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INTRODUCTION

This thesis contains a collection of papers and manuscripts
concerning the mechanisms of melting and fining reactions
in a model silicate glass-forming mixture containing As, O3.
Fining is the process of disappearance of gasbubbles from
glass melts. As, O3 is a fining agent. Fining agents are added
to glass-forming mixtures to reduce the time needed for
glass melts to become bubble free. The aim of the investiga-
tions, presented in this thesis, was to clarify the complete
reaction mechanism of As, O; fining.

In this introduction a short description of silicate glass
melting and fining will be given together with a literature
review and a resumé of the papers and manuscripts included
in this thesis.

I. Silicate glasses, melting and fining

The glass that is generally used for windowpanes, kitchen-
ware or bottles is described in the glass technology as
soda-lime-silica glass. It is prepared for more than 3000
years by melting appropriate mixtures of sand (SiO; ), soda
(Na, C0O3) and lime (CaCO3) to a viscous liquid which can
be cooled without crystallization to a transparent solid
material, “glass”.

Soda-lime-silica glasses usually show a good corrosion
resistance and are shaped relatively easily at temperatures
above 800°C for instance by blowing or pressing. The basic
composition of the glass-forming mixture is:

15 mol% Na, CO; — 10 mol% CaCO; — 75 mol% SiO, .

In a practical glass, part of the sodium is replaced by
lithium or potassium and part of the calcium is replaced
by other alkaline earth metal ions. Some aluminium oxide
is added to decrease the tendency towards crystallization of
the glass melt and to increase the corrosion resistance.

For decorative or technical purposes glass may be colored
by the introduction of transition metal ions.

Sometimes extra iron oxides are added to improve the heat
absorption of the glass melt.

By changing the glass composition important properties
such as refractive index, thermal expansion, viscosity and
electrical conductivity can be varied over wide ranges.

An important class of glasses, based on the soda-lime-silica
formula compromises glasses which are used for the
production of television screens. The main difference with
normal soda-lime-silica glasses is that in these glasses
calcium is replaced for a large part by barium. The presence
of barium in the glass largely increases the absorption of
UV- and X-rays.

The viscosity of silicate glasses shows a remarkable
dependence on the temperature. An example is given in
fig. 1 for NBS 710 glass. Blowing of this glass can be
performed at temperatures from 700 to 820°C,
corresponding to log(n) = 6-8. Pressing of the glass may be
done at 900°C where log(n) is about 5.

The “glass transition point” of NBS 710 glass is found at
544°C. This point is usually taken as the temperature
where log(n) = 13.6. Here the characteristic times for
deformation processes become of the order of one minute.
The glass transition point indicates the transition of the
glass from a “solid” to a liquid” or vice versa.

The viscosity of NBS 710 glass, which is a soda-lime-silica
glass, decreases by more than ten decades, going from the
glass transition temperature, at 544°C, to the melting
temperature, at 1400°C, where log(n)~2. The large viscosity-
temperature range of practical silicate glasses gives the
possibility of a large number of fast forming techniques,
but is also the cause of serious glass-melting problems.

This can be seen when the simplified overall melting
reaction of soda-lime-silica glass batches is considered:

15 Na, CO;+10 CaC0;+75 Si0, 1400 C, -
15 Na,0.10 Ca0.75 SiO, (viscous glass melt) + 25 CO, *

The carbonates originally present in the batch decompose
and large quantities of CO, gas will develope. This results in
a large quantity of bubbles in the glass melt. Besides CO,
these bubbles may also contain other gases such as N;, O,,
H, 0, CO and SO, from furnace atmosphere or from other
decomposing batch components.

Gas bubbles may disappear from a glass melt either by
dissolution or by rising to the surface of the melt. In
practice both processes are important. The dissolution
speed of the various gases depends on the chemical nature
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of the glass melt but especially on the presence of redox
couples. The gases N, and CO, generally have a very low
dissolution speed so that they have to disappear by rising
to the surface of the melt.

At practical melting temperatures, for silicate glasses
1400-1600°C, the viscosity of the glass is still about 100
d Pas. This relatively high viscosity results in a sluggish
homogenization of the melt and a very slow disappearance
of bubbles by rising to the surface of the melt. According
to Stokes’ law the rising velocity is:

2
V = b gAp-

18n
D = bubble diameter
g = acceleration due to gravity
Ap = glass-gas density difference
n = viscosity

The average rising speed for non-dissolving gas bubbles in a
silicate glass melt at melting temperature is given in the
table below for various bubble diameters.

diameter (um) rising speed

10 1.6 years/m

100 5.8 days/m

1000 1.4 hours/m
10000 0.83 minutes/m

Bubbles of 10um diameter or less are generally unstable due
to their relatively high surface energy. They dissolve rapidly
in the melt if they are accidently formed. Bubbles with
diameters of 1 mm and more rise to the surface of the melt
within reasonable times. Bubbles with diameters around
400um constitute a serious problem, especially where the
demands for optical quality are high.

Several methods have been proposed to minimize the time
needed for glass melts to become bubble free (* ~2); in
other words to optimize the “fining” or “refining” process:

— Control of glass streams -by means of special furnace
constructions and heating methods and by means of gas
streams.

— Application of ultra sound or low pressure.

— Boosting: application of local high temperatures by
means of electrode heating.

— Selection of special raw materials.

— Addition of fluoride to speed up the batch reactions.

— Application of “fining agents”.

The application of fining agents is the oldest and most
common of these methods. Fining agents are added to glass-
forming batches in quantities of 0.1 - 1 weight%. They may
result in reduction of the bubble-free time by as much as a
factor of ten. The most important fining agents are:

— Sulphates in combination with carbon; mainly used in
the flat glass and container glass production.

— As; 05 and Sb,0; in combination with nitrates; used
for the production of optical glasses and television
screen glasses.

The aim of the investigations, presented in this thesis, was
to clarify the complete reaction mechanism of As,0;
fining.

A literature review of studies on the function of As, 0,
during melting and fining of silicate glass-forming batches is
given in section 2 of this introduction. A description of the
experimental methods, used for the investigations, is given
in section 3.

A survey of the papers and manuscripts is given in section 4.

II. Literature on melting and fining of As, O;-containing
silicate glass batches

The total glass melting process can be divided into a batch
reaction process and a fining process.

The batch reaction process contains the primary chemical
reactions of the raw materials with the formation of crystal-
line and liquid silicates and the dissolution of sand into the
silicates initially formed. The fining process can be regarded
to some extent as a separate process of bubble dissolution
or growth and rising to the surface of the melt (* ~3).

As was already pointed out by Cable (*) a strong relation
between the batch reactions and the fining process will
always exist. This relation has not received much attention
in the literature. Batch reactions in glass-forming batches
have mainly been studied in the Na,CO;-CaCO,;-SiO,
systems using X-ray diffraction or thermal analysis
techniques (*~*). No direct studies of the reaction
mechanisms for As, O3 during the batch reactions have
been published. Cable () studied mixtures of molar
composition 3Na,CO; — 1As,03, heated at various
temperatures. He concluded that Nay AsO, (As® *) is formed
at 700°C and some As at lower temperatures.

A detailed proposal for the low temperature reactions of
arsenic in soda-lime-silica batches was given by Eichorn (°)
who also studied mixtures of Na, CO; and As,O5:

5 As, 03 +5 Na, CO, 180350 C 10 Naas0, + €O, 1%)

10 NaAsO, +4 Na,C0; 399-500°C ¢ Na, AsO, +4 CO, 1
+4 As¥)

4 As+30, 2 As; 03

The oxygen in the last reaction may be obtained from the
furnace atmosphere or from decomposed nitrates, which
are always added in combination with arsenic.

Reactions as mentioned above do not consider the inter-
action with the silicate reactions which occur at higher
temperatures.

The most general view from the literature on the function
of As,O; in the fining process of silicate glass melts is at
follows:

*) The formation of NaAsO, and As was also found in
preliminary experiments by the present author.



— After the initial batch reaction process a silicate melt is
formed with many bubbles. Arsenic is present in this
melt partly as As®* and partly as As®*.

— When the temperature in the melt increases the lower
valency state of arsenic is thermodynamically favored
which causes an oxygen release. This can be given
schematically as:

+AT

ASz 05 As2 03 + O2T

— The oxygen which is released by this reaction inflates
the bubbles in the melt so that they can rise to the
surface of the melt with a sufficient speed.

When this hypothesis is true there must be an change of
the As®¥/As®* ratio as a function of the melting temperature
of glasses. To the knowledge of the author there are no
systematic studies of the effect of temperature on this
As®*/As%™ ratio in the literature. This is probably related
to the many problems encountered with wet-chemical
As®*/As’* analyses of silicate glasses (7).

Indirect studies of the function of As, 05 in the fining part
of the glass melting process are given in refs. 5, 8-16. Cable
et al (5'®7!') performed analyses of bubble content,
bubble size distribution and number of bubbles as a
function of melting temperature and time. They used a
soda-lime-silica batch with and without small additions of
As, O3 and/or NaNOj; as fining agents.

It was found that when As, O; was used as a fining agent
the 0,/CO, ratio in the bubbles increased with the melting
time. From this a bubble growth mechanism by oxygen in-
diffusion was concluded.

The optimum concentration of fining agents was shown to
correspond with a maximum in the concentration of oxygen
in the bubbles formed. A bubble growth mechanism by
oxygen in-diffusion was also concluded by Nemec (!?),
who used direct observation of large bubbles at melting
temperatures, and Mulfinger (*3) and Van Erk et al ('*),
who studied bubble content as a function of melting time
in various glasses. It was suggested in ref. 14 that small
oxygen bubbles which did not disappear by rising to the
surface of the melt are resorbed upon cooling.

Oxygen resorption upon cooling has been experimentally
confirmed by investigations of Greene et al (°>'%), who
studied the dissolution of oxygen bubbles in well-refined
soda-lime-silica glass melts.

An As,0O; fining mechanism for small bubbles of bubble
inflation by O, in-diffusion, followed by O, resorption
upon cooling cannot work, however. Bubbles, which are
found at the end of a normal melting process, always
contain N, and/or CO,.

When during melting a badly soluble N,/CO, bubble is
formed it may be inflated by O, in-diffusion upon
temperature increase. If this inflated bubble does not rise to
the surface of the melt and O, is resorbed again upon
cooling a N,/CO, bubble still remains. The disappearance
of insoluble bubbles from a glass melt is an irreversible
process; a thermally induced shift in As®*/As®" ratio,

causing oxygen release or resorption is a reversible process.
A simplification that has always been made in previous
studies on fining mechanisms is that the fining part of the
melting process is regarded separately from the initial batch
reactions.

It is shown in the investigations of this thesis that this is an
oversimplification. Important irreversible shifts in the
As®*/As® " ratio are found to occur just in the initial batch
reactions before the formation of the product glass melt.

III. Experimental work

The experimental work consisted in essence of the measure-
ment and interpretation of laser Raman spectra taken from
glass-forming batches which had reacted for different times
under various conditions. A simple model system was
chosen of composition:

30 mol% K, CO3 — 70 mol% SiO, with and without
0.5 or 1 mol% As, 0.

The system offered the following advantages:

— The composition is the simplest possible for silicate
batches, reducing the number of intermediate compounds
in the reactions.

— Raman spectra of potassium silicate glasses are relatively
well resolved compared to sodium (and lithium) silicate
glasses.

— The system shows similar melting and fining charac-
teristics as the practical systems.

— 30 K,0.70 SiO, glass shows no phase separation effects
(*7) which may result in special effects as regards the
fining process.

— The glass composition corresponds to disilicate (K,Si; Os)
which is also the case for practical soda-lime-silica based
systems.

— Arsenic compounds give relatively intense and well
resolved Raman peaks, compared to antimony
compounds.

In laser Raman spectroscopy (LRS) samples are irradiated
with an intense laser beam and the inelastic components of
the scattered light are analysed using a high performance
spectrometer system. A Raman spectrometer system consists
of a double monochromator and a Peltier-cooled photo-
multiplier tube together with a photon counting or direct
current amplication system.

In many cases the spectra of the scattered light show peaks
at frequencies v higher and lower than the frequency v, of
the primary light source. The energy differences hyv, =
lh(v — wgy)l correspond to energy differences between
quantum levels in the irradiated systems.

The spontaneous Raman effect, considered here, is shown
schematically in fig. 2. Normally the “Stokes’ spectrum is
measured as it is more intense as the ““ Anti-Stokes” spectrum.
In the investigations presented in this thesis the vibrational
Raman effect is measured in which the energy levels,
involved in the Raman process, are caused by vibrational
modes of molecular bonds.
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The use of LRS as an analytical technique for identification
and quantitative determination of vitreous and crystalline
phases in glass-forming mixtures offered the following
advantages:

— The method is non-destructive.

— There are no surface effects.

— Quantitative determination of both crystalline and
vitreous phases.

— No absorption effects for the systems investigated.

— Identification of unknown phases by group frequencies.

— Raman spectra of glasses with networks which are based
on XO, tetrahedra or X0O; pyramids are well resolved
and characteristic. This makes LRS particular useful for
identification of these glasses in multi-phase solid state
mixtures.

For identification purposes a number of glasses and
crystalline compounds were prepared and their Raman
spectra were taken and interpreted in terms of network
structure, The following systems have been investigated:

- K,0 - Si0, — CO, glasses,

— K;0 — As,05 glasses and the compounds y-KAsO;,
KsAs30;4,KsAs,0, and a-K; AsO,,

— K;0 — As,0; glasses and the compounds K;AsO;,
KAsO, and KAs;Os.

An attempt was made to obtain an accurate non-destructive
determination of shifts in As®*/As®* ratios in potassium
silicate glasses as a function of melting temperature and
composition. For this purpose high accuracy Raman glass
spectra were recorded under full computer control after
which the intensity ratio of characteristic As®* and As®*
peaks was determined.

IV. Summary of the papers and manuscripts in this thesis

In this section an outline is given of the results and
discussions of the papers and manuscripts in this thesis.

They are listed in chronological order in the reference list as
refs. 18-24. Ref. 20 gives the basic ideas of the author on
As,0; fining. It contains a Raman study of the batch
reactions in a 30 K,CO; — 70 SiO, — 1 As, 05 batch
together with a proposal for the fining mechanism of As, O .

An older study of batch reactions in the same system, but
without As, O, is given in ref. 19.

