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The transpiration method was used to measure the density of melted borax
vapours at 900 to 1115 °C in nitrogen atmosphere and in mnitrogen-water
vapour miztures. The results imply o relatively small effect of water vapour on
the density of borate vapours and are indicative of quasi-congruent vaporiza-
tion resulting from the reaction of the melt with water vapour.

INTRODUCTION

In spite of being a quite common substance, information on high-temperature
behaviour of dehydrated borax in the literature presents neither numerous nor
complete data. The earlier works by Klooster [1], Jaeger [2] and Briscoe et al. [3]
only state qualitatively volatilization above the melting point specified at 1015 K.

Cole and Taylor [4] measured the vapour pressure of B,O3, NaBO, and Na,B,0-
melts by the transpiration method at 1423 to 1673 K in nitrogen atmosphere. To
evaluate the results, they used the method based on extrapolating to zero flow of
the carrier gas, which usually leads to lower values. For Na,B,0,, the vapour
pressure value thus obtained amounted to 0.28 kPa (1423 K) and 3.33 kPa
(1673 K). The vapours had the mean composition of 51.6 wt. 9, Na,O and 48.4 wt.
% B,03; the vapour therefore contained more Na,O than the melt. The composition
is close to that of metaborate, NaBO,, whose molecule is very stable in vapours
at high temperatures.

Tamura et al. [5] studied vaporization of melts in the systems R,0—B,0;
at 1000—1300 °C. In a series of Na;O—B,0; melts of stepped-up composition, they
found distinct peaks of vaporization rate close to the composition corresponding to
NaBO,. Up to 40 wt. % Na;O in the melt, the Na,O content in the vapours
was substantially higher. The vaporization rate showed a decrease in terms of time
as a result of Na,O depletion of the melt. The KBO, melt vaporized at a rate
roughly ten times higher than that of NaBO,, which again showed vaporization
several times faster than LiBO,.

Biichler et al. [6] investigated vaporization of B,O; and borates by Knudsen’s
effusion method and a mass spectrometer. In the vapours above NaBO, they
found NaBO; molecules and a small amount of the dimer, Na,(BO;),. Traces of the
trimer were also determined. The vapour pressures of the monomer and dimer at
1070 K were 5.03 X 102 Pa and 2.03 X 10-3 Pa respectively,

Cable [7] discussed in detail vaporization from melts of the system Na,O—B,03
from the standpoint of kinetics. He showed that the composition of vapour and melt
was identical for metaborate, so that vaporization of the melt of this composition
did not involve diffusion in the melt and the vaporization rate was independent
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of time. The author also analyzed the unpublished data by Lawton [8]; the table
allows the rate of vaporization from a melt having the approximate composition
of Na;B,;07 to be determined: on free vaporization from a Pt crucible into a static
atmosphere the weight loss at 1200 °C after 2 hours amounted to 60 —98 mg/cm?,
and after 20 hours to 365—506 mg/cm2. The vaporization rate therefore decreased in
terms of time.

Terai and Egushi (8] followed thermogravimetrically the effect of water vapour on
the vaporization rate of B,0; and Na,B40,. They found the vaporization rate to
increase in the presence of water vapour. At low temperatures with melts with the
molar ratio Na,O : B,0; higher than 1, the results were independent of the ambient
water vapour pressure, while showing conversely a strong dependence at the ratio
lower than 1 (assumed formation of HBO,). The activation energy of the vaporization
process at a content of 9.39, H,O in the ambient atmosphere amounted to
161 kJ/mole, which according to the authors agrees with the heat of the reaction
B203 + Hzo == 2 HBOz.

Frischat and Herr [9] compared the behaviour of various boric minerals at high
temperatures. For tinalconite, which has the same Na,0 : B,0; ratio as borax, and
thus produces a melt of the same composition, they found higher volatilization
losses than for B,O; and colemanite in dry atmosphere. In moist atmosphere
(0—509% H,0) the losses were higher than in the case of colemanite, but lower
than in that of B,0;.

