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DETERMINATION OF THE ACTIVITY OF ALKALI METAL OXIDES

IN MELTS OF THE Na,0—K,0-S5i0, SYSTEM USING

AN ION-MOLECULAR EQUILIBRIUM METHOD

f. A. Kaibicheva, E. B. Rudnyi, L. N. S.idnmv, and VY. L. Stolyarova UDC 666.11.01

Multicomporent silicate systems containing several alkuii metal oxides are the basis of many industrial glasses and pias
a significant role in pyrometallurgical processes. Silicate slags including potassium and sodium oxides are at the center of interest
in the development of new carbon-fuel encrgy technologics. To study these systems various physicechemical methods, including
sclution calorimetry {1} and mass-spectrometry are used as well as an approach bascd on a modcl of the ideal mixing of complex
phases {2, 5]

The fullest thermodynamic information can be obtained from high-temperature mass-spectrometry. To study multicos-
poncnt silicate systems the Belton~Fruckhan method is most often used {4-9]. This method considers the quasibin:xryv section of
the multicomponent system. For example, in the case of the NayO—K,0—SiO- system the sections (7 = const){(1 — 5)* Na,O -
i5i01), + §K,0-(Si0,),} run throughk this section and for several other compositions (the change in ¢ from U to 1 with 3
constant 7) we can obtain the rauos of the partial pressures of scdium and potassium. For this purpose the ratio of the wa
fluxes of Na* and K* obtained as a result of the ionization by clectron bombardment of the molecular becam are measurcd
experimentally. Integration with respect to the Gibbs-Duhem cyuation mukes it possible 10 caleulate the activities of sclecied
components in the quasi-binary scction and the excess thermodynamic functions of their mixing. We must point out that to caris
out the intcgration it is necessary to study a fair number of compesitions and this makes this method cumbersome.
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Wagner [10] proposed a mathematical transformation with the help uf which for a threc-component system it s possibic
{0 determine using the Belton—Fruekhan mcthod the activities of all three oxides; in this case the volume of experimental work
and the processing of the data are intensely increased. In paru’cu-lar it bccomes nccessary to make measurcments for several
series of compositions with different mole fractions of silicon oxide (with diilcrent n).

By contrast the ion-molecular equilibrium method makes it possiblc to determine the activities of alkali metal oxides for
each composition. independently of each other. This approach was considered in [11] on the cxample of the Na;O—SiO; system.
The basic idea lics in the fact that in the vapor over the cxperimental melt, suitable ions, for example. CrO;7 CrO -, and
Na@rO,~ are generated by adding an easily ionized addition. The partial pressure of oxygen can be detecrmined from the
folowing relationship: :

pRCrOn 1 ~
pr(LrUs) Ke'-'q(l) ' .

where K (1) is the equilibrium constant of the reaction o - .

. . p(0:)=

1
CrU;—;-?O:=CrO.-. - h

whose numerical values have been determined in advance. The ratio of the partial pressures of the ions are calculated from the
mcasurcd ion streams [12, 13]. '

a (0O (e M(CouDy
ArUgr. fLrag) T HACr05

where [ is the ion stream measured on the electron multiplier and M is the molecular mass of the ion.
The pressure of sodium is determined analogously [rom (he ratio of the ion strezms of NaCrO,~ and CrO;~ and the
equilibrium constant of the reaction o
€107 = Na = NaCrQg. )

In the case of the rcaction

Nafi(lig)==Na T

Y]

i

the cquilibrium constant is well known and therefore we cun culeelate the activity of sodium oxide from the partial pressures of
sodium and oxvgen. )

The extent of the eilect of the addition on the valucs to be determined can be found by planning the experiment
specifically. '

In this study the ion-molecular equilibrium method is used to determine the activitics of the alkali metal oxides in he
N3.0—K,0~SiO, systerm. Particular atiention has been paid to the problem of the cticet of ihe nature of the addiuve and ihe
matenal of the crucible on the result of the measurements. ‘

Experiment. To determine the activitics of the alkali metal oxides in the Na,O—K,0—SiO, system we used an MX-1305
mass spectrometer refitted to investigale the ion-molecular cquilibria [13].