A study of the fining part of the melting process is given in
ref. 24, where arsenate and arsenite structures, occuring in
potassium silicate glass melts, are identified by their Raman
spectra. The intensities of arsenate and arsenite Raman
peaks are used in ref. 24 to study the effect of temperature
and glass composition on the As®*/As®* ratio.

For identification purposes Raman studies were performed
of arsenates (ref. 21) and arsenites (ref. 23) in the vitreous
and crystalline state.

In ref. 18 a study of the Raman spectra of carbonate ions,
dissolved in potassium silicate glasses, is reported. It
appeared that in glasses with batch composition x K, CO4
(100-x) SiO, large amounts of CO, remained dissolved for
compositions with x > 40, especially at low melting
temperatures. The peaks in the Raman spectra of the
glasses, caused by dissolved CO,, could be very well
ascribed to CO%~with D3y, symmetry. The results of ref.
18 were used in the batch reaction studies of refs. 19 and
20.

In ref. 19 the chemical reactions in a model glass-forming
system with batch composition 30 K,CO5; — 70 SiO, were
followed.

Batch mixtures were fired for various times and temperatures
and the Raman spectra of the quenched powdered reaction
products were taken. Crystalline potassium disilicate
(K, Si,05) was identified in the mixtures in addition to
carbonate rich silicate glass in the initial stage of the
reaction, while disilicate glass was found when the reaction
approached completion. The glasses found in the mixtures
after quenching to room temperature correspond to liquid
phases at the reaction temperatures.

From the Raman spectra a reaction process was derived
which was divided into three stages:

1. SiO, grains in the batch are attacked by K,CO; with
the formation of a crystalline K,Si, Os layer directly
around them and a potassium-rich liquid layer containing
metasilicate chains and carbonate ions.

2. When all the K,CO; has been used in the reactions of
stage 1, the potassium concentration in the liquid phase
decreases by diffusion of potassium into the SiO, grains
(the cores of which are still present) and more crystalline
K, Si, O5 is formed.

The carbonate solubility decreases rapidly with the
decrease of the potassium concentration in the liquid
phase and CO, has therefore to escape (cf. refs. 18, 25).

3. After completion of the diffusion process small SiO,
cores are still present, surrounded by crystalline K, Si, Os
and a liquid phase with about the same composition.
When the reaction temperature remains below the melting



temperature of K,Si, 05 (1015°C), the liquid phase will
convert slowly into crystalline K, Si, Os. A mixture of
Si0, and mainly K, Si; Os will be the result.

However, at temperatures above 1015°C the K, Si, Os
phase will melt completely, and the remaining SiO, will
dissolve.

Apparently CO, does not escape directly with the reaction
of K,CO; and SiO, but instead a carbonate-containing
liquid is formed which releases CO, slowly with the
formation of the silicate melt.

In ref. 21 a Raman study of glasses and crystalline com-
pounds in the K3;AsO, — KAsO; system is given. The
results of this study were used for identification purposes in
refs. 20 and 24.

The compounds o-K;AsO,, K4As,0,, KsAs;O0,o and
v-KAsO; were prepared by solid state reaction of KHAsO,
and K,CO;.

Glasses of composition x K,0.As, 05 with x = 1-2, were
prepared by fast quenching of melts.

The structures of the compounds y-KAsO;, K4 As, O, and
a-K3AsO; were deduced from analogy with sodium
arsenates, the structures of which were known from the
literature.

The compounds y-KAsO;, K4 As, 07 and a-K;AsO, were

concluded to consist of As, 03073 chains of AsQ, tetrahedra.

The structure of the compound K5 As; 0, , was determined,
as described in ref. 22, by X-ray single crystal diffraction
and was found to consist of strongly bent As; 03 5 chains.
The network structure of the x K,0.As,Os glasses was
derived by comparison of their Raman spectra with the
powder spectra of the crystalline compounds and proved to
resemble closely the structure of the arsenate ions in the
crystalline compounds. It was concluded that As,O3h:%
chains were present in the glasses with n = oo for x = 1 to
n=2forx=2.

In ref. 23 the preparation and Raman spectra of compounds
and glasses in the system K, O — As, O are described. The
spectral data from this study were used again for
identification purposes in refs, 20 and 24.

The crystalline compounds K3 AsO;, KAsO, and KAs;Os
were identified in fired mixtures of KOH and As,0; by
inspection of the Raman spectra of these mixtures. The
structure of the compound K;AsO; was concluded from
stoichiometry to contain AsO3 “pyramids.

The structure of the compound KAsQO, was deduced from
analogy with the compound NaAsO,, whose structure is
known to contain chains of AsO; pyramids. A hypothesis for
the structure of KAs; O was given, proposing a network of
chains of As; O3 rings connected via a bridging oxygen atom.
Potassium arsenite glasses with molar composition K,O.
xAs, O3 with x = 1,2 and 3, were prepared in sealed quartz
tubes and their Raman spectra were taken. By comparison
of these Raman spectra with those of the crystalline
compounds, a network structure of interconnected As, O;
rings was concluded for the glasses with x =2 and 3 and a
structure of simple chains of AsO; pyramids for the glass
with x =1.
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In ref. 24 a Raman study is reported of arsenate and arsenite
structures in potassium silicate glasses. In this study an
analysis is made of the As®*/As®* ratio in 30 K, 0.70 SiO,
glasses as a function of temperature to study the reactions
of arsenic in the fining region of the glass melting process.
The glasses had a batch composition: x K, CO; {100-x)SiO, -
0.5 As, 05 with x =10, 20, 30, 35, 40 and 50. The melting
temperatures were 1400°C for x = 20, 35, 40 and 50;
1600°C for x = 10 and 1300, 1400, 1500 and 1600°C for
x = 30. The melting atmosphere was oxygen.

The contributions to the Raman spectra of the glasses,
which were caused by the As, O3 additions were obtained
by preparing difference spectra of glasses with the same x
with and without As,0, additions, using computer
controlled data acquisition.

It was found that for 35 < x <S50 arsenic is mainly present
in the pentavalent state as AsOj3 ~ions, while for x < 35
pentavalent arsenic was found in As, O3~ or As;035 ions
and trivalent arsenic as As,O3 37 chains which n increasing
at decreasing x.

From the intensities of the Raman peaks caused by the
arsenite and arsenate structures it was found that, besides
the strong increase of the As®>*/As®" ratio going from x =
50 to x = 30, there is a weaker increase going from x =30
to 10.

For the glasses with x = 30 no significant temperature
effect was found on the As®*/As®™ ratio. So, using this
result, the “classical” hypothesis for arsenic fining, which
assumes a temperature induced O, development, cannot be
true for 30 K, 0.70 SiO, glass.

It is interesting to remark at this point that preliminary
results of a study of the 15 Na,CO5-10 BaCO;-75 SiO,-
0.5 As,03; system indicate that liquid-liquid phase
separation phenomena above 1400°C may give a chemically
induced O, development, which can be interpreted as a
temperature effect.

In ref. 20 a study is reported of the batch reactions in a
glass-forming mixture of molar composition 30 K,CO;-
708i0, -1 As,0; using the same techniques as in ref. 19.

It was found that the chemical reactions in this mixture
follow the same path as in the mixture without arsenic
as far as the silicates and carbonates are concerned. The
reaction path of the arsenic compounds could be followed
very well and turned out to be connected with the formation
of silicate during the reactions.

In accordance with the division for the 30 K, C0O5-70 SiO,
mixture (ref. 19) three reaction stages were again
distinguished:

1. SiO, grains are attacked by K, CO; with the formation
of K,Si;Os and a potassium-rich liquid containing
carbonate. As,0; forms crystalline K;AsO,, possibly
by the mechanism of Eichorn (cf. ref. 6 and section 2).
This K3AsO, dissolves in the liquid phase, forming
AsO3 “tetrahedra.

2. The potassium concentration in the liquid phase
decreases gradually by out-diffusion, accompanied by
the release of CO,.



During this process the dissolved AsO3~ ions become
instable because of the lower cation concentration and
condense according:

2 K3 ASO4 +2 Si0y —— K4 As, 07 + K2 812 05

The lower potassium concentration also favors the
trivalent state of arsenic and part of the As, 0% ions
react in its turn according to:

n K4 ASz 07 + (2n—4)5102 —_—
2 Kn+2A5002 n+1+(n-2) K, 8i, 05 +n0, 1

In this reaction As,O;h33 chains are formed which is
accompanied by the formation of oxygen.

3. The remaining SiO, cores dissolve in the silicate melt.
During this process more arsenite and O, is formed as
the potassium concentration in the melt lowers further
(cf. ref. 24).

From the observed reaction path ofarsenic during the melting
reactions a mechanism for the fining action of arsenic in
silicate glass batches is formulated which is based on the
oxygen release, triggered by the chemical reactions during
the melting process.

In the first stages of the melting reactions a foamy
mixture of various phases is formed, with bubbles or
pores containing CO, form the carbonates in the batch
and N, from the furnace atmosphere or from decom-
posed nitrates. The initially formed liquid phase is rich
in alkali and/or alkaline earth ions and contains carbonate
and AsOj~ ions. As the reaction proceeds the cation
concentration in the liquid phase decreases so that the
solubility of the carbonate decreases drastically and CO,
gas is liberated.

When after the bulk release of CO, gas the final (disilicate)
composition is reached in the liquid phase, the AsO;~
ions react to more condensed arsenates and arsenites.
This causes an increasing release of O, from the liquid
phase which sweeps CO, and N, in open pores away
and which inflates closed bubbles in the melt. The sweep
effect is particularly effective as O, is formed near the
surface of dissolving SiO, grains where the cation
concentration is lowest.

Finally in the raw silicate melt only O, bubbles remain
which disappear very easily by dissolution.

This mechanism is different from the “classical” hypothesis
of temperature induced oxygen release. It does not reject
the classical hypothesis of temperature triggered O, release,
but it forms at least a very important contribution to the
process of As, 05 fining.

V. Final remarks
In the authors’ opinion a fairly consistent picture has now

been obtained of the behavior of arsenic in glass melting
reactions and of its function in the fining process. It was

found that it is very well possible to follow chemical
processes, which occur during glass-formation, by the use of
laser Raman spectroscopy as an analytical technique.

When the method of LRS is applied to study practical large
scale processes it will be possible to obtain optimal temper-
ature — time curves for the melting process and it will also
be possible to obtain an optimal choice of raw materials
and batch preparation. In conclusion the following topics
are interesting for future studies:

— The behavior of Sb, 05 during glass-melting. Preliminary
studiés have indicated that ‘“antimony peaks” in Raman
glass spectra can be obtained from computer-processed
difference spectra.

— The function of nitrate additions.

— Non-destructive CO, analyses in practical glasses from
their Raman spectra. Previous attempts to do this have
failed but the recently available computer-controlled
data acquisitation opens new perspectives.

— Quantitative Raman studies of batch reaction and fining
kinetics in practical glass-forming systems to support
furnace design an process control.

— Further accurate As®*/As®™ (and Sb®*/Sb5™) analyses
in various glass systems using computer processed
Raman data, chemical analysis or ESCA. Continued
work in this field would be particularly useful for studies
of the effect of temperature, atmospheric conditions and
phase-separation phenomena on the As®*/As®* ratio in
various glass systems.
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Raman Scattering of Carbonate Ions Dissolved in Potassium
Silicate Glasses

H. VERWEI], H. VAN DEN BOOM, and R. E. BREEMER
Philips Research Laboratories, Eindhoven, The Netherlands

Raman spectra of glasses, prepared from a mixture of K,CO;

and SiO.,, give evidence for the presence of almost isolated

planar CO,?" ions, dissolved in the glass. It appears that mea-

surement of the Raman spectra is a useful nondestructive

method for the determination of the CO,?>” concentration in
glasses.

I. Introduction

sTuDY of potassium silicate glasses by Pisarchik er al.' in-
dicated that after SiO, and K,CO; were melted to a glass,
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Fig. 1. Setup for pouring glass samples with flat
surfaces.

large quantities of CO,%~ remained. They assigned the absorption
band at 1400 to 1500 cm ™! (observed in the ir spectrum of a glass
prepared from 50 mol% K,CO; and 50 mol% SiO,) to vibrations
within CO4*~ groups dissolved in the glass.

Weil? and Kroeger and Goldmann? measured the CO, concentra-
tions of alkali-silicate glasses by vacuum extraction. Pearce* mea-
sured CO, concentrations in soda-silica melts using C'*-enriched
CO,. All the investigators' ™ observed a strong increase of CO,
solubility in alkali-silicate glasses on increase of the alkali content.
Recent testing with Raman spectroscopy® showed that carbonate-
rich glasses (with CO42~ concentrations >1 mol%) occurred as an
intermediate product during the glassmelting process in a
30K,CO;-70Si0, batch. A detailed Raman study of carbonate-
containing glasses was begun because: (1) We are interested in the
molecular structure of CO,%7, dissolved in glass, and (2) Raman
spectroscopy is a nondestructive analytical tool with a high spatial
resolution® (<10 um) which can be used to determine CO,2~ con-
centrations as a function of position in the glass. The present study
measured glasses with batch composition xK,CO3(1 —x)SiO, with
x=0.40, 0.45, and 0.50 mol.

II. Experimental Procedure

The glasses were prepared by mixing K,CO4* (purity >99.9%)
and SiO, (ground rock crystal; mean particle size 250 wm, purity
>99.999%), this mixture was melted in an Al,O, crucible in air.
The reacting mixtures were very foamy. The batches, which had a
total weight of 50 g, were introduced in 5-g portions at intervals of at
least 5 min. After the last portion was introduced, the melt was
allowed to stand in the oven for 1 h, with the temperature kept
constant within 1°C. ‘

This glassmelt was poured into a preheated graphite ring placed
on a nickel plate which was polished to optical flatness (Fig. 1); the
temperature of both was =~400°C. In this way, a glass sample with a
cylindrical shape and a sufficiently flat surface was obtained. The
sample was tempered in a dry oxygen flow. The Raman mea-
surements were performed with an exciting wavelength of 5145 A
(argon-laser).* The apparatus is described in Refs. 7 and 8. During
the measurements the sample was placed in a dry CCl,-filled cell
(Fig. 2). Because the samples were very hygroscopic, all sample
handling at room temperature was performed in adry nitrogen-filled
glove bag.*

For comparison, Raman polarization measurements were per-
formed on a solution of K,CO, and KOH in water. The KOH was
added to ensure that no HCO;™ ions were present in the solution.
The measurements were made with a special rotating cell which
made it possible to eliminate the water bands from the spectrum
(Ref. 9). The Raman spectra of some water-free carbonates were
obtained from powdered, thoroughly dried samples contained in a
capillary I mm wide. Some ir spectra were also taken, using the KBr
technique. The CO, content of the glass samples was determined by

*E. Merck AG, Damnstadt, Federal Republic of Germany.

tQuality A123. Degussa, Frankfurt, Federal Republic of Germany.
$CRS2, Cohe iation, Palo Alto, Calif.