In the two latter studies, thermal analysis apparatus was used in the measurements,
i.e. at a continuously increasing temperature. The conditions for saturating the
ambient gas are not specified and the experimental data obviously pertain to
non-equilibrial states.

EXPERIMENTAL

The transpiration apparatus described in [10] was used in the measurements.
The carrier gas (V,) was saturated with water vapour in a thermostatted gas washing
bottle. In all the measurements, the rate of carrier gas flow was 200 ¢cm3/min,
the time of measurement being 180 minutes in all cases. Following thermal exposure,
the loss in the sample weight was determined by weighing. Under the given
conditions, the carrier gas was completely saturated, so that the saturated vapour
concentration and the corresponding borate vapour pressure could be calculated
from the loss in the sample weight and the known volume of carrier gas passed
through. As the vaporization is assumedly incongruent and the vapour composition
not precisely known, the borate vapour pressure is specified as an apparent one,
being related to the hypothetical molecules of Na,B40-.

The measurement results are plotted in Figs. 1 and 2. The plot indicates that the
water vapour in the carrier gas has a distinct but not much significant effect on
the apparent pressure of borate vapours. Fig. 1 implies the linear temperature
dependence for the carrier gas containing water vapour, whereas in dry nitrogen
this dependence is curved.
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Fig. 1. Temperature dependence of Na,B4s0,; vapour pressure in dry and moist carrier gas
(N2 and N, with 19.5 vol. Y, H;0).

log {p/Pa)

=
[(§)]

10

05

| 1 |
70 75 80 85

Pig. 2. Temperature dependence of Na,B,0; vapour pressure for wvarious partial water vapour
pressures tn the carrier gas.
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DISCUSSION

Direct comparison with the results given in the literature is impossible as the
measurements were not carried out in the same temperature range. The data by Cole
and Taylor [4] are somewhat higher than the extrapolated results of the present
study. This is in agreement with the way the results were interpreted in the study
quoted. According to Cole and Taylor, the vapour pressure of Na,B40; in dry
nitrogen (calculated for an Na,O + Na,B,0,; mixture with a mean molecular weight
of 158.3 g mole~1) at 1423'K is given by the value log (p/Pa) = 2.44, whereas the
value extrapolated in Fig. 1 is approximately 2.1. The result by Biichler [6],
obtained by the effusion method (0,05 Pa at 1077 K) for NaBO, is conversely
lower than the extrapolated value from Fig. 1. No other comparable data on
equilibrial vapour pressure were found.

A comparison with the study by Frischat and Herr [9] can be carried out on the
assumption that the vaporization rate is proportional to the equilibrium vapour
pressure. According to these authors, the Na,B,0, melt (of tinalconite) vaporizes
about 3 times faster than that of B,O; (dry atmosphere, 1000 °C); according to our
results for borax and for B,0; [11] the difference at the same temperature is about
10—50 — fold according to the degree of B,O; dehydration. The dynamic measure-
ments by Frischat and Herr.could not lead to complete dehydration of B,Os, as
this is very slow, and this circumstance must have had a significant effect on the
vaporization of B,O;. As regards the effect of water vapour, according to the authors
mentioned the vaporization rate of B,0; at p(H,0) = 8.5 kPa is higher roughly by
50 9, than that from tinalconite melt (having the composition Na,B40,), while ac-
cording to the measurements carried out by the present authors at the same tem-
perature of 1000 °C, the difference in the concentration of vapours is three-fold.
According to the former authors, the vaporization rate increases continuously
and very steeply up to p(H,O) = 30 kPa, where the ratio of the volatilization
rates from the two melts amounts roughly to 2, being higher for B;03. The results
of our measurements show a significantly milder dependence of the Na,B,0;
vapour pressure on p(H,0) compared to B,0;.

