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The origin of the dust emissions of glass melting furnaces is associated with number of chemical
reactions passing through the melting of the components of the batch and consequently during the
formation of the volatile compounds and their interaction with the reactive components of gaseous phase.
Chemical reactions also take place during the cooling and condensation of waste gases of the glass melting
furnaces. At the stage of glass melt formation the glass raw-materials with higher vapour tension volatile at
relatively low temperatures. Alkaline oxides, borates and lead oxide are easy to evaporate from the silicate
melts. Alkaline oxides evaporate incongruently with dissociation, while borates evaporate congruently in a
monomolecular form or in the form of a dimer. Lead oxide evaporates in the form of simple molecules or
in a poly-molecular form. If volatile component reacts with some of the reactive compounds present in
gaseous phase, its evaporation can be accelerated. Water vapour significantly accelerates volatilisation of
alkali oxides and boron oxide. Reactions with sulphur dioxide, particularly in the presence of water
vapour, accelerate volatilisation of alkaline oxides. Carbon monoxide and oxygen modify the chemical
equilibrium of dissociative reactions and in this way influence evaporation of alkaline oxides, PbO and
others components of silicate melts. Sodium sulphate is the main component of the condensate of the
waste gases by the melting of soda lime glasses, while PbO and PbSO, are the main solid components
found in waste gases coming from melting of lead glasses. Alkaline borates are usual products of
evaporation of glasses containing boric oxide. The application of the methods and knowledge of the high
temperature chemistry can contribute significantly to obtain more detailed information about the nature of
chemical changes accompanying evaporation of volatile components from silicate melts.

1. Introduction

Evaporation of volatile components from silicate melts is the main source of dust
emissions from glass furnaces. For illustration, in dust emissions from tank furnaces for
melting flat glass, more than 95% is sodium sulphate which is generated by condensation of
products of sodium oxide vaporisation '. Glass furnaces for melting other kinds of glass
produce numerous other dust particles, generated by condensation of volatile compounds of
boron, potassium, lead, selenium, fluorine, phosphor and other elements. Current knowledge
of the vaporisation process includes the effect of main technological factors on vaporisation,
and basic ideas on elementary sub-processes which make up this process. According to the
so far published theories > > | the process of vaporisation includes transportation sub-
processes in the melt and in the gaseous phase, and chemical reactions. The aim of this
paper is to summarise basic data on evaporation during the stage when the glass melt is
being formed, and on vaporisation of molten silicates in relation to chemical reactions which
accompany this process.

2. Types of chemical reactions

1. Formation reactions - reactions in the batch and melt which lead to the formation of
volatile compounds.

2. Evaporation reactions - decomposition or polymerising reactions which take place
during the transition of the volatile compounds from the melt to gaseous phase.



3. Interface reactions - chemical reactions between some components of liquid and
gaseous phases. These chemical reactions form a basis of the so-called reactive
evaporation.

4. Gaseous reactions - mutual reactions between the evaporated components and the
products of fuel combustion and, possibly, dust particles which come from the glass batch.

3. Evaporation of glass batch components

Some glass batch components have vapour tension so high that they noticeably
evaporate already at relatively low temperatures. In volatilisation of pure substances, the rate
of evaporation depends on the value of equilibrium pressure of the gases above solid or
liquid substances at the given temperature. The following table shows data for some easily
volatile compounds, which characterise their behaviour when being heated (melting point
T,, and the temperature at which they start evaporating, defined as a temperature at which
equilibrium tension reaches the value 133.32 Pa (1 torr), regardless of the physical state in
which they are at that temperature) °. In some instances the data were complemented by
information about the molecular form in which the compound is predominantly found in a
gaseous phase °.

Table I Equilibrium evaporation of some pure substances

compound T (K) T332 (K) gaseous phase composition
P40, (hexag) 693 462

As,05 551 475

Se 494 617 Se s, Se,

P40y (thomb) 843 657

Sb,0; 929 850 Sb,O¢

KOH 673 990 KOH, (KOH),
NaOH 593 1012 NaOH, (NaOH),
LiCl 883 1020

Cdo 900 1020

NaCl 1074 1140

KF 1130 1190

PbO 1158 1205 PbO, Pb,0,, Pb, O,
LiF 1121 1310

NaF 1269 1350

Majority of these compounds enter into chemical reactions already at lower temperatures,
and hence the originally very volatile components are fixed as less volatile compounds. This
opportunity is denied to volatile components with high vapour tension, particularly
selenium, oxides of phosphor, arsenic and antimony, in which significant losses by
evaporation at relatively low temperatures must be assumed (e.g. in case of selenium, the
losses might be as high as 90% of the original quantity in the glass batch).