Sodium and potassium carbonates and also silicon oxide used in the synthesis were "analytically pure” grade. The gioss-
melting process was carried out in Pt crucibies. The analysis of the specimens obtained was carried out at the Grebenshchikov
Insuitute of Silicate Chemistry (Academy of Sciences. Leningrad).

Over the 1300-1430 K temperature intcrval three compositions were studied:

Composition 1, ' 0.242N2,0—0.102K,0—.656Si 0>, .
Composition 1, 0.172N2:0—0.161K,0—.667SiO». )

Composition [l 0.116Na,0—0.223K,0—.661Si0,.

The duration of the experiment was ¢hosen so that the change in the concentration of cach of the alkali metal oxides as
3 result of evaporation should not exceed 0.00135 molc fractions. ' .

Unless particularly specified, a Pt crucible (diumeter 12 and height 14 mmy was used in the study. The ratio of the areu
of evaporauon to the arca of the effusion aperture was ~200-900. The crucible plus the material in it was heated in an Mo
fosistance furnace. The temperature was measurcd by a Pt—Rh (10 Rh) thermocouple 10 an accuracy of =3 K. The constancy
of inz temperature was held by a VRT-3 controller o an accuraey of 1 K.
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TABLE 1. Mass Spectra of Negative fons in the Vapor over a Mclt of the
Na,O—K,;0—SiO; System (relative units)

Expt. iCompo~ ! i | !
NOF.,- |sition I :g?;téon' ' 7 {cro) I 1 (Nacro;) ’ 1 (RCe0?)
o | - |
! : [ Cr 0. N.0G0O m1, 530 |
2 [ Li,CrO,. w0ty 6T o4
ao PCsCrt, 0t% RN (IO ‘
AR § S A o XU B X O 3 l nno
I [ LiCetr,. a2 e 1
i 2:3.CrU,. 0.5 14.5 7.1 '
T | 1 Cra04. 0.032 | 45 an ’
< Li.Cr),. 00140 ‘ 18.8 0 1

i
Note. 1 (CrO4~) = 100,000 for all compositions.

.

The ion sire: ms were mcasurcd by a VEU-6 clectron channet multiplicr. In the case of the chromium-containing 1903
we meosured the 32Cr isotopes and for the potassium-containing ions. the WK,

In order to generate the required negative ions in the vapor of the cxperimental silicate system, we added a smail
addition of chromium-containing compounds. This ensured the presence of CrO5™, CrO,~, NaCrO,~, and KCrO,™ ions in the
measured concentration. ' ‘

To study the effect of the nature of the addition in measurements using the same composition, chromates of vari fous
alkali metal oxides and the chromium oxide, Cr,O5 were used.

Table 1 gives the relative intensities of the ion strecams and the values of the additives.

The experiment was concucted in accordunce with the scheme proposed in |11} When comparing the dat from
individual experiments, this system made it possidle to lake advantage of the heip of a single-factor dispersion anaiysis [14], Lo
it provides an opportunity to evaluate independently the statistical spread. The procedure includes the following. AL one
temperature we recorded several mass-spectra (one series), then we changed the temperature and again recorded sev cral mass-
spectra. After the passage of some time we returned 10 the first temperature. Thus, at precisely the same temperature =
obtaincd several series of mass-spectra recorded at different times in the experiment. The measurement time for one serics e
=10 min and the interval berween the same temperatures was =40 min. The recording of the mass-spectra began 20 min after e
teginning of the experiment.

Discussior of the Resulis. The Effect of an Additive on the Purtial Pressures of Oxygen, Sodium. and Potassium in the

* System N2,0-K,0-Si0,. Table 2 shows the log ratios of the following ion streams: CrO,~ and Cry™, NaCrO;~ and C:O.~.

KCrO,~ and CrO,~ obtaincd by taking the average over the whole series of measurements at a given temperature. From thass
data we calcuiated the partial pressures of oxygen. sodium. and potassium, vstablished in the system Na,O—X,0—Si0; pivs o
additive. The required valucs of the equilibrium constant of reactions (1) and (2) and

Crtrg — Rz Kue'g ' ()

were calculated from the thermodynamic characieristics of the ions and of O,. Na, and K [13, 16]. The results are given a
Table 2. :

It is clcar that the partial pressurcs of oxygen, sodium, and potassium corresponding 1o the experiments with differen:
additives for the same compositien differ significantly. (sometimes as much as tenfold). A similar fact was also noted previousis
with the introduction of an additive to the Nua,O—SiO, system [17]. Nevertheless, as we shall show laier, the products
p(O~)!*p(Na)? and p(0-)'7p(K)* remain constant within thé experimental crror. This can be explained by the fact that the
addilive “distorts® the oxygen pressure in the original system and the meuasured values of p(Oa) refer 1o a new four-component
system.