According to data from the literature, vaporization of the borax melt is incon-
gruent, i.e. NaBO, vapours volatilize and the melt is enriched with boric oxide.
This fact alone may be responsible for a non-linear dependence of log (p) on tempera-
ture. Under the conditions of measurement described above, with a standard ex-
posure of 180 minutes, the free density convection occurs in the mielt influencing
the concentration relations at the melt-carrier gas boundary. The equilibrium
concentration of vapours will be then time-dependent with respect to the instan-
taneous composition of the melt surface. This time dependence could be described
either under the conditions of perfect mixing, or in a static melt free of den-
sity convection. However, such conditions are difficult to create. The results ob-
tained for vaporization in dry nitrogen are therefore of only limited significance
and relative validity.

A different situation occurs during vaporization into a noist medium, as indicated
by Figs. 1 and 2. The temperature dependence of log (p) of borate vapours is
linear, showing identical slopes at all the water vapour pressures employed. The
regular course can be explained by quasi-congruent vaporization according to the
reaction

Na.B,07 (I) + H;0 (g) = 2 NaBO; (g) -+ 2 HBO: (g) . (L)
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In this case, the ratio of Na,O to B,0; is identical with that in the melt®
According to known experience, the melt proper does not contain any major amounts
of H,0, and the vapours do not contain molecules of Na,B,0; nor B;0;.

According to Figs. 1 and 2, the effect of water vapour in the carrier gas on the
iborate vapour pressure is relatively small. The equilibrium constant of reaction (1)
s given by the equation

_ pz (NaBO;, g) X pZ(HBOZ’ g)
p(H0, g)

The mass balance must be maintained during the reaction, where p(NaBO,) =
= p(HBO,), and one obtains

K (2)

__PB
K= p(H>0, g) @)

where p(B) is the total pressure of borate vapours, i.e. NaBO, + HBO,.
The equilibrium constant expressed in this way indicates that

p(B) = {K p(H:0, g)}'/4, (4)
or
log p(B) = 1/4 log {K p(H:0, g)}. (5)

For equation (1) these relationships indicate a very small effect of the ambient
moisture content on the vaporization proper. The experimental data basically con-
form to the relationship between log p(B) and log p(H,0) according to equation
[5]: the points provide a straight line with a slope close to 1/4.

On assuming the above reaction to be valid, the data on the vaporized amount
of Na,B40,; can be used to calculate the pressures of NaBO, and HBO,
vapours; each of them will be double the apparent vapour pressure of Na,B40;.

To verify this assumption, the reaction according to equation (1) was subject to
thermodynamical analysis. Using the JANAF tables (1971), standard changes of
Gibbs energy were calculated for the reaction, and the following values were
obtained for the equilibrium constant of reaction (1):

log {Kp(1200 K)} = —15.84 and log {Kp(1400 K)} = —10.11.

From these values, for the temperature range of 1200—1400 K, one obtains the
heat of reaction AH? = 920 kJ/mole.

Equation (5) indicates that the heat of reaction can also be calculated from the
temperature dependence log {p(B)} on 1/T (Fig. 2) according to the relationships
derived from Clausius-Clapeyron equation for formal heat of vaporization by multi-
plying the result with four:

2.303RT1T2 l p(B)z]

T,—T: ¢ pB)] (©)

H9=4[

The linear relationships in Fig. 2 have roughly the same slope from which, using
equation (6), one obtains for the heat of reaction value AH? = 750 kJ/mole, i.e. a
value lower by about 20 9, than that obtained by calculation from tabelar data. In
view of the relatively low accuracy of the transpiration method the results need not
be regarded as not satisfying the given assumption. The significant point is the
linear dependence of log {p(B)} on 1/T at various water vapour contents in the
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carrier gas, and particularly the same slope of these linear relationships. Such
a course can be expected in the case of the reaction according to equation (1).

CONCLUSION

The results characterize the behaviour of borax during the melting of glass from
the point of view of vaporization. The initial vapour pressure of the borax melt
is higher than that of completely dehydrated B,0O; in a dry medium. However, in the
presence of water vapour the ratio is reversed, i.e. in the comparable temperature
range of 900—1100 °C the B,0; will vaporize more extensively. This difference
decreases with increasing temperature as a result of the different slope of the
temperature dependence.