§Model 1%R, Instruments for Research and Industry, Cheltenham, Pa.
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Fig. 2. Cell for polarization measurements.

extraction at 1000°C in O,, followed by a conductometric determi-
nation (Table IV).

III. Experimental Results

Figures 3(4) and (B) show the Raman spectra (optical measur-
ing geometry: X(ZZ+ ZX)Y, according to Ref. 10; in our case X is
the direction of the primary beam; Y is the direction of observation;
Z is the direction perpendicular to the XY plane) of glasses melted
from xK,CO3(1 —x)SiO, with x=0.40, 0.45, and 0.50 mol, at a
melting temperature of 1100°C. The assignment of most of the
observed peaks has been described in the literature.!"'2 Peaks at
1100, 590, and 550 cm ™! have been assigned to a disilicate network
occurring in crystalline K,0-28i0,. Peaks at 940 and 590 cm™!
have been assigned to a metasilicate network occurring in crystal-
line K,0-Si0,. The peak at 830 cm™! is assigned to an isolated
SiO,*~ tetrahedron occurring in various orthosilicates. The disili-
cate network has 1 nonbridging oxygen ion (NBO); the metasilicate
chain has 2 NBO’s and the SiO,*" tetrahedron has 4 NBO’s. The
Raman spectra of the glasses also clearly show peaks at 1040, 680,
1428, and 1770 cm™*, which so far have not been related in the
literature'**2 to vibrations in a silicate network. Figures 4(4) and
(B) give the Raman spectra (optical measuring geometry:
X(ZZ+ZX)Y) of glasses with batch composition SOK,CO,-50
Si0,, melted at 1000°, 1100°, and 1200°C. The relative intensity of
the peaks at 1770, 1428, 1040, and 680 cm ™! is seen to decrease as
melting temperature increases, although the relative intensity of the
830 cm™! peak (orthosilicate) increases with melting temperature.

Polarization properties of the Raman spectrum of a glass with
x=0.50, melted at 1100°C, were measured. Spectra with optical
measuring geometries X(ZZ)Y and X(ZX)Y are given in Figs.
5(A) and (B) in which it can be observed that the silicate peaks at
940, 830, and 590 and the peaks at 1040 and 1770 cm™" are strongly
polarized, while the peaks at 1428 and 680 cm™ are depolarized.
Experimentally the corrected depolarization ratio (p=1;x/lz) of
the peak at 1428 cm ™! is found to be 0.8 =0.1. The correction for
systematic errors has been performed, with the aid of the 318 cm™
line of CCl,. The depolarization ratio of the 1770 cm ™' line is very
close to zero. The exact values of the depolarization ratio for the
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Table I. Observed Vibrational Modes (¢cm ™!) of Various Waterfree Carbonates*
A,' mode A," mode E’ mode E' mode A" X A, mode Reference
Compound Raman ir ir Raman ir Raman ir Raman Raman ir

Li,CO, 1088s 1090w 865m 1458w 1450s 708w 720m 1769w om 13
+1510s +747w +740w

Na,CO, 1076s 880m 1425w 1450s 697w 1764w om 13

K,CO; 1053s 1060w 880m 1396w 1450s 678w 710m 1759w om 13

RbCO, 1052s 1050w 876m 1391w 1380s 683w 778m 1763w om om

CsCOq4 1034s 1050w 877m 1378w 1350s 671w 673m 1755w om om
677m

CaCO,4 1081s 875m 1431w 1450s 707m 715m 1744w om 13

(calcite)

3 1067s 1070w 860m 1444w 1450s 696m 700m 1765w om 13
710m

BaCO, 1057s 1060w 860m 1419w 1450s 689m 695m 1768w om 13

*s=strong, m= medium, w=weak, om =own measurements.

peaks at 1040 and 680 cm ™! cannot be determined, owing to the
background, although it is clearly seen that the line at 1040cm™" has
a depolarization ratio near zero, whereas the line at 680 cm™" is
depolarized.

Measurements of a solution of K,CO; in water showed | strongly
polarized peak at 1064 cm ' (p=0.07+0.01) and 2 relatively weak
depolarized peaks at 1420 and 686 cm ™. The depolarization ratio of
these peaks at 1420 and 686 could not be measured with accuracy,
due to their very low intensity.

IV. Discussion of the Results

In this section it is shown that in the Raman spectra of glasses with
batch composition xK,CO;(1—x)SiO, with x=0.40, 0.45, and
0.50, peaks at 1770, 1428, 1040, and 680 cm ™' can be ascribed to
the CO,%~ ion dissolved in the glass. Table I gives observed Raman
and ir bands of various crystalline carbonates. It can be seen that the
peak positions are almost independent of the cation type and there is
a striking similarity between the Raman lines of the crystalline
carbonates and the carbonate lines observed in the glass. The sym-
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Table II. Vibrational Modes of D;, CO;% (Refs. 14, 16)*

“fode Symmetry Raman Polarization ir Assignment
v, A, a(s) p ia C-O sym. stretch
vy A" ia a(m) CO; out of plane
deformation
v, E’ a(w,broad) dp a(s) C-O assym. stretch
v, E’ a(w,m) dp a(m) In-plane deformation
2v, A’ a(w) p ia Overtone

*a=active, ia= inactive, s=strong, m=medium, w= weak, p= polarized, dp=depolarized.

metry of the free CO,%~ ion is D, The vibrational modes are given
in Table I1.'*'> For D5, CO,42~, Herzberg'® calculated the frequen-
cies to be v;=1063, »,=879, v,=1415, and v,=680 cm™%; v, is
polarized and v; and v, are depolarized. Poulet and Mathieu'®
pointed out that the first overtone of the ir-active vibration v,
(symmetry 4,", Table II) might be Raman active and has symmetry
A" (Ay"xXA,"=A," for Dy, symmetry). This overtone is to be
expected at =~1760 cm ™' and is expected to be polarized. In the
glasses with batch composition 0.50K,CO;-0.50Si0,, it is ob-
served (Fig. 5) that the peaks at 1040 and 1770 cm™" are strongly
polarized and that the peaks at 1428 and 680 cm™ are depolarized.
In a perfect Dy, symmetry the depolarization ratio (/,/1.) can have
any value between 0 and 0.75 for the peaks at 1040 cm ™! and 1770
cm™" and should be 0.75 for the peaks at 1428 and 680 cm ™.V

From measurements on the free CO,%~ ion in aqueous solution, it

appears that the depolarization ratio for the symmetrical stretch
vibration (symmetry 4,") at 1064 cm ™' is 0.07, which is in good
quantitative agreement with the observed depolarization ratio in the
glass. The lines at 1420 and 686 cm ! are depolarized. From these
results we conclude that the carbonate ion dissolved in glass is
comparable with a carbonate ion dissolved in water and has sym-
metry Dj,.

In Table III the results of the measurements on the S0K,CO,-50
SiO, glass, the crystalline K,CO, powder, the aqueous solution, and
the calculations by Herzberg !¢ are compared. In Figs. 4(4) and (B),
where the dependence of the melting temperature on the spectra of
the glasses is demonstrated, it is observed that the relative intensity
of the orthosilicate (4 NBO’s) peak at 830 cm ™ increases and the
relative intensity of the carbonate peaks decreases with increasing
melting temperature, so the number of NBO’s increases with an



12

X(ZX)Y

Amplification10 x
550

408

680

8.0

X(2z)Y

Amplification: 1x

590

200 100 0
—

300 ]
Wavelength difference(A}

400

increase of melting temperature. From this observation we conclude
that the carbonate ions take some potassium away from the network.

Figures 3(A) and 4(A) show that the shape of the silicate band
around 575 cm ™' is almost the same for all compositions, so for
rough estimates the height of this band may be used as an internal
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Fig.5. Raman spectra of 50K,C0;-50Si0, glass melted at 1100°C
obtained using different optical measuring geometries from (4) O to
400 A (AN) and (B) 495 to 695 A (AM).

intensity standard. In Table IV the relative peak heights of the
carbonate peaks at 1420 and 1770 ¢cm ~' are compared with the CO,
concentrations as determined by chemical analysis. It can be scen
from Table I'V that there is good agreement between the data. From
this fact and from the fact that no Raman peaks were found that can
be ascribed to other forms of dissolved CO,, we may conclude that
the major part of the CO, is dissolved as CO,*

V. Final Remarks

In the preceding section the conclusion was drawn that in the
glasses with batch composition xK,CO4(1 —x)Si0, with x=0.40,
0.45, and 0.50 the major part of the CO, is dissolved as planar
CO;* . However, it is not quite clear to what degree CO,*" ions are
isolated from their environment. In this paper we looked at glasses
containing more than 1 mol% CO, (Table [V). In these glasses the

Table III. Comparison of the Raman Data of 50K,CQ;-50Si0, Glass, K,CO; Powder, CO;*>" Solution, and the
Calculations by Herzberg'®
Glass Dep. K,CO,t CO.*~ in H,0 Dep. Calc. by Herzberg
Mode Sym. energy (cm ™) ratio energy(cm™") energy(cm™') ratio Energy(cm™') Dep. ratio
12 A 1040 ~=0.0* 1053 1064 0.07+0.01 1063
V3 E' 1420 0.8+0.1 1396 1420 dp* 1415 0.75
vy E' 680 dp* 678 696 dp* 680 0.75
2v, A/ 1760 0.00 1759 Not present
*Cannot be measured with accuracy. TDep. ratio cannot be measured on powders.
Table IV. Comparison of Chemical Analysis of CO, Content and Raman Data
Analyzed CO, Idem related Lygosi lises) Idem related Lzl Lszs) Idem related
Sample Temp. (°C) (mol/mol SiO,) to sample 1 (x1079) to sample 1 (x107® to sample 1
50K,C0O;-50Si0, 1000 0.27 1 T2 1 3.6 1
50K,C0,;-508i0, 1100 .20 0.75 4.8 0.68 2.3 0.66
50K ,CO,-50Si0, 1200 .094 35 3.0 41 1.1 31
45K,C0;4-55S10, 1100 .091 .34 3.6 .50 1.5 .43
40K ,C0O,;-60Si0, 1100 .052 .19 1.6 .23 0.8 .22




intensities of the peaks caused by CO,*" are of the same order of

magnitude as the intensities of the silicate peaks.

Investigators are studying the usefulness of Raman spectroscopy
for the quantitative determination of CO, concentrations in practical
glasses. An attempt will be made to use the 1428 cm™ and 1770
cm ™! peaks, which are very well isolated from the silicate peaks,
for a space-resolved nondestructive analytical determination for
the CO, concentration.

Acknowledgment: Thanks to A. Meyer and D. Verspaget for performing the
chemical analysis and to T. W. Bril for useful suggestions.
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Raman Spectroscopic Study of the Reactions in a
Potassium Carbonate-Silica Glass-Forming Batch

H. VERWEIL]J, H. VAN DEN BOOM, and R. E. BREEMER
Philips Research Laboratories, Eindhoven, The Netherlands

Raman investigation results are presented for the reaction
products formed in a glass-forming batch. With Raman spec-
troscopy it is possible to identify the various glassy and crystal-
line phases which occur during the reactions. This is demon-
strated on a batch containing 30 mol% K,CO; and 70 mol%
SiO,. It is also shown that CO, gas is released via an intermedi-
ate glassy product. A qualitative description of the reaction
process is given.

I. Introduction

STUDIES oF glass-forming reactions are important for a better
understanding of the total process of glassmaking, including
melting, fining, and homogenization. Most studies on glass-
forming reactions have been performed on Na,CO;-CaCO,-SiO,

Received May 9. 1977; revised copy received August 16, 1977.
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Fig. 1. Raman spectra of incompletely reacted 30K,CO;-70Si0,
batches.

glass-forming batches,' generally using X-ray diffraction and
thermal analysis methods.

X-ray diffraction gives information about crystalline compo-
nents, which are present in concentrations of >5 mol%, but infor-
mation about glassy components or about the reaction path of
low-concentration additives cannot be obtained with it.

Thermal analysis techniques give indirect structural information
only. With thermogravimetry the CO, emission can be studied and
differential thermal analysis gives information about thermal ef-
fects. Therefore, for glass-forming batches, the thermal analysis
techniques do not give direct information about the reaction compo-
nents or products that are actually present. These techniques are
useful, but a complete picture of the glassmelting process cannot be
obtained from them. For these reasons, Raman spectroscopy was
used for identification in the present study. Raman spectra of crys-
talline and glassy compounds are highly characteristic and very
well resolved. Many examples of Raman spectra of vitreous and
crystalline borates and silicates are given in Ref. 2.

It is also possible to obtain semiquantitative information about the
reaction products by measuring the relative peak intensities of
specific peaks in the spectrum. It might even be possible to obtain
quantitative information with the aid of standards.

The present writers studied glass formation using a batch with
composition 30 mol% K,CO3-70 mol% SiO,. This composition was
chosen because the silicon content is about the same as in practical
glasses, the system is relatively simple compared with the usual
multicomponent systems, and Raman spectra of potassium silicate
glasses are well known in the literature.??

II. Experimental Procedure

Materials were «-quartz (milled rock crystal) with a sieve frac-
tion of 180 to 250 um and K,CO4* dried at 300°C for 24 h. The

Table I. Raman Data for Crystalline SiO,, K,CO;, K,0O-

Si02, KzO'ZSiOz, and K204Si02

Si0, (Ref. 6) K,CO, (Ref. 7)
cm™! AN (A) It cm ! AX (A) 1
207 55 w 678 186 w
356 96 w 1053 295 s
401 108 w 1396 398 w
464 126 s 1759 512 w
697 191 w - K,0-Si0; (Ref. 3)
795 219 w 490 133 m
807 223 w 563 153 w
1072 300 w 585 160 m
1085 304 w 963 268 s
1162 327 w 1015 283 w
K,0-2Si0, (Ref. 3) K,0-4Si0, (Ref. 8)
245 66 w 305 82 m
280 75 w 340 92 m
365 98 w 420 114 s
490 133 m 510 139 m
520 141 m 525 143 m
1105 310 s 1075 301 m
1110 312 m
1160 327 m

*A=5145 A, tw=0to 10% of the strongest peak (underlined), m= 10 to 50% of
the strongest peak (underlined), and s = 50 to 100% of the strongest peak (underlined).

components were mixed by ball-milling; 10-g portions were used
for each experiment.

