
2005.

Paule, R.C. and Mandel, J., Pure Appl. Chem., 1972,
vol. 31, no. 3, p. 397.

Stolyarova, V.L., Lopatin, S.I., and Plotnikov, E.N.,
Fiz. Khim. Stekla, 2006, vol. 32, no. 5, p. 742.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.6 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