The experimental results and their analysis indicate that the following reaction
takes place in the presence of water vapour:

Na;B.®, (1) + H,0 (g) = 2 NaBO, (g) + 2 HBO; (g),

during which the melt composition does not change and the vaporization of
borax into the medium containing water vapour then proceeds as quasi-congruent
vaporization.
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VYPAROVANI JEDNODUCHYCH LATEK POUZIVANYCH PRI TAVENI
SKLA
III. VYPAROVANI TAVENINY TETRABORITANU SODNEHO

Jan Hlavag, Ivan Plasil .

Vysoka Skola chemicko-technologicka, 166 28 Praha 6

I'ranspiraéni metodou, popsanou v praci (10), byla mérena hustota par roztaveného boraxu
Na.B,O; pfi teplotach 900—1115°C v atmosféfe dusiku a ve smé&si dusiku s vodni parou
o razném parcidlnim tlaku. Pratok nosného plynu 200 cm3/min zaji&foval regularni syceni
parami, doba méreni byla jednotné 180 min. Po tepelné expozici se vizenim stanovil ubytek
hmotnosti vzorku.

Vysledky jsou uvedeny v obr. 1 a 2 jako zdanlivé tlaky par hypotetickych molekul Na,B,0,,
aby bylo moZno srovnavat intenzitu vyparovani v suchém a vlhkém prostredi, kdy skutecné
slozeni par je odliné. Podle grafii na obr. 1 a 2 ma vodni péra sice zietelny, ale neprilia
vyrazny vliv na takto vyjadfeny tlak par Na;B,0;. Vyznamnym faktem je linedrni zdvislost
log p(Na;B40O,) na 1/T' ve vihkém nosném plynu, zatim co v suchém prostiedi je tato zavislost
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zakfivena. Vysvétleni spoéivd v tom, Ze inkongruentni charakter vypafovani v suchém dusiku
(vypafovani NaBQO;) se méni ve vlhkém prostiedi na quasi-kongruentni ve smyslu rovnice (I).
Pomér latkovych mnozstvi Na,O a B30; je v tomto piipadé v pardch stejny jako v taveninég.
Termodynamicky rozbor (rovnice 2—5 v textu) ukézal dobrou shodu predikee se skutednym
chovédnim, pokud se tyka zdvislosti tlaku boritych par na p(H20) v nosném plynu (rov.
4 a 5). Reakéni teplo vypodtené pro uvedenou reakeci (1) z experimentélnich dat &ini
A H® = 750 kd fmol, coz je hodnota o 209, niz&i neZ vypoltend z termodynamickych dat
(JANAF). Vzhledem k pomérné malé piesnosti transpiraéni metody neni tento rozdil pokla-
dén za nevyhovujici pfedstavé o quasi-kongruentnim vypafovéni Na,B,0, v pfitomnosti H,O.

Obr. 1. Teplotni zdvislost tlaku par Na;B,0, v suchém prostiedi (N, a N, a 19,5 Y, obj. H;0).
Oar. 2. Teplotnt zdvislost tlaku par Na,BsO, pro riizné diléi tlaky par v prostieds.

UCITAPEHUE IIPOCTBLIX BEMECTB, IPUMEHAEMBIX IIPH
NJABJIEHNU CTERJIA

III. UCHAPEHUE PACIIJIABA TETPAGOPATA HATPUA
Hu aasay, Hean Ilmamu:n

Xumuro-mexnosoeuneckute unemumym, 16628 Il paea 6

C noMoulL10 TpaHCIMPALUUHHOIO METo;1a, ollMcaHHoIo B pabore [10], usmepamu 1wioT-
HOCTL J1apoB njaBieHou Oypst Na;BsO; npu temnmeparypax 900—1115 °C B aTMocdepe
a30Ta M BO ¢MeCH a30Td B BOJAHBLIM [1aPOM PA3HOI'O A PIMAILHOIO ;jlaB.eHUA. IIporoxom
rada-gocuteast 200 cM3/MUH. o0ecmeuuMBajIoch HachllleHHe napaMH, BpeMs M3MepeHUst
cocraBiasiio Beerja 180 muH. llociie TepMuuec KO DKcIIO3MIMM B3BCIUNBAHIIEM yCTaHABIIM-
BaJu yOniI, Macesl obpasna.