Samples were fired in cylindrical Pt10Rh crucibles (70 mm high,
30 mm in diam.) in an electrically heated fumace with temperature
control within 0.5°C. The mixtures were heated at various tempera-
tures for varying times, then quenched in vitreous silica vessels
which were subsequently evacuated. Samples were crushed and
ground in an agate mortar and the resulting material was transferred
into sample tubes (50 mm long, 1 mm ID). Because the samples
were hygroscopic, they were handled at room temperature inside a
nitrogen-filled glove bag.” Raman spectra were measured using an
argon ion laser® operating at a wavelength of 5145 A. Power on the
sample was ~600 mW. To get rid of unwanted plasma lines a
Fabry-Perot etalon® was used, set at a free spectral range of 50
cm™!. A more detailed description of the laser Raman apparatus is
given in Ref. 4.

III. Results

Figure 1 gives the Raman spectra of powdered samples, tired for
1 h at various temperatures. Three crystalline compounds and three
types of molecules in the vitreous state can be identified in these
spectra. The identification is based on position, relative intensity,
and shape (width) of the peaks.

For identification, Raman data of crystalline compounds and
glasses in the system K,0-CO,-SiO, are important. From the
crystalline compounds K,CO;, SiO, (a-quartz), K,0-4Si0, (Ref.
5), K;0-28i0, (Ref. 5), and K,O-SiO, (Ref. 5) are of interest.
The most relevant Raman data for these compounds are given in
Table I.

As far as we know, no ternary compounds in the system K,O-
CO,-Si0O, have been reported in the literature; Raman spectra of
K,0-SiO, glasses are well known.?3# A study of CO,-containing
glasses in the system K,0-CO,-SiO, is given in Ref. 7, which also
shows that, in glasses melted from K,CO;-SiO, batches con-
taining 40 to 50% mol K,CO;, CO, is dissolved in the form of planar
CO,%~ ions in concentrations of >1 mol%. These CO,%~ ions give
Raman peaks at 679, 1036, 1428, and 1770 cm™; these CO42~
ions in the vitreous state are called vitreous carbonate.

*E. Merck AG, Darmstadt, Federal Republic of Germany.

tModel 12R, Instruments for Research and Industry, Chelienham, Pa.
iModel 52, Coherent Radiation, Palo Alto, Calif.

§Model CL 100, Tropel, Inc., Fairport, N.Y.
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Fig. 2. Raman spectra of glasses fired from 30K,CO;-70SiO, and
50K,C0;3-50S10, batches.

Figure 2 gives two examples of Raman spectra of glasses that can
be melted from a K,CO,;-SiO, batch. The upper spectrum is for a
glass with a batch composition of 30 mol% K,CO;-70 mol% SiO,.
The silicate network of this glass is mainly disilicate (vitreous
K,0-2Si0,%3%8). The lower spectrum is for a glass with a batch
composition of S0K,CO;-50Si0,. The silicate network of this glass
is mainly metasilicate (vitreous K,0-SiO,%*"8). Furthermore, a
large quantity of dissolved CO,2~ (vitreous carbonate (0.27 mol
CO;%"/mol SiO, {Ref. 7)) is present in this glass.

Crystalline SiO, (a-quartz) is identified in each of the spectra of
Fig. 1. Crystalline K,COj is found in the spectra of the samples fired
at 700°, 800°, and 850°C and crystalline K,0-28i0, is identified in
each spectrum. Peaks which can be ascribed to vitreous carbonate,
vitreous K,0-Si0,, K,0-28i0, are clearly observed in some of the
spectra of Fig. 1. It is not certain how many separate vitreous phases
are present in the incompletely reacted batches. In Section IV a
reaction model is presented with one vitreous phase having a K*
concentration gradient. From measurements on samples fired at the
same temperature for various times it appears that the concentration
of vitreous carbonate goes through a maximum in time.

Figure 3 gives spectra of 30K,CO;-70Si0, mixtures fired at
900°C for various times. From the relative peak intensities in the
spectra it is obvious that the vitreous carbonate concentration is
already decreasing. The concentration of vitreous K,O-SiO, ap-
pears to be coupled with the vitreous carbonate concentration. The
present writers found that the spectra of the fired 30K,CO;-70Si0,
mixtures are derived entirely from the spectra of the observed
components.
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IV. Discussion

By using the previously obtained results, a qualitative description
of the reaction process in a 30K,CO;-70SiO, batch at 700° to
1000°C can be derived.

The reaction products observed in the spectra are crystalline
K,0-28i0,, vitreous K,0-SiO,, vitreous K,0-2Si0,, and vitreous
carbonate. These results indicate a reaction in which different
phases are formed in layers around the SiO, grains present in the
batch and in which the K* ions, supplied by the K,COj, are much
more mobile than the Si** ions.

The first layer around the SiO, consists of crystalline K,0-2Si0,,
whereas the second layer (around the K,0-2SiO, layer) should
contain the vitreous K,0O-SiO,, vitreous carbonate, and vitreous
K,0-28i0, since the K* concentration must decrease continuously
as it moves to the center of the attacked grain.

Figure 4 is a schematic of an attacked SiO, grain. The glass layer
is probably not homogeneous in composition; at the interface of the
glass and the crystalline K,0-28i0, the K,O concentration in the
glass will be =33 mol% (vitreous K,0-2Si0,) whereas the K,O
concentration at the outside of the glass layer may be as much as 50
mol% (vitreous K,0-SiO, together with vitreous carbonate). The
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CO;*" in the glass layer may vary from concentrations of the order
of 0.1 mol CO4*~/mol SiO, at the alkali-rich side” to very low
concentrations at the interface with the crystalline K,0-2Si0,.

Below 1015°C (melting point of K,0-2Si0,) the glass phase is an
intermediate reaction product. This is consistent with the fact that
the concentration of vitreous carbonate goes through a maximum.
As long as K,CO; is present the vitreous carbonate concentration
will increase, but when the K,CO, has disappeared the K * ions will
diffuse out of the glass until a total concentration of =~33 mol%
K,O in the glass is reached. When the K,O concentration in the
glass is lowered, the CO, solubility decreases drastically and the
total vitreous carbonate concentration will decrease.

V. Summary

At 700° to 1000°C crystalline K,0-2Si0, is the first phase formed
in a 30K,CO;-708i0, batch and an intermediate glassy phase is
formed, which contains large quantities of dissolved CO,42~. In the
present paper only a qualitative description of the reactions is given.
In future, standards will be used to gain a more quantitative insight
into the reactions so that they may be compared with quantitative
solid state reaction models.
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Raman Study of the Reactions in a Glass-Forming Mixture with

Molar Composition:

30K,CO;-70Si0,-1As,0;

HENK VERWELJ*
Philips Research Laboratories, Eindhoven, The Netherlands

The results of a study of the reactions in a glass-forming batch
with molar composition 30K,CO;-70Si0,-1As,0, are given.
Laser Raman spectroscopy was used for nondestructive iden-
tification of silicate, carbonate, arsenite (As**), and arsenate
(As**) ions in the vitreous or crystalline state, occurring in
quenched reaction mixtures. It is shown that in the first stage of
melting a potassium-rich liquid phase is formed, containing
metasilicate chains (SiO;?").. and carbonate ions, in which all
arsenic is present in the pentavalent state as AsO >~ ions. When
this liquid phase reaches the final product glass composition the
AsO 2~ ions condense to As,0;* (As"*) ions and AsO,™ (As’")
groups, during which process O, is formed. The preliminary
results of studies on crystalline and vitreous potassium arse-
nates and arsenites and of arsenic-containing potassium silicate
glasses are given for identifying arsenate and arsenite groups. It
is argued that the reaction mechanism found describes the
effectiveness of As,O; as a fining agent. Contrary to the current
view in the literature for the fining action of As,O;, which states
that an O, evolution which is triggered by a temperature in-
crease causes fining, an important effect is found in the O,
evolution triggered by alkali oxide concentration variations
during melting.

I. Introduction

ONE of the major problems in glassmelting technology is the
occurrence of small gas bubbles with diameters of 20 to 1000
pm.' "% Quality demands regarding bubble content of the final glass
products are becoming increasingly stringent, especially for flat
glass, optical glass, and glass for television tubes.

Besides the application of ever higher melting temperatures,
many methods have been proposed and applied to shorten the time
needed for glassmelts to become bubble-free! 2 (i.e. to speed up the
fining process), since the normal rise of bubbles to the surface of the
melt takes too long. Among these methods are physical methods,
such as stirring, control of glass streams, and application of low
pressure or ultrasound, and chemical methods like bubbling oxygen
and the addition of the so-called fining agents, the most important of
which are sulfates in combination with carbon and halides and the
compounds As,O3 and Sb,O; in combination with nitrates. These
compounds are widely used in the glass industry. Our interest was to
investigate the reactions of arsenic (As,03) in silicate glass-forming
batches in relation to the fining process.

The total melting process can be divided into two stages: (1)
reaction of the batch components, during which the carbonates are
decomposed and the silica grains dissolve until a glassmelt which is
very inhomogeneous and contains many gas bubbles is formed, and
(2) fining and homogenization of the glassmelt. These two pro-
cesses occur at about the same time; the rise of large bubbles to the
surface of the melt contributes largely to the homogenization. The
sources of bubbles are usually gases, developed during the melting
reactions, especially from the decomposition of carbonates or from
trapped air. However, the fining process of the glassmelt is coupled
to the chemical reactions in the first stages of melting?: to obtain a
complete picture of the glassmelting process the chemical reactions
of batch components and fining must be studied.

Presented at the 80th Annual Meeting. The American Ceramic Society. Detroit.
Michigan. May 9. 197% (Glass Division No. 37 G 7%). Received November 27.
1978: revised copy received February 5. 1979.

*Member. the American Ceramic Society.

The present paper gives a Raman spectroscopic study of the
behavior of As,Oj during melting in a glass-forming system. A
model system was chosen with a batch composition of 30K,CO;-
70Si0,-1As,04, which is compatible to the system chosen in Ref. 5
(see Section | (1)).

(1) Survey of Studies of Reactions of Batch Components With
and Without As,0,

Glass-forming reactions have been studied primarily in the sys-
tem Na,CO;-CaCO,-Si0, using X-ray diffraction (XRD) or thermal
analysis techniques.’*4 In a review of studies of batch component
reactions, Cable? stated that the information obtained is not very
useful to the glass manufacturer, probably because it is usually too
limited. Identification of liquid intermediate products, which play
an important role in the melting process, was not possible in the
studies reported.

However, this difficulty can be overcome by using laser Raman
spectroscopy as an identification technique.® A study of batch
component reactions in a model glass-forming system with molar
composition 30K,CO;-70Si0, is reported in Ref. 5, where vitreous
and crystalline phases occurring in the batches were identified by
Raman spectra of mixtures which were quenched after firing for
different times at various temperatures. The reaction products were
identified from peak positions, peak widths, and relative intensities
in the Raman spectra of powdered reaction mixtures.

From the experimental results a reaction scheme was proposed
for the region of 700° to 1000°C, in which two layers of reaction
product are formed around the SiO, grains present in the batch. The
first layer, directly surrounding the SiO, grains, consists of crystal-
line K,O-2S8i0, and the layer surrounding the K,0-2SiO, consists
of aliquid phase (vitreous at room temperature) which is very rich in
potassium and contains large amounts of dissolved CO,*~ in the first
stages of the reaction, when large amounts of K,CO; are still
available. As the reaction proceeds, K* ions diffuse out of the liquid
layer through the K,O-2Si0, layer into the SiO, grains. The reduc-
tion in the K,O concentration in the liquid layer (until the final
product glass composition is reached) drastically decreases the CO,
solubility, and CO, must escape. As a consequence the final CO,
emission, which causes the major part of bubble formation, occurs
at about the same time as the final product glass composition is
reached in 30K,CO,-70Si0, glass-forming batches.

No structure-identification studies have been reported for the
behavior of small As,O; additions to glass-forming batches during
the chemical reaction of batch components. Cable® studied the
reaction products of a mixture of molar composition 3Na,COj,-
1As,0; heated at various temperatures. He concluded that Na;AsO,
forms at =700°C and that some elemental As forms at lower
temperatures. Karch? postulated that the following reactions occur
at 1000°C:

5A8203—>4AS+3A5205 (l )
2A5+3,0,—As,0, @
As;0; +3Na,CO,—~2Na,As0,+3CO, 1 3)

and at the glassmelting temperature (1400°C):

2Na;AsO,+3Si0,—3Na,Si0;+ AsyO53 + 0,1 4)

The formation of Na,SiO; in this formula is probably symbolic of
the formation of the final product glass; the evaporation of As,Oy

450



contradicts the observations reported by many writers, which show
that arsenic remains in the glass. even at 1400°C.%8°

The low-temperature reactions proposed by Karch? were cor-
rected by Eichorn'® to:

5As,0;+5Na,CO,8 3500 | ONaAsO, +5CO, 1 (5)
10NaAsO, +4Na,CO 2029 6Na,AsO  +4CO, 1 +4As (6)

Elemental As is probably reoxidized by O, from the air or by nitrates
added to the batch. Both writers studied mixtures of Na,CO; and
As,0; using XRD for identification.

(2) Studies of the Fining Mechanism of As,0,

The fining mechanism of As,O; has been the subject of many
studies for several years, the most important recent ones being those
by Cable ¢ al. >'1=* Greene ¢t al. >'* Nemec,'s and Mulfinger."?

Cable and coworkers studied glasses with molar batch composi-
tion 16.5N2a,CO,-10CaC0O,-73.5S10, with and without As,Oj,
Na,O,, or NaNO, as refining agents. Cable'? stated that large
bubbles disappear from the melt by rising to the surface and that
small bubbles disappear by a dissolution mechanism. He also
stated® that good refining requires that bubbles formed in the early
stages of melting must be very rich in oxygen. Cable ¢7 al.'® showed
that the optimum concentration of refining agents corresponds to a
maximum in the O, content of the bubbles formed.