The cause of the increased evaporation of some glass batch components might be the
transformation of the originally non-volatile compound into one with a high vapour tension
as a consequence of a chemical reaction. An example is a formation of volatile sodium
hydroxide by the decomposition of sodium carbonate by water vapour:

Na,CO; (s) + H,O (g — NaOH (g) + CO, (g

This reaction can take place in parallel with a reaction between soda and silicate sand already
at temperatures around 900°C. Reactive evaporation at the presence of water vapour occurs



already at relatively low temperatures also in some other glass batch components (Sb,05).
The significance of chemical reactions taking place in the melt for vaporisation is also
evidenced by evaporation of melts which contain fluorides. With the presence of fluorides,
the following reaction takes place ":

SiO, () +4F () — SiF, (@ + 20~ ()

4. Evaporation from two- and three-component melts

Majority of volatile compounds are a product of reactions which take place between
components of the batch already in a solid state, or in the melt. The following table
summarises evaporation data of some simple melts, which are not affected by their reactions
with gaseous phase components. The selected model systems demonstrate evaporation of
main components of common silicate melts.

Table I Equilibrium composition of vapors above model melts

melt temperature range (K) composition of gaseous phase
Na,0. x SiO, 1163 - 1500 Na, O,
Nazo - B203 1248 N3802, (NaB02)2
Si0; - B,0s 1390 - 1590 B,0;
Na,O - CaO - SiO, 1240 - 1670 Na, O,
Na20 - B203 - SIOZ 1100 Na, NaBOz, (NaBOZ)z
Na,0-K,0-Ca0-Si0, 1240 - 1670 Na, K, O,
PbO - SiO, 1773 PbO, (PbO),

The table shows that the main volatile components are alkaline oxides, boron oxide, sodium
borate and lead oxide.

In case of evaporation from a binary sodium-silicate melt, we can describe the reaction
as follows:

x (N2,0 .28i0,) () = 2Na (@) + 2 O, (2) + Na,0) ;. 2x (SiO,) ()

This mechanism was confirmed by a study of evaporation of an Na,0.25i0, melt using a
high-temperature mass spectrometer. The study revealed that the only evaporating
components in this system were sodium and oxygen °. Similar conclusions can be derived
from the data on evaporation of sodium-silicate systems with a higher contents of SiO,’. An
analogous mechanism has been confirmed for evaporation of potassium oxide from binary
systems K,0-SiO, and from the ternary Na,O - K,O - SiO, system . Values of alkaline
oxides pressures are very low (less than 1 Pa) up to the temperatures of approximately 1300
°C (see Fig. 1). Hence equilibrium incongruent evaporation of alkaline oxides is for overall
losses by evaporation negligible. In practice, vaporisation losses depend on chemical
reactions and on some kinetic factors and can reach considerably higher values ".
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Fig. 1: Equilibrium pressure of sodium and potassium above alkaline silicate melts

Of borate compounds, relatively least volatile in a neutral environment is boron oxide, the
equilibrium vapours tension of which, is approximately comparable with alkaline oxides
Considerably higher vapour tension has sodium borate, NaBO,, which evaporates
congruently and very fast. The NaBO, vapour pressure values excess 1 kPa at 1100 " C and
the loss of evaporation reaches about 100 g.m “.h " at the same temperature ' (see Fig. 2).
From melts containing sodium borate together with sodium oxide, first evaporates sodium
borate in the form of a monomer or a dimer "°. Evaporation of alkaline boron-silicate melts
in an inert environment is probably preceded by reactions which create volatile components:
Na,O () + B,O; (1) = NaBO, () — NaBO, (g) or (NaBO,), (g)

Na,O () + K,O 1) +2B,0;(1) — 2 NaK BO,), (1) — 2 NaK BO,), (2
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Fig. 2: Equilibrium vapours pressure and mass losses by evaporation of NaBO, as a
function of temperature (adapted from ')