Thus, the partial pressures of oxygen, sodium, uand potassium found here cannot refer to the original svstem.

The Effect of the Nature of the Additive on the Activity of Oxides of Alkali Metals in the System Na,0-K,0-8i01. The
measurcd pressures of oxyeen and sodium in combination with the cquilibrium constant of reaction (3) make it possible o
determine the acuvity of sodium oxide. By expressing the partial pressures of O- and Na in terms of the ion streams we obtuin
the cafculation cquation (for more detail, sce [11])




TABLE 2. Partial Pressures of Oxvgen, Sodium. and Potassium in the
'Na,O—K20—SiO, System at 1387 K
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: .9 -~ fm
et - - 9 ]
03 5l :e |, £ & g
g8 3 =iz IR < E =
83 g 2 B - H T =
P .
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Note. n is the number of mcasurcments.
. ! (\'aCrn V= \ . . .
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and the numerical constant arises with a_change to ion streams.
An analogous expression is also obtained for the activily of potassium oxide
. ,(K(:r‘lj‘t: ) . ., L .
A ma {RaVV = In ren oy L Aeq(l) /\eq‘!.)l g™
where ch(S) is the equilibrium constant of the reaction
A - .t . , T ° =
R {ligj=2h =7 M2 )

The eguilibrium constants of reactions (3) and (3) were calculated from the thermodynamic characteristics of Na,O and Si0;
{18] and K,O (2). '

Like the pressures of O, Na, and K, the activitics obtaincd for sodium and potassium oxides gencrally speaking reter @
the four- componcm svstem Na.O—X,0—SiO,-additive. However. since the amount of the additive is not very greal, there are
grounds for assuming that it cannot significantly change the activitics of the main components. Thus, the effect of ax addition of
potassium chromate to the Na,0O—5i0, system on the activity of sodium oxide was studied by us in ad\ance {t was shown that
the activity obtained for sodium oxide does not change, within the cxperimental error, with a change in the mole fraciion
X,CrO, from 0.003 10 0.04 which is in satisfactory agreement with the published data on the activity of Na-O in the \J_O—’-x
binary system {11]. )

In the present work we studied the effeet of the nature of the additive at a concentration of =0.03 mole fraction on 122
measured activities of Na,O and K,O. For all the compositions we used chromium oxide and lithium chromate as the additives
since these generate the required negative ions and for compositions | and I we also used cesium chromate. Sodium an
potassium chromates were not used in order to avoid a direct increase in the mole fractions of Na,O and K,O. The results of
the measurements at 1387 K are shown in Table 3.

The activities oblained for the alkali metal oxides in experiments with additions of chromjum oxide aad lithizz
chromate are in satisfactory agreement with each other. The experimental results with cesium chromate for Composiuon Il agrae
on the whole with the values obtained with the additions of Cr,04 and Li»CrO,. In the case of Composition | an addition of
cesium chromate 1o the region richer in sodium oxide led 1o a 2.5-fold increase in the activity of alkali metal oxides.

We propose the foliowing interpretation of the results obtained. The chemical affinity of chromium oxide and lithium
chromate 1o silicon oxide is less than that of cesium oxide and thercfore the experiments with additions of Li-CrO, and Cr‘C‘
demonstrate the activities of alkali metal oxides closer o the original three-component system. In the case of the addition &f
cesium chromate a mixed-alkali effect is clearly observed [19] and its effeet is exeried in the region richer in sodium oxide. We

must point out that the actual mechanism of the effect of the cesium chromate addition on the activity of alkali metal oxides s
not vet clear and requires a special cxamination. )

From the mecthodological point of view we cin state the fairly obvious conclusion. When using the ion-molecy’a
equilibria methed it is necessary to ipply compounds which arc chemically incrt in the given medium as the additive,

9
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TABLE 3. Activitics of the Oxides of Sodium and Potassium Obtained in

Experiments with Various Additives at 1387 K < .
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Note. s is the standard deviation of an individual meusurement from the aver-
age: 1 is the number of measurements: Yy,.o = In [I(NaCrO,~)*/1(CrO57) ",
H(CrO ), Yiao = In [[(KCrO,~)*(CrO57) " [(CrOy7).