When As,O, or Sb,O; are used as refining agents, the O,/CO,
ratio in bubbles increases with the melting time from which a bubble
growth mechanism by O, in-diffusion or CO, dissolution, consid-
ered less probable, is concluded. Furthermore, some N, bubbles are
found after long melting times.

A bubble growth mechanism by oxygen in-diffusion was also
proposed by Mulfinger,'” Van Erk ¢r al.,'® who studied gas bubble
content as a function of melting time, and Nemec,'® who used direct
observation of large bubbles at melting temperatures. These writers
also suggested that O, bubbles are resorbed in the cooled melt. This
suggestion is supported by the investigations of Greene and Lee,’
and Greene and Platts,'® who studied the dissolution of O, bubbles
in well-refined glasses. They found that O, bubbles dissolved
rapidly at temperatures below that at which the glass was melted.

When the mechanism of bubble growth by O, in-diffusion at
increasing temperatures, followed by O, resorption at decreasing
temperatures, is valid there must be a shift of the As3*/As®* ratio as
a function of temperature. The present writer knows of no system-
atic study of the As®*/As®* ratio as a function of temperature,
perhaps because chemical analysis of As*/As®* in glass is rather
difficult.

(3) Conclusions

The existing literature data give a reasonably consistent picture of
the function of arsenic during the refining of glass, although an
accurate analysis of As3*/As*t as a function of temperature is still
needed to prove the proposed mechanisms. Few data are available
regarding the reactions of As,O; during the glassmelting reactions
and its relation with fining.

Itis proposed that: (1) Arsenic is present mainly in the pentava-
lent state at relatively low temperatures; (2) a temperature increase
triggers an O, evolution, caused by an increase of the As3*/As>*
ratio, the O, diffusing into and inflating the bubbles so that they may
easily rise to the surface of the melt; and (3) O, bubbles resorb on
cooling. :

An accurate analysis of As**/As®* in glassmelts as a function of
temperature and atmosphere is still needed to prove the proposed
mechanisms. Few data are available concerning the behavior of
As,0O; during the glassmelting reactions and the relation with the
fining process.

II. Experimental Procedure

The materials used were a-quartz® (milled rock crystal, sieve
fraction 180 to 250 wm), K,CO,' (reagent grade, dried at 300°C for

24 h, coarse grains ~ | mm), and As,O," (reagent grade sublimated).

‘Heraeus-Amersil. Inc.. Hanau, Federal Republic of Germany.
+E. Merck AG, Darmstadt. Federal Republic of Germany.

19

Samples of molar composition 30K,CO;-70Si0,- 1 As,O; were
mixed mechanically by tumbling for 20 h. Foreach experiment 10-g
portions were fired in air in cylindrical PtIORh crucibles (70 mm
high by 30 mm in diam.) inside an electrically heated furnace.
Temperature measurement was accurate within 2°C; temperature
was controlled by a proportional band (PID) controller in combina-
tion with a thyristor unit and was constant within 1°C. The mixtures
were heated for I h at 700° to 1100°C. At 1100°C a clear glass was
formed, containing many bubbles. The reacting mixtures were very
foamy. After heating, the crucibles containing the reacted mixture
were quenched in vitreous silica vessels which were subsequently
evacuated. These samples were crushed and ground in an agate
mortar and the powder was transferred into vitreous silica sample
tubes (5.8 by 4.2 mm in diam. and =40 mm long) provided with
stoppers. After filling, the tubes were sealed. Because the samples
were very hygroscopic, all handling at room temperature was done
inside nitrogen-filled glove bags.*

The Raman spectra of the powdered samples were measured with
the sample tube rotating at =1000 rpm to average out sample
inhomogeneity. The spectra were excited using a 4 W continuous
Ar* laser,® operating at a wavelength of 5145 A with a light output
stabilization of 0.5%. A 10 A bandpass interference filter’ was
placed in the primary beam to avoid unwanted plasma lines. Power
on the sample was =200 mW and the spot size of the laser beam at
the sample was =50 wm.

The spectrometer' used consisted of a double monochromator
with concave holographic gratings, a step-motor drive, a Peltier-
cooled photo multiplier tube,** a dc amplifier’" in combination with
a double RC filter set to a time constant of 5 s, and a recorder.™ A
polarization scrambler (Y4-wave plate) was mounted at the entrance
of the monochromator to remove the effects of polarization-
dependent system response. Scanning speed was 20 cm™'/min. The
monochromator slits were set to 300 wm, corresponding to a spec-
tral bandwidth of =3 cm™'. The accuracy was £| cm™,

No peaks due to fluorescence or Raman effects of the vitreous
silica tubes were found in the Raman powder spectra. This result
was checked by running a blank consisting of a sample tube filled
with NaCl which has no first-order Raman spectrum. No OH-
stretching modes were found in the powder spectra at =~3600 cm™*
nor bending modes at = 1600 cm™, indicating that the preparation
procedure, as described, did not give water-contaminated samples.

III. Interpretation of the Raman Spectra
of Reaction Mixtures

To identify vitreous and crystalline arsenic compounds in the
powdered 30K,CO,4-70Si0,-1As,04 reaction mixtures, Raman
studies were conducted on glasses and crystalline compounds in the
systems KAsO,-K;As0,'® and K3AsO3-As,04%° and on potassium
silicate glasses containing small amounts of As,Oj in the batch.?!
Data for identifying silicates and carbonates were obtained from
Refs. 5 and 22. The following sections give preliminary results of
the studies on arsenites and arsenates.'9"%! .

(1) Crystalline and Vitreous Potassium Arsenates (Ref. 19)

All crystalline potassium arsenates contain chains of AsO, tet-
rahedra with various chain lengths (i.e. y-K AsO; contains chains of
infinite length, K;As;0,, of three tetrahedra, K,As,0; two tet-
rahedra, and K;AsO, isolated AsO, tetrahedra). Vitreous potassium
arsenates can be prepared in the composition region K,As,O;-y-
KAsOj: like the crystalline compounds, the glasses contain chains
of AsO, tetrahedra which vary in length from two to infinity.

The v,*% AsO, modes are found in the energy region from 800 to
950cm™, v, AsOAs modes from 600 to 400 cm™?, and the deforma-
tion modes are all <450 cm™'. The v, modes are strongly polarized

+Model I%-R. Instruments for Research and Industry. Cheltenham, Pa.

§Coherent Radiation, Palo Alto, Calif.

fiNo. 5145-11, Oriel Corp. of America, Stamford, Conn.

"Ramanor HG 2S. Jobin Yvon. Long Jumeau, France.

“*FW 130, International Telephone and Telegraph Co.. Rochester, N.Y.

++Keithley Instruments, Inc.. Cleveland. Ohio.

+xPM 3222, Philips Gloeilampenfabrieken N. V.. Eindhoven, The Netherlands.

§§Notations used for vibrational modes are v =stretch, 8 = bending, and (a)s = (an-
ti)symmetrical.
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Table I. Raman Data for Crystalline Arsenates (Ref. 19)
and Arsenites (Ref. 20) at 700 to 1000 cm™'
Peak position Peak width
Compound (em™") (em™h) 11, Assignment
-KAsO. 969 4 9 '
y ) 950 5 I I } Vassyas ASOZ
917 5 100 v;AsO,
896 5 0.6 v,’AsO,
339 12 1.5 Vas' ASOAS
817 9 0.7
715 10 5 v, sAsOAS
K.‘.Asaom 954 7 8 V,,SASOZ
908 4 2.5
900 5 3 } VasVas ASOy
875 4 6.5
887 8 100 v;AsQO,
849 6 56  vsvs AsOq
806 12 29 Vs’ AsOAS
742 14 3.5 v,sAsOAs
K,As,0; 900 <]
885 <1
879 <1 | VasPas' AsOy
854 <1
840 <]
859 14 100 } v, ASO,
845 6 9
728 5.5 1.5 v,;AsOAs
a-K;As0, 843 6 4.5
827 6 4.5 2v,:AsO,
800 6 4.5
814 8 100 v AsO,
KAsO, 830 10 100 vAsQ,
K;3AsO4 782 20 100 v,AsQ;
715 14 50
050 AO ES2 xizxy
50K.C0,50510,,+1As.0; / ]

Scattered intensity —»

| { | | |

1200 1000 800 600 400 200 0
<«—Aviem™)

Fig. 1. Polarized and depolarized Raman spectra of a glass
with batch composition 50K,CO4-50Si0,-1 As,04, melted at
‘l 200°C; scattering geometries X(ZZ)Y and X(ZX)Y accord-
ing to Ref. 24,

and the v,,; and deformation modes are generally depolarized. The vs
and v,; AsO, modes are most suitable for identification in silicate
glass batches or glasses. The most important Raman data are given
in Table I.

(2) Crystalline and Vitreous Potassium Arsenites

The fact that crystalline and vitreous potassium arsenites are still
under investigation®® does not affect the conclusions reached in the
present study. The crystalline compounds KAsO, and K3;AsO, were
identified. Potassium arsenite glasses can be formed in the composi-
tion region KAsO,-As,0;. The structural building unit throughout
the system is an irregular AsO; pyramid which forms two-dimen-
sional networks in the case of As,Qj, infinite chains in KAsO,, and
is present as an isolated ion in K3AsOj. The v AsO, vibrations are
found at 700 to 850 cm™!, v, AsOAs vibrations between 450 and 600
cm™}, and the deformation modes at <450 cm™'. As in the case of
the arsenates, the v AsO, modes are most suitable for identification.
The most important Raman data are given in Table I.

(3) Arsenite and Arsenate Groups in Potassium Silicate Glasses

Konijnendijk and Buster®® gave an interpretation of the Raman
peaks caused by small amounts of arsenic in various distlicate-type
glasses. A peak observed in the Raman spectra at =830 cm™,
caused by the presence of arsenic, was ascribed to isolated AsO >~
tetrahedra in glass. The present study. however, shows that this
peak is probably due to As,O,;*” and AsO,~ ions. It appears that the
state of arsenic in potassium silicate glasses depends strongly on the
alkali content.

When the glass contains 35 to 50 mol% K,O, arsenic is mainly
present as isolated AsO *~ ions in a T, symmetry. For example,
Fig. | gives the polarized and depolarized Raman spectra of a glass
with batch composition 50K,CO;-50Si0,-1As,0,, melted at
1200°C (scattering geometrics X(ZZ) Y and X (ZX) Y, according to
Ref. 24). The v, AsO, (44 species) mode is found as a polarized
peak at 801 cm™! and the v, AsO, (F,) mode is found at 814 cm™ as
a depolarized peak. The 8,5 (F3) and 8; (E) modes are found as
depolarized peaks at 420 and 330 cm™, respectively. The peak
positions and intensities of peaks caused by AsO,*" in potassium-
rich silicate glasses agree very well with those of crystalline
a-K;AsO, (Table 1, Ref. 19). Furthermore, chemical analysis
shows that in glass with batch composition 50K,CO;-50SiO,-
1As,05 all arsenic is present in the pentavalent state.2! The other
peaks observed in the spectra of Fig. 1 are caused by metasilicate or
carbonate groups, the assignment of which is given in Ref. 22.

In glass containing less K,O (0 to 35 mol%) the situation becomes
completely different. Chemical analysis of these glasses (melted.at
1200° to 1400°C) shows that = 10% of the arsenic is in the trivalent
state 223 The Raman spectra of a glass with batch composition
30K,CO;-70Si0,-1As,0, melted at 1400°C are given in Fig. 2.

As described in Ref. 23, As,0O; in the batch causes peaks at 880
and 826 cm™'. That at 880 cm™! is completely depolarized and can
be ascribed with certainty to v,; AsO; of an As,O;*" group; this
assignment is based on the study of crystalline and vitreous potas-
sium arsenates.'® The peak at 826 cm™!, which is completely
polarized, is probably composed of vs AsO; of As,O,*~ and v AsO,
of AsO,™.

The other peaks observed in the spectra in Fig. 2 are mainly
caused by disilicate networks present in the glass. Assignment of the
peaks is given in Refs. 25, 26, and 27. It appears that the high
valency ot arsenic is favored when much alkali is present; at lower
alkali concentrations, when fewer charge-compensating alkalis are
present, more condensed arsenate structures and lower-valency
arsenite structures are stable. The most important observation is that
the As®*/As** ratio depends on the alkali content.

IV. Results of Glass Formation Experiments
on 30K,CO0,-70Si0,-1As,0; Batches

Figures 3 and 4 give the Raman spectraof powders prepared from
samples fired for 1 h at various temperatures. Peaks caused by
K,CO, and Si0,, or their reaction products, are labeled by symbols
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Fig. 2. Polarized and depolarized Raman spectra of a glass
with batch composition 30K,CO;3-70S10,-1 As,O5, melted at
1400°C; scattering geometries X(ZZ)Y and X(ZX)Y accord-
ing to Ref. 24,

(c,d,m,g,s); peaks caused by arsenic are labeled by the anion part of
the arsenate and arsenite structures formed.

(1) Batch Fired at 700°C (Fig. 3)

The presence of a sharp peak at 810 cm™! and the absence of other
peaks which may be caused by arsenic indicate that arsenic is
completely present in the pentavalent state as K;AsO,. No reaction
products of SiO, and K,COj; are observed in the spectrum. The
linewidth of the K3AsO, peak is somewhat larger than that observed
in the spectrum of crystalline a-K3AsO, (Ref. 19); this difference is
ascribed to a particle size effect. After firing at 700°C, arsenic is
thus present as finely divided K;AsO, particles.

(2) Batch Fired at 800°C (Fig. 3)

The peak at 810 cm™ is again observed, although somewhat
broadened. This additional broadening is ascribed to the fact that
AsO " is now dissolved in a potassium-rich liquid phase which
contains COz?~ and metasilicate chains®?2; at room temperature this
phase is present as a glass in the mixture (see Section I1I (3) and Fig.
1*). Besides the formation of the potassium-rich liquid phase, the
formation of crystalline K,0-2Si0, is concluded from the spectrum.

(3) Batch Fired at 850°C (Fig. 3)

The potassium-rich liquid phase, consisting of metasilicate, car-
bonate, and AsO ", is again observed. Crystalline K,0-2SiO, is
also observed. The situation is qualitatively the same as for a batch
fired at 800°C, but the concentration of reaction products has in-
creased somewhat.