These reactions take place also in ternary systems Na,O-B,0,-SiO, °. From melts with lower
contents of Na,O evaporate metaborates (monomer and dimer). Partial pressure of the
dimer (NaBO,), is lower and shows an increase with a growing content of boron oxide in

the melt (Fig. 3)
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Fig. 3: Equilibrium vapors pressure of NaBO, and (NaBO), above melts of the Na,O-
B,03-Si0, system as a function of temperature (adapted from ©)

Considerable losses by evaporation occur in melts containing lead oxide. This oxide
evaporates congruently and its vapours have a tendency to form dimers, trimers and
tetramers (PbO),. The tendency to form polymolecules PbO grows with increasing
temperature. Lead oxide evaporates very intensively and its equilibrium pressure is in the
order of kPa already at temperatures around 850 - 900°C ' as it is seen from the Fig.4.
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Fig. 4: Equilibrium pressure of PbO above melts PbO.Si0O, and 2Pb0O.SiO; as a function
of temperature (adapted from ')



5. Reactive evaporation

Water vapour significantly speeds up vaporisation of melts containing alkaline oxides
and/or boron oxide. Reactions of pure alkaline oxides with water vapour take place already
at temperatures above 500°C, with mainly monomers of corresponding hydroxides being
formed, e.g. according to the following equation:

Na,O (s) + H,O (g) — 2 NaOH (g)

With growing temperature, the proportion of dimer in the product vapours grows, while
trimer was in small quantities observed only at temperatures above 850°C. The reaction
results in the formation of hydroxides, the equilibrium pressure of which reaches the value
of 0.1 kPa already at temperatures around 720°C. Reactive evaporation of sodium oxide
from binary melt Na,O-SiO, can be expressed by the following equation:

x [Na,0.S10,] () + n H,O (g) — [ (x-n) Na,O . x SiO, ] (1) + 2n NaOH (g)

Data on evaporation of model systems " and multicomponent industrial melts "> '* '* show

considerable growth of mass losses by vaporisation with growing partial pressure of water
vapour in the gaseous phase above melts which contain sodium oxide or sodium oxide
together with potassium oxide. Theoretical analysis of these results '* shows that with the
presence of steam, completely dominant becomes an evaporation mechanism associated
with the formation of hydroxide, whereas the contribution of a dissociative mechanism
(evaporation of Na and O,) is negligible.

Water vapour also modifies evaporation of melts containing boron oxide. Evaporation of a
pure boron oxide melt is accompanied by a formation of metaboric acid HBO, and
orthoboric acid H;BO,. The proportion between these reaction products and hence their
contribution to the total pressure above the melt, depends on the partial pressure of the
water vapour. With growing water vapour pressure, the contribution of H;BO; to the total
pressure P increases, as the following relationship applies:

_ _ 1/2 1/2 3/2
P = Pipoy * Prspos = K ixPiy) ™+ K, 7" x Py

However, the water vapour does not take place in the evaporation of the NaBO,.2S8i0, melt,
because in this case the main volatile component remains NaBO, . If the melt contains
more sodium oxide than its molar content in NaBO,, evaporation in the form of sodium
hydroxide takes place, while the surplus of boron oxide in the melt leads to evaporation in
the form of metaboric acid "> '* "> °,

In melts containing PbO, the effect of water on evaporation is ambiguous. Water vapour
reacts with lead oxide forming unstable hydroxide, and hence in melts which apart from
PbO contain no other volatile components, its effect on evaporation is rather limited .
Multicomponent melts containing more volatile components, especially sodium oxide, show
a significant growth in the evaporation rate with a growing partial pressure of water ' *'.
Water vapour reacts at high temperatures also with other melt components. Even silicon
dioxide, regarded as a practically non-volatile component of silicate melts, reacts with water
at temperatures above 1200°C yielding gaseous compounds Si (OH),, SiO (OH), and §i,0
(OH), "

Inert gases, of which most often researched effect was that of nitrogen, can reduce the
losses by vaporisation by either partially or completely (according to their respective partial
pressures) eliminating reactive evaporation. From the practical point of view, interesting is
the effect of carbon dioxide which reduces vaporisation of volatile alkaline oxides, boron



oxide and lead oxide "*, . Another oxide affecting evaporation is sulphur dioxide which is

usually present in the gaseous phase as a result of congruent evaporation, or as a product of
the dissociative reaction:

N2,80, () — Na,SO, ()
Na,SO, () = 2Na(g +380,(g) + O, (g

Experimental data * show that at low partial pressures of SO, (< 500 Pa), dominant is

congruent evaporation of sulphate in a molecular form, and the contribution of a
dissociative reaction is negligible. When water vapour is present, sodium sulphate
decomposes according to the following reaction