TABLE 4. Log of the Ratio of the lon Streams Requied for Caleulating the
Activities of Sodium and Potassium Oxides
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Notes. s, is the interserial standard deviation; s, is the intrascrial standard
deviation; X J; is the number of mecasurements; 1 is the serial No. Yy,.0 =
In [/(NaCrO -)¥(CrO47) " [(C:O,7). Yo = In[I{KCrO)¥(CrO57)"

I(CrOy7).

Activities of Sodium and Potassium-Oxides. A Comparison with the Model of an Ideal Mixing of Complex Phases. Tabic
4 gives the average log ratios of the ion streams as required for determining the activitics of sodium and potassium oxides. The
averages werc taken only from the experiments where the additive was chromivm oxide or lithium chromate; the experiments
with the cesium chromate additive were not taken into account, Table 4 alse shows the results of a single-factor dispersion
analysis: intraserial, 5, and interscrial 'sh dispersions. On the whole according to Fisher’s critcrion they differ significantly {rom
cach other. This is confirmation of the fact that within the experimental errors, the resulis of the tests with additions of chromi-
um oxide and lithium chromate match onc another [11, 14},

Although several studics {7-9} have dealt with the system Na,O—K,O—SiO it is not possible 10 make a dircct compari-
son of the results since additional transtormations are required and a reculeulation of the values found. It is planned to discuss
this scparately. _

At a given stage a comparison is made between the experimental data for the activitics of NasO and KO and the data
calculated in accordance with the modcel of ideal mixiag of complex phases proposcd by Huastie and Bonnell [2]. The solution i
considered as an ideat muxture of components and known or hypothetica liguids which can form as a result of the interacuons.
As the components we chose compournds which are known from the phase diagram [20, 21}, The thermodynamic data for the
constants of formatjon of these complexes were taken from |2). Comparing the resu’ts obtained with the values found in this was




TABLE 5. Activitics of Sodium and Putassium Oxides in dhe System
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*Calculated in accordance with the model of ideal mixing of complex compo-
nents.

' TABLE 6. Evaporation of the Nu,0O—K,0—SiO; Sysiem
from a Molvbdenum Crucible

KO, 0u.Pa o <. Pa w.Pa b .vao | lag .o

1
i — s
[IN2Y [ERO LY S R S TR T
- i l

1087 PR Ll

i
| A f.8.1077 i TXIE ; (TR 1 TR
H

(Table 5) we can conclude that the model calculation reflects the qualitative’course of the change in the activities and gives
valucs close to the experimental.” -

The Effect of the Material of the Crucible on the Evuporation of Silicate Systems. [n the mass-spectral studics, as well
as Pt cffusion cells of other metals are frequently used (Mo Ta, Ni) [7, 22]. Al the sume time, we can assume that the material
of the crucible will take part in the chemical interaction with the original reagents and thus will lower the pressure of oxygen. As
a check, experiments were carried out with composition I in an Mo crucible. However, in this case the addition of lithium
chromate did not provide measurable concentrations of all the required jons and the normally most intense CrQO5- appearced only
at high temperatures in insignificant amounts. The ions MoO5™, KMoO,”, and NaMoO - arising as a result of the participaucn
of the crucible material were observed. Therefore, as the additive in the next experiment we used MnOy and LiPO;. Phosphorus-
containing negative ions have previously becn used tc¢ determine low oxygen pressurcs (23} In the mass-spectrum we recerded
the following ions: PO,~ (13): PO;~ (100); MoO5~ (41), KMuO4~ (5. 3), and NaMoO,~ (3.5) (figures in brackets denote tac
retative intensitics). In the case of Mo-containing ions we measured the “8Mo isotope streams.