(4) Batch Fired at 900°C (Fig. 4)
Crystalline carbonate has disappeared, which is consistent with

*For identifying glasses in powdered mixtures, the polarized spectrum of the glass
can be used. as it closely resembles the powder spectra.
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c=carbonate g=glass
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Fig. 3. Raman spectra of powdered 30K,CO3-70Si0,-1As,0,

mixtures fired for 1 h at 700°, 800°, and 850°C.

c=carbonate g=glass

s:SiO2

d=disilicate

m=metasilicate
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Fig. 4. Raman spectra of powdered 30K,CO;-70Si0,-1As,0,

mixtures fired for 1 h at 900°, 950°, 1000°, and 1100°C.
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the fact that the melting point of K,COy, is 891°C.28 Crystalline SiO,
is still present. along with a large proportion of crystalline
K,0-2Si0,. The first formation of disilicate structures in the
liquid-phase reaction product is concluded from the broadening at
the base of the K,0O-2Si0O, peak at 1104 cm™. The formation of
AsO,7/As,0,* structures is also concluded from the spectrum,
which means that the formation of As?* occurs first at =900°C. The
AsO, /As,Q;* structures are stable in glasses with a K,O concen-
tration <35 mol% (Section II1(3)) and seem to be coupled with the
occurrence of disilicate structures in the liquid phase. The Raman
spectra of a glass with batch composition 30K,CO;-70Si0,-1As,0;
are given in Fig. 2. It cannot be concluded from the Raman spectra
of Fig. 3 whether the liquid phase is homogeneous.

(5) Batch Fired at 950°C (Fig. 4)

Compared with the mixture fired at 900°C, the proportion of
disilicate in the liquid phase has increased, together with the propor-
tion of AsO,-/As,0,* groups. Carbonate in the liquid phase has
decreased. Crystalline SiO, and K,O-2Si0, are still present.

(6) Batch Fired at 1000°C (Fig. 4)

The spectrum of the batch fired for 1 h at 1000°C differs from
what would be expected from an extrapolation of the results for the
batches fired at 900° and 950°C. Relatively large amounts of crystal-
line K,0-2Si0, and potassium-rich glass are present, whereas SiO,
has disappeared and little disilicate is present in the liquid phase.
The explanation may be that the temperature has been so close to the
melting point of K,0:2Si0, (1015°C)*® that K,0-2Si0, has grown
rapidly.

(7) Batch Fired at 1100°C (Fig. 4)

Crystalline SiO, and K,0-2Si0, have disappeared and no car-
bonate peak can be found in the spectrum. All silicate is present as
disilicate liquid, and arsenic as AsO,"/As,O*". The glass-forming
reaction has been completed. The spectrum closely resembles that
of a glass with batch composition 30K,CO3-70Si0,-1As,05 fired
at 1400°C (Fig. 2).

V. Discussion

(1) Description of the Reaction Process

Comparing the present results with those of reactions in a
30K,C0;-708i0, batch (without As,Og (Ref. 5)), it can be con-
cluded that As,O; has no significant influence on the kinetics of the
carbonate-silica reactions.

For the description of the total reaction process in a 30K,COj3-
70Si0,-1As,0;4 glass-forming batch, three temperature regions can
be distinguished, aside from the fining region of the silicate melt at
>1100°C.

(A) Region of Room Temperature to 700°C: In this region
K,CO; and SiO, do not react with each other significantly. The
As,04 is converted to K3AsO,, probably by the mechanism pro-
posed by Eichorn'® (see also Section 1 (1)). At 700°C all arsenic is
present in the pentavalent state in K;AsO,, probably as very small
particles on the surface of the K,COj; grains.

(B) 700°C to 850°C: In this region the SiO, grains are at-
tacked by K,CO; and two layers of reaction product are formed
around them®; Fig. 5 (4) is a schematic diagram of such an attacked
SiO, grain. The first layer around the grain consists of crystalline
K,0:2Si0, and the second layer of a potassium-rich liquid contain-
ing CO4*~ and metasilicate chains. At <850°C, crystalline K,COy is
still present. Arsenic is completely present in the pentavalent state
as AsO *7; at lower temperatures it is present as crystalline K;AsO,
and at higher temperatures it is dissolved in the liquid layer.

(C) 850° to 1100°C: Figure S(B) is a schematic of an attacked
SiO, grain. At 850° to 1000°C the crystalline K,0-2SiO, layer
grows at the expense of the Si0, grain and the potassium-rich liquid
layer until it finally melts at 1015°C. Thus the potassium-rich liquid
layer gradually loses K,O and is transformed into a potassium
disilicate liquid layer, which corresponds to the final product com-
position. In this potassium disilicate liquid the CO, solubility is
extremely low?® and CO, originally present as CO4*~ in the
potassium-rich liquid layer must escape. The formation of potas-

(A) (B)
K803 K0-5i0,-C0, glasse AsQ)
Lo >~ - o |
©_, 00,00 =0
r09270 =0,
0 000,24
. lo, 00 990 ;;2
7. 1o/ 5 | o
sio, ¢ j0o feXel! 2
7z 2 (o> A %0, .
r K,0-2Si0 '°o° = 0 | K,025i0,
L N 2 2 1 OK,025i0,gldss !
K,0-5i0,-C0, glass +AsQ; L _+As087ASQ5 )
Fig. 5. Schematic drawing of SiO, grains attacked by K,CO; in tempera-

ture regions (4) 700°-850°C and (B) 850°-1000°C.

sium disilicate liquid is accompanied by the condensation of AsO 2~
to As,0,*~, which in turn decomposes partly to AsO,~. This process
has to be accompanied by an O, evolution. When the potassium-rich
layer which is formed at lower temperatures is written as
K,0-xCO,ySiO, with x+y==1, the overall reactions between 850°
and 1000°C become:

K,0:xCO,vSiO, (/) + (2 —¥)Si04(5)—= K0 2810, (1) +xCO4(g) (7)
2K3AS0 (1) +28i0,(5)— K ,As5,0,(0) +K,0-2Si0, (/) (8)
and =10% of the K,As,O, decomposes as:

K As;0; (1) +2Si0,(s)—~K,0-2Si0,(/ )+ 2KAsO, (N +0,(g)  (9)

in which g and s refer to the gaseous and the solid state and / refers to
the liquid formed during the reactions; this liquid is vitreous at room
temperature. When the 30K,0-70Si0,(1As,0;) composition is ap-
proached during melting, the CO, development gradually de-
creases, whereas the O, development increases. This result explains
the heterogeneous bubble nucleation at the surface of dissolving
Si0, grains, as observed by Nemec,'® and the very high concentra-
tions of oxygen found in bubbles in glasses melted for short times at
=~ |400°C_13,17,18

(2) Consequences for the Fining Process

[n the discussion of the reaction mechanism in the model system
used it was concluded that the O, and CO, developments occur at
different positions around attacked SiO, grains; CO, is developed
on the outside of the liquid silicate layer and O, is developed more
on the inside, where the liquid layer contacts K,O-2Si0, or SiO, (at
higher temperatures). Furthermore, the maximum evolution of O,
will come after the maximum in CO, evolution during the reactions.

At the stage of first-product glass formation the reacting batch
contains a large proportion of CO, (and N,) in the pores. In a batch
containing potassium carbonate, CO, in particular causes a great
deal of trouble, because its release is delayed in the first stage of
melting by the formation of a potassium-rich liquid phase which
contains a large proportion of CO4*".

When, at the final stage of melting, the K,O concentration de-
creases in the liquid phase, CO, is gradually released and this may
cause many small bubbles. However, as the K,O concentration
decreases, an O, evolution is triggered (Section V (1)). In the ideal
case the large amount of O, which is developed sweeps other gases
away and finally only O, bubbles remain. These bubbles disappear
easily from arsenic-containing silicate glass melts, probably
through a dissolution mechanism operating during temperature de-
crease !>

As indicated in Section [ (2), a current view for the fining action
of As,Og, based on previous literature, is that an O, evolution,
triggered by a temperature increase, causes fining by means of
bubble inflation followed by ascension. In the present study it was
found that the variations in alkali oxide concentration in the silicate
liquid formed during the melting process trigger an O, evolution.
The decrease in alkali oxide concentration in the silicate liquid, due
to the solution of SiO,, triggers at the right moment and at the right
place the evolution of O,, which may be the reason for the effective-
ness of arsenic.



VI. Conclusions

[t has been shown by Raman spectroscopy that in the first stage of
melting in a reacting 30K,CO;-70Si0,-1As,0; glass-forming
batch, all the arsenic is in the pentavalent state, dissolved as AsO *~
in a potassium-rich liquid phase. which contains metasilicate and
carbonate. The high oxidation state of arsenic is then stabilized by
the high potassium oxide concentration. When the reactions pro-
ceed and the product glass composition is reached, the melt be-
comes more acidic and part of the arsenic goes into the trivalent
state, causing an oxygen evolution at the right place and time.
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Raman Study on Glasses and Crystalline Compounds in

the System K;AsO,-KAsO,

H. VERWEILJ
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Raman and IR spectra of the crystalline compounds a-K3AsO,
K(As;0,, KsAs;040, and y-KAsQO; are given together with tenta-
tive assignments in terms of symmetrical and antisymmetrical
As—O~ and As—0—As bond-stretching and bond-bending vi-
brations. Comparison of the Raman spectra of crystalline arse-
nates with those of vitreous arsenates, stabilized with Al,O;, in
the composition region KAsQO;-K As,0; is used to deduce the
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molecular structure of these glasses. It appears that in the
glasses chains of AsQ, tetrahedra are present.

Index Headings: Infrared; Light scattering; Molecular structure;
Optics; Raman spectroscopy.

INTRODUCTION

The study presented here is part of a research program
in which the reactions of As,0; additions to silicate glass

APPLIED SPECTROSCOPY



batches during melting are studied.' In this program
Raman spectroscopy is used as a nondestructive identi-
fication method for molecular structures in the vitreous
or crystalline state which occur in partly or completely
reacted silicate glass-forming mixtures.

One of the central problems is the assignment of Ra-
man peaks caused by the presence of arsenite or arsenate
structures. In order to be able to make these assignments
with sufficient certainty Raman peak position, intensity,
and depolarization data of arsenate (and arsenite) groups
are needed. The present study reports on arsenate groups
occurring in crystalline and vitreous potassium arsenates.

The phase diagram of the K3AsO;-KAsO; system? in-
dicates that at room temperature there are four stable
compounds: a-K3;As04; KiAs,07; K5A83010; and 8-KAsOs.
No x-ray diffraction structure studies on potassium ar-
senates have been reported in the literature.

a-K3As0; is likely to contain AsO.*” tetrahedra. A
vibrational study on the AsO*" ion in aqueous solution
has been done.**

KAs;Q; probably contains As,O;*~ groups of two
tetrahedra sharing corners as in NasAs:0-.° The infrared
spectrum of a Na;As,O- melt together with an interpre-
tation in terms of bond-stretching and -bending vibra-
tions is given in Ref. 6. A normal coordinate analysis of
As,0-*" is given in Ref. 7.

KsAs;0,0 probably contains linear As;O3; chains of
three tetrahedra sharing corners as in HsAs30,0.% °

From chromatographic studies'®' it was concluded
that 8-KAsOj; consists of As;0s°” rings and that y-KAsOs,
metastable at room temperature, consists of (AsO3 )«
chains of AsO, tetrahedra sharing corners. NaAsO3; con-
sists of (AsO37). chains with a chain period of three AsO,
tetrahedra'?; the same is also true for LiAsO; with a chain
period of two tetrahedra.'”® An interpretation of the vi-
brational spectra of 8-KAsQ; is given by Griffith,"* who
concluded a “chair” conformation for the As;O¢®™ rings.

Vitreous potassium arsenates have not been reported
in the literature although glass formation in As,Q3-based
systems has been described.'®

I. EXPERIMENTAL

A. Preparation. Crystalline potassium arsenates were
prepared by high temperature solid state reaction of
KH,As0, (Alfa products, Ventron, Beverly, MA) and
K,CO; (E. Merck, Darmstadt, W. Germany) in a dry O,
stream. The reaction time was 20 h, and the temperatures
were 600°C for y-KAsO; and K;As30,, 650°C for
K4As20-, and 850°C for a-K3As0,. After the reaction no
special cooling was applied. Vitreous potassium arsenates
of composition xK,0-As,0s (x = 1, 1.2, 1.4, 1.6, 1.667, 1.8
and 2.0) were prepared by melting in Al;O; crucibles
(Degussa, Frankfurt, W. Germany) for 1 h in air inside
an electrically heated furnace at temperatures varying
from 900 to 1000°C. The melts were poured between
water-cooled steel rollers; in this way flat pieces of clear
glass were obtained with a thickness varying from 2 mm
(x=1) to 0.5 mm (x = 2), depending on the crystallization
rate of the glasses. The glasses with x = 1.8 and 2.0 were
slightly yellow. When SiO; crucibles were used all efforts
to make glass failed which indicates that Al** which
dissolves from the Al:O3 crucible stabilizes the vitreous
state. For x > 2 crystallization occurs in all cases. The
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results of a wet chemical analysis of the glasses are given
in Table I.

B. Raman Measurements. The Raman spectrometer
used was a commercially available instrument. (Raman,
H. G. 2S, Jobin Yvon, Long Jumeau, France) For exci-
tation an Ar* laser (Coherent Radiation model 52, Palo
Alto, CA) was used, tuned to a wavelength of 514.5 nm;
the maximum laser power was about 1 W and the light
output stability was better than 0.5%. The monochro-
mator was equipped with two concave holographic grat-
ings and a controlled step motor drive. The detector
consisted of a Peltier-cooled photomultiplier tube (ITT,
FW 130, Rochester, NY). The spectra were recorded
using a dc amplifier (Keithley, 117 picoammeter, Cleve-
land, OH) in combination with a double RC filter and a
recorder. Wavelength checks were made, using non-las-
ing emission lines from the Ar* laser.