Pe3ysIbTaThl NPUBOJATCA HA pue. | M 2 B BHjI€ KasKYIMMXcA JlaBJIeHHH IIApOB I'MIIOTe-
THICCKUX MO/IEKYJ NazB4O7, 4T00bL MOMKHO OBIIIO ¢OIOCTABIATL MHTCHCHBHOCTD MC I PEHH S
B CYXOH M BJIQKHOM cpeilax, KOorja ;lefcTBUTCIbHBINA ¢OCTaB NAPOB ABJIAETCHA Pa3IUIHBIM.
Xots u corstacHO 1'paduraM Ha puc. 1 M 2 BOXAHOM nap 3aMeTeH, 0OJJHAKO OH He OKA3LIBACT
BecbMd pe3Koc BIIMAHMEe HAa TakuM o0pa3oM BbIpakacMoc JaB:leHue 11apoB NazBiOs.
BakuniM daxrom sBiIAeTcsa JnHeiHast 3aBucumocTs log p(Na:B4O4) ot 1/T Bo BiaHOM
rase-HocHTeJle, B TO BpeMs KaK B cyXOi cpejle IPHBO,(MMast 3aBUCHMOCThL HMeeT KPHBO-
auneiiHyIo gopmy. OOBACHEHHe 3aKJIOUACTCS B TOM, UYTO HHKOHTPYCHTHHLIH XapaKTep

ucnapeHusi B cyxoM asore (ucnapeaue Nal3O,) mameHsieTcs BO BJIaMKHOM cpefie B KBasM-
KOHKPYEHTHBLI corjlacHo ypaBHeHmwo (1). )THomeHue KoJimuecTBa BellecTBa Na,(O) u B.O
B mapax B JAaHHOM cJIydae OIMHAKOBO KaK B pacluiaBe. TepMo,\uHaMHYecKMH aHaJIM3
(ypaBHeHMs 2—5 B TeKcTe) IIOKAa3ajl XOpolllee corjlacMe IIPe/LII0JIaraeMoro I110BeleHUs
¢ pea ILHHIM 110BE/leHHCM OTHOCHMTEJIFHO 3dBMCHMOCTH ;laBIeHUH MapoB Gopa Ha p(H:0)
B ra3e-Hocute.re (ypaBHeHusA 4 u 5). Temrora peaxkluH, paccUMTAHHAA A HPHBOLMMOM
peaxiy (1) HA OCHOBaAHHM DKCIIEPHMEHTAJIBHLIX JJAHHBIX cocTaBisier AH® = 750 Kk /Mo,
4TO Iipe; | TaB.1sAeT 060l Be;muuHy Ha 20 % GoJiee HHBKYIO 110 ¢ DPABHEHHIO ¢ PacCUYUTAHHOM
Be;IMUMHOK Ha OCHOAaBHMI TepMmoIMHaMuueckux ;laHHBIX (JANAF). limMes B Buxy OTHO-
CUTEJBHO HM3KYI0 TOYHOCThH TPAHCIIHPAIIHOHHOTO MCTOjla, Hellb3st 11 PUBOJMMOE pasjinvue
CUMTATL HEIPHIO,\HLIM B CBfI3M ¢ MpejlcTABJICHHEM O KBA3WKOHI'DYCHTHOM HCIIAPEeHUU
NazB3407 B npucyrersun H,O.

Pue. l. Tesmnepamypraa zagucumocmdv Oasaenus napos NaxBsOs ¢ cyrom u enancrom
2ase-rocumene (N2 u N2 ¢ 19,5 % no oévemy H:0).

Puc. 2. Temnepamypnasa zasucumocms dasaenus napo¢ Na:13:0; das pasnyiz napyuasbrbix
dasarHUiL napa & 2aze-Hocumeaqe.
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