The treatment of the results was carricd out in an analogous way. From the mcasured ion streams and the equiiibrivm
constants of the reactions '

.“nO; -~ !'”; — \a = \'n\l..()"' — Pt 3. (6)

“UU; - !.“; - i = l".\l-.”"' — 't L_T. .. «_‘ (7)
Prrs = .= 1O

R o < \u» (S)

we determined the partial pressures of Na, K. and O, In calculating the cquilibrium constants of reactions (6)-(8) we uscd the
trermodynamic funcuions of the ions as recommended in [13, 23]

R o o
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The partial pressures of O, Na. and K and the activitics of NaxO and K,O obtained in The experiments using 3
molybdenum crucible are shown in Table 6. These values confirm the hypothesis about the interaction beiween the material of
the effusion ccll and the system. As a result, the oxygen pressurc is sharply reduced (Tables 6 and 2) and the values of the
activity of Na,O and KO are found to be significantly lowcr than in the experiments using a Pt crucible.

We are grateful to D. Yu. Ktuchinin, Yu. P. Gilev, M. N. Kuibicheva, and A. V. Kaibichev for the help given in this
study. .
Conclusions. Using the IME method, the activities of Na-0 and K5O in mclts of the Na,O—K,0—SiO, system have
peen determined. It is shown that, as the additive which generates the required ions, it is necessary 10 use Li.CrO; and Cr;0;5
The use of CsCrQ, provides rather high valuzs of the activitics of Na,O and K,O. The significant effect of the crucivle material
on the oxygen pressure has been established while the partial pressures of the alkali metals on evaporation from various effusion

s

ccils do not change.
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STRUCTURE FORMATION IN THE SURFACE OF MULTICOMPONENT
SILICATE GLASS IN THE PRODUCTION BY DRAWING FROM
A MELT IN ATMOSPHERES OF DIFFERENT COMPOSITIONS

A. V. Gorokhovskii, K. B. Kostin, and K. V. Polyakov o UDC 541.133

From the énerzv point of view. the formation of the surface of 2 glass product is 3 combination of processes dirccted
towards reducing excess suriace energy. The process can be divided into two groups. Firstly, there is the absorption processes of
surface-active components from the gas phase or melt. In the gus phasc there is mainly watcr vapor and carbon dioxide gas {1}

while in the melt there are oxides of alkalis or alkali mctals (morc accurately, ions of these metals) [2]. Secondly, the lowering
of excess surface energy is possible as a result of the regrouping of the structural elements of the glass in the surface laver as is
characteristic of all silicates [3]. Such regrouping is now called the "reconstruction” of the surface [4]. It is obvious that, depend-
ing on the conditions of the formaticn, the contribution fram the above procésscs 10 the total reduction of surface energy when
the glass is cooled may be different.

In the present study we attempted to analyic the fcatures of the formation of the structure of the surface layers of a
multicomponent, indusirial. silicate. window-type glass in 3n atmospherc ol various composit.ons. To do this we made use of tac
data on the concentration of Na. Ca. and Si in the surface layer and on their distribution over the surface layer. We also used

" the IR-reflection specira of the surface. In parallel we studicd the properties of freshly formed specimens of glass determined by
the state of the suriace, including chemical stability, microhardness. compressive strength, and thermal-shock resistance.

For the tests and anaiyses we uscd rods. diamcter 4.5-4.6 mm, obtained by drawing from the surface of a glass melt of
the following composition, mole<z: S5iOa, 71.8; Al,O,, 1.59; Ca0Q, 8.63; MgO, 3.61; Na>0, 13.47; Fe,05, 035 and SO,, 0.39. The
drawing rate was 0.3 musec. Drawing was carricd out using cquipment which would provide the required composition of the
atmosphere in the forming zone until the surface of the rods reached a temperature of 250°C.

The change in the conceatration of the main components in the surface layer of the glass specimens and also in tac
uniformity of their distribution over the surface was determined using a JXA-733 microanalyzer from the change in the intensity
of the K lines of Na, Ca. and Si. A study of the change in intensity of the characteristic x-ray radiation was made by scannin
the specimens with 3 fixed position of the électron beam at intervals of 2 um at 200 points on the surface. The accel cr:um_
voltage of the eleciron beam was 15 kV, the current of the beam, (143~ 1077 A. [t is well known that Na and Ca migrate under
the action of the electron beam from the analyzed zonc and thus the intensity of the characteristic x-ray radiation during its
measurement can change significantly {5]. To determine the crrors in the above measurements, multiple (n = 200) determina-
uons were made of the intensitics at a fixed point on the specimen afier stabilization of the intensity of the above lincs over 4
period of time. T ‘
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