The Raman spectra of the crystalline powders were
measured on samples contained in rotating sealed sample
tubes (length 50 mm; inner diameter 1 mm). The laser
power was reduced to 500 mW to avoid thermally induced
phase transitions, which were especially serious for
K5As3010 and a-K3AsQO,. The spectral resolution was set
to 2 cm™'. In order to measure the Raman spectra of the
very hygroscopic glass samples they were mounted inside
a sample holder which was placed inside a square glass
vessel, having optically polished windows. The glass ves-
sel was filled with an index-matching liquid (IML) to
protect the sample from atmospheric attack and to avoid
surface depolarization effects. The refractive index of the
IML was carefully matched to the refractive index of the
glass samples using a modified version of a method
described in Ref. 16. The IML consisted of a mixture of
CeHsBr and paraffin oil. The sample holder was con-
structed in such a way that the very strong Raman
scattering from the IML was completely shielded. A laser
power of 500 mW was applied so that no thermal defo-
cussing in the IML or pyrolysis of the IML at the glass-
liquid interface occurred. The primary beam was polar-
ized using a Glan-Thompson prism. Polarized and depo-
larized spectra were measured in the geometries Y(ZZ)X
and Y(ZY)X respectively'’; Y is the direction of the laser
beam and X is the direction of measurement. As a check,
the depolarization ratios of the 318 and 459 cm™" bands
of CCl; were measured, using an empty sample holder.
The measured depolarization ratios were found to be
close to the theoretical values, so no corrections were
made to the measured depolarization ratios of the glass
samples. The optical path length of the scattered light in
the glass samples was reduced as much as possible to
avoid internal depolarization effects. The spectral reso-
lution used for the glasses was set to 5 cm™.

All Raman spectra were run with a time constant of 5
s and a scan speed of 20 cm™!/min.

TABLE I. As** and AI** content of the potassium arsenate
glasses xK;0+As,0;5 as determined by wet chemical analysis.

X As* (wt, %) Al* (wt, %)
1.0 1.82 3.8
1.2 0.54 3.1
14 0.14 3.9
1.6 0.14 3.3
1.667 0.11 4.4
1.8 0.05 4.1
2.0 0.01 5.0
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C. Infrared Measurements. Infrared spectra of the
crystalline compounds in the region 200 to 1300 cm™
were obtained, using standard apparatus (Hitachi types
EPI-G2 and EPI-I, Tokyo, Japan). Wavelength checks
were made by recording a standard polyethylene foil.
The samples were pressed in KBr and polyethylene discs.

All sample handling at room temperature occurred
inside nitrogen-filled glove bags (I’R, Cheltenham, PA).

II. RESULTS AND DISCUSSION

Except for a-K;AsO, the assignments in this paper are
approximative in character and are generally made fol-
lowing the empirical method of interpretation of Ref. 18.
The following “rules of thumb” are used: (1) symmetrical
vibrations with small oscillating dipoles are strong in
Raman and weak in IR, and (2) antisymmetrical vibra-
tions are strong in IR and weak in Raman.

A. a-K;3As0O,. In Fig. 1 the Raman and IR powder
spectra of crystalline a-K3AsQ, are given. Spectral data
together with assignments are given in Table II. The
AsQ.*" tetrahedron for which we assume a pseudo Tp
symmetry has as Raman active species: A; + E + 2Fy;
the F species is also IR active.'® The A, species is found
as a very strong peak in the Raman spectrum of a-
K3AsOg; the two F; modes are found in the IR spectrum
as strong absorptions; in the Raman spectrum removal
of the three-fold degeneracy of the two F; species is
observed. This removal of degeneracy is not observed in
the IR spectrum,; this is apparently caused by the large
band width of the modes in the IR spectrum. The E
species is also found in the Raman spectrum; removal of
the two-fold degeneracy of the E species causes line-
broadening.

The results are consistent with those for AsO,* in
aqueous solution,® ¢ in which case the A; and F; stretch-
ing modes are found at 818 and 791 cm™' and the F; and
E deformation modes at 405 and 350 cm™, respectively.

B. K As;0;. In Fig. 1 the Raman and IR powder
spectra of crystalline K;As;0; are given. Spectral data
together with tentative assignments are given in Table
IIL

For As;0-*” in a C,, symmetry we may expect 7A, +
4A, + 4B, + 6B, vibrations; the A; is not IR active.'® In
the region of stretching frequencies 2v,5 AsQs, 2.5 AsOs,

TABLE II. Raman and IR data and assignments for a-K;AsQO,

1y and 1v's AsOs, lv,s and 1vs AsOAs are expected; with
ves > 5."8 From the deformation modes 18, AsO;, 18
AsO3, 28, AsO;, and 28", AsO; are expected between 300
and 450 cm™'; the region where the § AsOs modes in
K3AsOQ, are also found (Table I). The strong peaks at 261
and 248 cm™' may be ascribed to a § AsOAs vibration.
While 21 Raman active fundamentals were expected for
As;07'", 17 maxima are actually observed in the Raman
spectrum of K4As;0; and were all assigned to internal
vibrations of the As;0,*" group. The remaining 4 funda-
mentals which were not observed in the Raman spectrum
are of the rocking type'® and can be expected at very low
frequencies (where also lattice modes and K—O stretch-
ing modes can be expected) because of the large rota-
tional freedom of the As—O—As bonds in As,O;*" ions.

The number of maxima in the IR spectrum of K As;0;
is less certain because of the large bandwidth of the
absorptions. While 17 IR active fundamentals were ex-

A\\‘/\ﬂ
)
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1
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o
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Scattered intensity(B,D,E) —
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Fic. 1. Raman and IR powder spectra of a-K3AsOs and K4As:07. A,
a-K3As04 (IR); B, a-K3AsO4 (Raman); C, KiAs:0: (IR); D, K;As,0,
(Raman 10x); E, KsAs;0; (Raman 1X).

Raman Infrared
z 2 b 3

Peak posi- Relative Peak width Relative in-  Absorption R(;i:xtx:ieozb- Absorption  Relative ab- Assigrment To
tion (cm™')  peak height (em ™) tensity® (em™) dlg;)th width (cm™) sorption®

843 6 6 4.5

827 6 6 4.5 815 100 210 100 von ASOy F.

800 6 6 45

814 100 8 100 v, AsQs A,

418 7 7 6

409 9 7 8 397 90 160 70 8as AsOy F.

399 11 7 10

330 13 14 23 5. AsO, E

? Intensity and absorption are calculated as: peak height X width or absorption depth x width; because of the technique used the IR absorptions

are not very accurate. sh = shoulder.

® In this paper we use the following nomenclature for vibrations: » = stretch-, § = bending-, y = torsion- or rocking-, (a)s = (anti)symmetric, a prime

denotes an antiphase movement of adjacent groups.

¢ Corresponding symmetry species for an AsO, tetrahedron in Ty, symmetry.
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TABLE IIIl. Raman and IR data and assignments for K ;As;0,.*
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Raman

Infrared

Relative

Peak width  Relative inten-
peak height

Peak posi-
(em ) sity

Absorption (cm '
tion (¢m ') RorR § A

Relative ab-
sorption
depth

Relative ab- Assignment To G

sorption

Absorption
width (cm ')

900 sh <1
885 sh <1
879 sh <1 878 100
854 sh <1
840 sh <l

859 100 14 100
845 20 6 9 838 20

765 20

©
=
©

540 537 40
433
401
384
372
360
324

10 8
10 5
14 9
10 1.5

[CRET- NI S

‘ 400-350 80

261 28 18 36
248 22 20 31

145 100 Vans Vo ASOy F2 Ai, Ay, B, B2

{y, AsO; A, A,

20 3 v, AsOu A, B,

} Ve ASOAS Fy B,

} ». AsOAs Ay A

A B,

120 69 A, As By, By

8. 8, 8u ' ASOy E+F:

} 8 AsOAs A,

* See footnotes a, b, and ¢ of Table I for explanation.

pected for AsO;"” in a C,, symmetry 7 maxima were
actually found which were all assigned to internal vibra-
tions of the As,0,*~ group.

In the region of the v, AsO; vibrations 5 maxima are
found in the Raman spectrum while 2»,, and 2., modes
are expected for isolated As,O;*". In the spectra the v,
AsOAs mode is split up; this splitting is not found in the
IR spectrum of NasAs,O-*’ where a strong absorption
band is found instead, which envelopes the v,s As—0O—As
bands in the IR spectrum of K As,0;. Furthermore 2
peaks in the Raman spectrum are assigned to § AsOAs
for which only one mode is to be expected.

The observations above point to an important inter-
action between two neighboring As.0;*~ groups (Davy-
dov splitting™). The v, AsO;, the § AsOAs, and especially
the v.s As—O—As modes are relatively strongly dipolar
in character and accordingly give rise to a relatively long
interaction distance for the As;0;*~ groups. This may
explain why for the other vibrational modes observed in
the Raman an IR spectra of K4As,0; no splitting up is
found. As the exact structure of K4As,O7 is not known,
a more detailed explanation of the observed phenomena
cannot be given.

C. K;5As8;040. Fig. 2 gives Raman and IR powder
spectra of crystalline KsAs;Oy. Spectral data together
with tentative assignments are given in Taole IV. The
As;010° ion in a C,, symmetry has 11A, + 6A; + 9B, +
7B, species. The same number of » AsO; and § AsO;
modes are present as in As;O;* although the coupling
between the two AsO; groups will be considerably less
due to the presence of the AsO; group so that the
separation between » and ¥ modes can be expected to be
less than for K 4As,O; and in fact not observable.

The AsO; group gives rise to 1v,s AsOs, 1vs AsO,, 18
AsO,, and three AsO; rocking modes. Furthermore there
are 1v,s AsOAs, 1V AsOAs, 1y, AsOAs; 1»'s AsOAs, 26
AsOAs, 18 OAsO, and two AsOAs rocking modes.'® The
assignments for the AsO; groups are derived from those
of Asy;0,*~ (Table III). The v, AsO, mode is found as a
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Fi6. 2. Raman and IR powder spectra of KsAs;010 and y-KAsOs. A,
K;5As3010 (IR); B, K5As30,0 (Raman 10%); C, K5As;0,0 (Raman 1X); D,
v-KAsO; (IR); E, y-KAsO; (Raman 10x); F, y-KAsO; (Raman 1X).

<«— Absorption{A,D}

Scattered intensity{BC.EF)| ——»

single peak at 954 cm™' in the Raman spectrum and as a
strong band in the IR spectrum; », AsO, is found as a
very strong peak in the Raman spectrum at 887 cm™.
The observation: ¥ X0, > v X03; > » X0y is consistent
with what is found for many tetrahedrally coordinated
networks, e.g., silicates,”’ germanates,” and phosphates.'®
v'as AsOAs belongs to the totally symmetrical represen-
tation and is found in the Raman spectrum as a relatively
strong peak.

While 33 Raman active fundamentals can be expected
for As3035, 27 maxima were actually found in the Raman
spectrum and 21 were assigned to internal vibrations of
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TABLE IV. Raman and IR data and assignment for Ks;As;0;,.*

Raman Infrared
Peak position Relative peak Peak width  Relative inten- Absorption Relative ab- Absorption Relative ab- Assignment To Cav
(em ') height tem™’ sity (em ) sorption depth  width (cm ") sorption
954 9 7 8 941 100 30 50 Ve ASO: F. B:
908 5 4« 25 909 50 10 8 } Fo,
%00 5 5 3 899 50 10 8 Y A:O“ F: - BuB
883 sh <1 890 25 10 4
875 13 4 6.5 875 50 10 8 ¥ AsOy Fs Ay A;
887 100 8 100 v, AsO. A A,
858 25 10 4 v’ AsO; A, B, .
849 74 6 56 849 25 10 4 v, AsO, Al A
806 19 12 29 806 75 30 60 V' ASOAS F.+ Ay <Ay
742 2 14 35 741 100 60 100 ¥u ASOAS F. "B,
520 1 14 2 535 75 30 40 v'. AsOAs F.+ A, B,
494 16 18 36 492 25 30 13 v. AsOAs A, Ay
412 4,5 10 5,5
400 2 8 2 392 ,
383 9 14 6 283 8. &'« AsOs E AB,
+
363 9 16 18 368 .
e L5 & X N By 8'as ASOy F. A A:B,B,
. ’ +

338 4 16 8 335
396 3 12 45 § AsO, E A
296 5 10 6.5 293
256 16 18 36
241 19 18 43 & AsOAs AB,
197 5 13 8

160 8 16 L5

125 2.5 10 20

93 2 10 25 ’

4 4.5 18 10

62 35 10 4.5

* See footnotes a, b, and c of Table II for explanation.

the As3;O3% chain. The number of maxima in the IR
spectrum of KsAszO, is less certain again; while 27 IR
active fundamentals can be expected for As;O% in Ca,
symmetry, 16 maxima could be distinguished which were
all assigned to internal vibrations of the As;O% group.
The peaks below 200 cm™' in the Raman spectrum of
KsAs30,0 are difficult to assign; they may be caused by
lattice modes, deformation modes, or K—O modes.

D. y-KAsO;. In Fig. 2 the Raman and IR powder
spectra of y-KAsO; are given. Spectral data together with
assignments are given in Table V. From X-ray powder
diffraction it was concluded® that in y-KAsOj; chains of
AsQ, tetrahedra are present with a chain period of four,
probably with an inversion center in the chain. The
assignment given in Table V agrees with the assignment .
for B-KAsO;" as far as the AsO, stretching modes are
concerned. The AsOAs modes indicated as ring modes in
Ref. 14 differ considerably from the AsOAs modes found
for y-KAsOQOj; this may be explained by the strong angle
dependence of these types of vibration.?'

E. Depolarization Ratios. The v, AsO,, AsO3, and
AsOAs (Tables II to V) modes are all expected to be
strongly polarized as they are all related to »; AsO4in Tp
symmetry, which is completely polarized. Furthermore,
Vas AsOAs in Ks5As30,0 and the § AsOAs modes are
expected to have a depolarization ratio p: 0 < p < 0.75.
The 2gibrations of other symmetry species are depolar-
ized.

F. xK,0+As,0;5; Glasses. Fig. 3 gives polarized and
depolarized Raman spectra of xK»0-As;0; glasses with
x = 1-2. Spectral data together with assignments are
given in Table VI. It can be observed from Figs. 2 and 3
and read from Tables IV, V, and VI that the polarized
Raman spectra of K,0- As;05 and 1.67 K0 - As,05 glasses

are very similar to the Raman spectra of the crystalline
compounds with the same composition: y-KAsO; and
KsAs3050. The intense band at 908 cm™ in the polarized
spectrum of K»O- As,0Os glass consists of a polarized part
which can be ascribed to a »; AsO;, vibration and a
depolarized part with a maximum at 935 cm™ which can
be ascribed to v.s AsO. vibrations. At 770 cm™’, a weak
depolarized band is found which can be ascribed to a vas
AsOAs vibration and at 570 cm™ a broad polarized band
due to vs AsOAs vibrations is found. The broadening and
shifting of the »; AsOAs band from 534 cm™" in crystalline
v-KAsO; toward 570 cm™ in the glass can be explained
by the fact that this type of vibration is highly sensitive
to the AsOAs bonding angle.”’ Two depolarized bands at
404 and 360 cm™' can be ascribed to &, and 8.; AsO:
deformation modes and the partly polarized band at 254
cm ™! is ascribed to a § AsOAs mode.