Na,SO, () + H,0(g) — 2NaOH (g) + SO, (g) + O, (g)

Sodium hydroxide evaporates and increases the overall loss by vaporisation. Another
reaction which takes place in the melt in parallel with this decomposition reaction is:

N2,S0, (1) + 3 [=Si-O-Si=] () + 2 H,0 (2) — SO,(g) + 4 [=SiO-OH | (I) +
+2[=Si-ONa] ()

These reactions affect the concentration of SO, in the gaseous phase and thus increase the
proportion of reactive evaporation of melts containing sodium oxide. It has been proved by
experiments that with an increasing content of sodium sulphate in the melt grow the
volatilisation losses of industrial melts , particularly when the melt contains NaCl. Sodium
chloride is a very volatile compound and can further react with sulphur dioxide in the
following reaction:

NaCl () + SO, () — Na,SO, (I) + HCI (g)

Undesirable consequences of this reaction are obvious, and hence attempts made to reduce
the content of NaCl in the glass batch are understandable. Sulphur dioxide is the cause of
reactive evaporation also of other silicate melt components, e.g. potassium oxide, lithium
oxide and lead oxide.

Redox state of the gas mixture above the melt can also be the cause of reactive
evaporation of some components. From reduction gases, the evaporation process can be
affected especially by CO. Carbon monoxide shifts the equilibrium of dissociative reaction
of sodium oxide and contributes towards an increase of Na concentration in the gaseous
phase. And vice versa, in the conditions of oxidation atmosphere, the oxygen present above
the melt suppresses the dissociation of Na,O. A similar effect can be observed in the
evaporation of lead oxide.

At high temperatures, carbon monoxide partially reduces silicon dioxide according to the
following reaction:

SiO, (s) + CO (g) — SiO (9) + CO, ()

so that in a reduction environment, the otherwise stable silicon dioxide evaporates.

6. Concentration changes in melts by evaporation

Data on changes in concentrations due to vaporisation are not well established and
apply rather to vaporisation in laboratory conditions. For lead containing melts, a
concentration of PbO was identified in the surface layer after vaporisation under various



conditions ** . These data show that the decrease in concentration of PbO in a 4 mm thick
surface layer is significant and depends mainly on the vaporisation temperature *.

Also some results of a mathematical simulation of concentration profiles of Na,O in the
melt surface layer were published *. These results show that the concentration of sodium
oxide in 1 mm thick surface layer of 72 §iO, 13 Na,O, 5 MgO, 10 CaO (wt%) melt drops to
"a of its original value. A similar concentration profile was identified in the Na,O.2810, melt
» Thus is has been confirmed experimentally that in a humid atmosphere the drop in

surface concentration of Na,O is more pronounced.
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Fig. 5: Concentration of PbO as a function of distance from the surface of the melt

7. Reaction in gaseous phase and condensation of volatile products

In multicomponent gas mixture present in combustion chambers of glass furnaces, a
number of chemical reactions take place at high temperatures, which can affect vaporisation
by shifting chemical equilibrium of the evaporation reactions in or against the favour of
volatile products. We do not have enough information about these reactions, because data
on the composition of gaseous phase at high temperatures are very difficult to obtain. From
the practical point of view, it is useful to find out at least composition of the condensate
after the exhaust gas has cooled off. Several works deal with condensate compositions * *
based on data obtained from experiments. These data agree with information on
thermodynamic equilibrium, obtained from computing minimum of the total Gibbs’ free
system energy. These theoretical computations * imply for common sodium-calcium-silicon
glass melts the following conclusions:
® sodium starts condensing in the form of Na,SO, at approximately 1120°C and the
condensation stops at approximately 900°C. The melt solidifies after being cooled
slightly below this temperature (884°C).
. if the gaseous phases contains also potassium compounds (K,O, KOH), sodium
sulphate and potassium sulphate condensate together at temperatures somewhat higher.



. condensation of volatilisation from borosilicate melts can differ, depending on the type
and the proportional quantity of volatile components (HBO,, NaBO,). The condensate
then contains a mix of alkaline compounds and borates .

® other elements which are commonly found in condensates (Si, Al, Ca, Mg, Fe, Cr, Ba)
originate most probably from dust particles which are dissolved in the sodium sulphate
melt.

Interesting are also data on reactions undergone by products of vaporisation from lead

silicate melts. Lead oxide usually evaporates in the form of PbO molecules, and in this form

is also most commonly found in condensates. Due to the presence of carbon dioxide, more
complex lead compounds are formed during the process of cooling ** *. With sulphur

dioxide present, a certain proportion of PbO condensates in the form of a sulphate .

Conclusion

At present we have possess a relatively large amount of knowledge about chemical
reactions associated with the process of evaporation of volatile components of silicate melts.
To verify these data and obtain further information, it will be necessary to apply more
modern methods which allow direct identification of compounds and measuring of their
concentrations in melts and in the gaseous phase at high temperatures. Particularly data on
concentrations close to the phase interface will be useful for better understanding and more
precise description of the volatilisation process.

" Norman D. and Shulver 1., Amer.Cer.Soc.Bul. p. 57 - 62 (1999).

* Matousek J., Ceramics-Silikaty 35, p. 201 - 209 (1991).

’ Beerkens R.G.C. and van Limpt J., Glastech.Ber.Glass Sci.Technol. 74, p. 245 - 257 (2001).
* Beerkens R.G.C., J.Am.Ceram.Soc. 84, p. 1952 - 1960 (2001).

5 Barin 1., Knacke O., in Thermochenical properties of inorganic substances (Springer Verlag, Berlin,
1973).

¢ Stolyarova V.L., Semenov G.A., in Mass spectrometric study of the vaporization of oxide systems
(John Wiley & Sons, Chichester, 1994).

" Pentzel C., Glastech.Ber.Glass Sci.Technol. 67, p. 213 - 219 (1994).

® Piacente V. and Matousek J., Silikaty 17, p. 209 - 215 (1973).

? Matousek J., Coll.Czechoslovak Chem.Commun. 48, p. 1528 - 1531 (1983).
' Hola M., Matousek J. and Hlavag J., Silikaty 18, p. 209 - 215 (1974).

' Cable M. and Fernandes M.H.V., Glass Technology 28, p. 135 - 140 (1987).

"2 Kroger C. and Sorstrom L., Glastechn.Berichte 38, p. 313 - 322 (1965).



" Sanders D.M. and Schaeffer H.A., J. Amer.Cer.Society 59, p. 96 - 101 (1976).

'* Sanders.D.M. and Haller W K., J.Amer.Cer.Soc. 60, p. 138 - 141 (1977).

" Hanke K.P. and Scholze H., Glastechn.Ber. 50, p. 271 - 275 (1977).

'“ Wenzel J.T. and Sanders D.M., Physics and Chemistry of Glasses 23, p. 47 - 52 (1982).
" Fernandes M.H.V. and Cable M., Bol.Soc. Esp.Ceram.Vid. 31 - C, p. 161 - 166 (1992).
' Fernandes M.H.V. and Cable M., Glass Technology 34, p. 26 (1993).

' Matousek J. and Jan@i T., Ceramics-Silikaty 45, p. 137 - 141 (2001).

* Paurova D. and Matousek J., Ceramics-Silikaty 44, p. 67 - 70 (2000).

*! Opila J.E., Fox D.S. and Jacobson N.S., J.Am.Ceram.Soc. 80, p. 1009 (1997).

*? Sanders D.M., Wilke M.E., Hurwitz S. and Haller W.K., J.Am.Ceram.Soc. 64, p. 399 (1981).
» Matousek J., Glass 58, p. 22 - 24 (1981).

* Jant T., Kocova K., Matousek J. in 757 Slovak Glass Conf., 2000, edited by Slovak Glass
Society, (Slovak Glass Society, Trencin, 2000), p. 4 - 11.

* Matousek J., Hlava¢ J. in Int. Glass Symp. , 1976, edited by Pol. Glass Soc., (Pol. Glass Soc.,
Warsaw, 1976), p. 12.

* Beerkens. R.G.C., Glastech.Ber.Glass Sci.Technol. 68, p. 369 - 380 (1995).
*” Williams R.O. and Pasto A.E., J.Am.Ceram.Soc. 65, p. 602 - 606 (1982).

* Matousek J., Paurova D. in Fundamentals of Glass Science and Technology, 1997, edited by S.
Persson, (GLAFO, Vixjo, 1997), p. 65 - 71.

* Brooker H.at all, Canadian Journal of Chemistry 61, p. 494 - 501 (1983).



	General
	Sessions
	Current session