In the Raman spectrum of vitreous 1.67 K.O-As;0s5
(KsAs30)0) the three polarized bands at 880, 825, and 816
cm™! can be ascribed to v, AsO,, »s AsOs, and v, AsOAs,
respectively. The asymmetric depolarized band at 976
cm™ consists of v,s AsO; and ».s AsO; bands. The depo-
larized band at 760 cm™ can be ascribed to v.s AsOAs
and the polarized band at 547 and 484 cm™' can be
ascribed to »s AsOAs, the depolarized bands at 400 and
366 to &, and 8.s AsO; AsO; modes and the partly
polarized band at 250 cm™" to § AsOAs.

From Fig. 3 it can be observed that the Raman spectra
of glasses with composition intermediate between x = 1
and x = 1.67 gradually change as a function of x. The s
AsO; band shifts in position from 908 ecm™' (x = 1) to 880
cm™! (x = 1.67), while the bandwidth decreases. The .
AsQOj; band can be observed first at x = 1.4.

In the region 800 to 950 cm™' in the depolarized spectra
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TABLE V. Raman and IR data and assignment for y-KAsQ;.*
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Raman Infrared
Peak posi- Relative Peak width Relative in-  Absorption RZ?“‘{? ogb- Absorption  Relative ab- Assignment To
tion (cm™')  peak height (cm ™) tensity (cm™) d?;)th width (cm™) sorption

969 11 4 . 9 978 ;
950 11 5 11 965 100 75 70 Vaxy ¥ an ASO-_’ Fz
917 100 5 100 911 60 10 5 v« AsO, A,
896 0.5 5 0.6 . 894 30 15 5 V' AsO, A,
839 0.5 12 1.5 839 30 55 15 v an AsOAs F.
817 0.5 9 0.7
715 2.5 10 5 712 90 90 75 vas ASOAs F,
554 sh 557 40 30 10 v’ AsOAs A,
534 29 11 64 523 90 30 25 v, AsOAs A,
390 1.5 5 1.5
386 5 7
374 7 5 7 400-300 90 120 100 1) ASOz E, Fz
340 15 7 21
274 16 10 32
o o o - 280 80 80 60 } v AsO,
224 15 13 39 5 AsOAs
180 1.9 13 5
160 0.2 5 0.2
148 2.5 6 3
132 6.2 8 10

99 1.7 6 2 ?

73 5.8 8 9 }

64 1.0 5 1

51 0.6 5 0.6

* See footnotes a, b, and ¢ of Table II for explanation.
A Y{ZZIX B Y(ZYIX

Scattered intensity —— ¢
’ I

- 1 | | | |

1000 800 600 400 200 0

1200
<+——Avicar)

rel.ampl.:10x

x=1-8

Scattered intensity —p

] | | | I I
1200 1000 800 600 400 200 0
<+——Av(enr)

FiG. 3. Polarized (A) and depolarized (B) Raman spectra of xK.0. As;O; glasses.

we observe that the v, AsO, band at 935 cm™! decreases
in intensity and the v,, AsO3; band at about 876 em™
increases in intensity as the number of AsQ; groups
increases. The deformation modes remain at about the
same position.

Although it is quite clear from the Raman spectra of
glasses in the composition region 1 < x < 1.667 that
chains of AsO, tetrahedra occur, no conclusions on the

Volume 33, Number 5, 1979

chain length distribution can be drawn.

In the spectrum of 1.8 KO- As;Os glass v, AsO; is still
present, but a new band at 830 cm™' appears which must
be ascribed to the formation of As,0;*~ groups. According
to the batch composition this glass should contain 50%
As3;03% and 50% As;O;*~ groups. In the spectrum of 2K-0 -
As;0s glass, which theoretically must contain 100%
As;07*” groups, »s AsO; has disappeared and a sharp
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TABLE V1. Raman data and assignment for xK,0.As;05

glasses.
Peak posi-  Relative peak Peak width Depolarization .
X tion tem 'y height {cm ) ratio (p) Assignment
10 935 7. 100 06-08 v ASO:
908 100 52 0.0-0.1 v. AsO:
770 sh 0.6-0.8 vu ASOAS
570 20 122 . 0 v. AsOAs
404 5 66 0.72 5., 5 ASO:
360
254 10 52 0.35 5 AsOAs
12 932 55 99 0.6-0.8 Un ASO:, ASO,
896 100 43 0-0.1 v, AsQ.
760 sh 06-08 Ve ASOAS
560 16 122 0.05 v, AsOAs
410 35 2% 0.81
360 65 48 081 4., 8.. AsO,, AsO,
254 10 47 0.48 8 AsOAs
14 910 45 98 0.6-0.8 be ASOs, ASO,
880 100 33 0-0.1
852 2 2. 0-0.1 N 258_?
760 sh 0.6-0.8 OB
v ASOAs
562 13 88 04 AeOA
490 1 52 04 "
414 4 0.63
%0 8 s 063 8, 8. AsOy, AsOy
252 10 42 0.35 5 AsOAs
16 830 8 78 06-0.8 v ASO, ASO;
882 100 32 0-0.1 v, ASO,
850 61 2% 0-0.1 v, AsO:
760 sh 0.6-0.8 v ASOAS
550 13 60 0.04
490 11 56 0.04 }  SGnE
400 45 52 0.73
370 5% 50 575 } 8., 8o ASO:, AsO,
252 12 40 0.65 & AsOAs
167 876 7 86 0.6-0.8 Ve ASO:, ASOy
880 100 28 0-0.1
852 6 28 0-0.1 " ::gf
816 24 0-0.1 v P (") i
760 sh 06-08 o A:O As
547 10 58 0.03 ) OA;’
484 16 44 0.03 b A8
400 55 52 063
ot 12 56 060 } 8.0 6 ASOs, ASO,
254 11 38 0.31 8 AsOAs
18 866 115 76 0.6-0.8 Ve ASO., AsO;
868 v AsO,
1 54 0-0.1 « A8
852 } 00 } } v, AsQ,
830 43 2 0-0.1 %, AsO;
760 sh 0.6-0.8 v.. AsOAs
546 8 24 0.04
494 155 48 0.04 ’ » AsOAs
410 55 36 0.62
370 2 . 23 0.62 } 8., 8ax A3O:, AsO,
250 85 38 0.32 8 AsOAs
20 860 14 4“4 0.6-0.8 Ve ASO,
854 100 77 0-0.1 A
832 55 1 0-0.1 ve At
480 7 6 0-0.01 v. AsOAs
376 16 110 0.70 8., 80 ASO;

* See footnotes a, b, and ¢ of Table II for explanation.

band at 832 and a broad band at 860 cm™' are present
which are both polarized; these bands can both be as-
cribed to »; AsO;.

It is not clear, however, why two polarized bands are
present. A weak polarized band at 480 cm ' can be
ascribed to v, AsOAs; furthermore, deformation modes
are present at 400, 376, and 200 cm™".

III. CONCLUSION

Raman spectra of vitreous KAsO; and K;As;0, are
very similar to the spectra of the crystalline compounds
v-KAsO; and Ks5As30,0 which suggests a structural simi-
larity. The polarization behavior of the Raman bands of
the glasses agrees with the assignments.

In the glasses xK»0-As,0; with 1 < x < 1.67 chains of
AsQ, tetrahedra are present. The interpretation of the
spectra of xK»0-As;0; glasses with x = 1.8 and 2.0 is
somewhat uncertain. The appearance of two polarized »
AsOj; bands cannot be explained yet.

The depolarized peak at 880 ecm™' observed in the
Raman spectra of glass with batch composition 30K,CO;
70Si0, 1As;0;' can be ascribed to »., AsO; of a short
chain arsenate group. At least part of the polarized band
at 826 cm™' can be ascribed to ». AsO;. In order to
complete the assignment of the “arsenic peaks” in silicate
glass a detailed computer analysis of the Raman spectra
of arsenic-containing silicate glasses is in preparation
together with a study on crystalline and vitreous com-
pounds in the K;0-As,0; system.
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Abstract

KsAs; 0, orthorhombic, P2,2,2,,
a=798(),b=797(1),c=1930(2) &
V=122754%72=4,D =306 cm™3,
Dc=3.14cm™3, u (Mo Ko, A =0.8107 R) =105 cm™.

The structure was solved by Patterson methods from X-ray
single-crystal data. For 912 independent intensity data the
final R =0.04.

Each As atom is tetrahedrally surrounded by four O atoms.
Groups of three tetrahedra, sharing corners, from strongly
bent chains. The coordination of the K atoms varies from
6t09.

Tetragonal pseudosymmetry may lead to twinning.

Introduction

Structure data on potassium arsenates are needed for a
study on arsenic-containing silicate glasses (Verweij, 1979).
Condensed alkali arsenates generally contain chains or rings
of AsQ, tetrahedra, sharing corners.

So, (LiAsO;)x (Hilmer & Dornberger — Schiff, 1956) and
(NaAsO; )x (Liebau, 1956) contain chains of infinite length,
whereas NajAs,0, (Leung & Calvo, 1973) contains
pyroarsenate groups, built up of two AsQ,4 tetrahedra.

Compounds similar to the title compound are NasAs; O, ¢
(Thilo & Winkler, 1966) of unknown crystal structure,
NasP3;0;, (Corbridge, 1960) containing stretched chains
of three tetrahedra, and Hs As3; O, o (Jost, Worzala & Thilo,
1966) which contains ribbons consisting of AsO,4 tetrahedra
and AsQOg4 octahedra.

The phase diagram of the K,0-As,0s system (Levin,
Robbins & McMurdie, 1964) shows four compounds stable
at room temperature: o-K;AsQ4, K4As,0,, KsAs30,,
and y-KAsO;. The subject of this paper, KsAs; 0, melts
incongruently at 630°C.

Single crystals were grown from a melt in a Pt-10% Rh
crucible by cooling from 800°C at a rate of 0.14°C/min.
The composition of the melt was 58 mole % K, 0 and 42
mole % As,Os, which is between that of K5 As;0,, and
the eutectic between y-KAsO; and KsAs;0;, (Levin,
Robbins & Mc Murdie, 1964), so that the title compound
was the primary crystalline phase on cooling. The cooled
mixture consisted of microscopic needles of y-KAsO,
(Thilo & Dostal, 1959) and (Grunze, Dostal & Thilo, 1959)
and transparent, highly imperfect crystals of K5As30.
The crystals were very hygroscopic and had to be handled
in a glove bag filled with dry nitrogen (I*R, Cheltenham,
Penn.).

An irregular, beam-shaped crystal of dimensions 0.32 x
0.20 x 0.08 mm was sealed in a glass capillary and mounted
on a PW1100 computer-controlled four-circle diffractometer
(Hornstra & Vossers, 1973). The crystal appeared homo-
geneous when inspected with a polarization microscope.

The reflections were obtained in « scans with a stationary
detector.

Many reflections showed a satellite at about 0.5° from the
main reflection with an intensity about ten times lower.
These satellites were included in the integrated intensity.
The similarity ofaand b axis suggested tetragonal symmetry;
in addition many hkl-khl pairs had similar intensities.
The 130 reflection, however, was three times stronger than
the 310 reflection. This showed the structure to be
orthorhombic.

Due to the irregular shape of the specimen, an exact
absorption correction was impossible. Therefore, the
intensity of the 123 reflection, a plane almost perpendicular
to the paxis,was measured at various azimuths. This showed
how the intensity varied with ¢ and all intensities were
corrected correspondingly. After this procedure the
differences between symmetry-related reflections were
comparable to the final R factor. By averaging over
symmetry-related reflexions, 912 independent intensity
data were obtained from 3796 individual measurements up
to 6 = 22°. The computer programs used for structure
determination were by Braun, Hornstra and Leenhouts.
The structure was solved from the Patterson function which
showed pseudotetragonal symmetry. In the least squares
refinement of the parameters the sum of w(Fqy-F¢)? was
minimized. The weighting system used was that described
by Braun, Homstra and Leenhouts (1970). Although the
starting set of parameters of all K and As atoms had
tetragonal symmetry (space group P4,2,2 with 4, along
Y% 0z), full-matrix refinement in P2,2,2, started without
problems. A difference-Fourier synthesis gave all oxygen
positions. These positions showed clearly that the crystal
was not tetragonal.

The introduction of anisotropic thermal parameters reduced
the reliability factor only from 4.2 to 3.8% and was there-
fore considered not to be significant. The final parameters
are given in table 1. Because pseudosymmetry favours
twinning, the list of observed and calculated structure
factors and the final difference Fourier were carefully
inspected since X-ray photographs would not reveal this
type of twinning. They showed that at most ten per cent of
the specimen was in the twinned orientation. Owing to
this, some parameters may be in error by slightly more than
3.
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Table I Atomic parameters
Fractional coordinates (x 10%) and isotropic thermal para-
meters. Estimated standard deviation between parentheses.

X y z B
As(1) 0720(1) 3253(2) 1242(1)  1.28(5)
As(2) 4730(1) 2778(2) 1471(1)  1.15(6)
As(3)  0183(2) 7294(2) 1060(1) 1.33(6)
K(1) 4930(3) 2425(3) 3769(2) 196(9)
KQ2) 2646(4) 0064(4) 0054(1) 2.12(10)
K(3) 2451(4) 0006(3)  2526(1) 1.96(10)
K(4) 2526(4) 4581(4) -296(1) 2.52(12)
K(5) 2261(4) 5273(4) 2669(1) 227(11)
o) 0127(11) 2536(11) 0476(5) 2.8 (3)
0(2) 0317(11) 2255(11) 1955(5) 3.1 (4)
0(3) 0396(11) 7133(11) 0197(4) 28 (3)
04) 0181(10) 0217(10) 3615(5) 2.8 (3)
0(5) 1617(10) 3186(11) 3725(5) 3.1 (4)
0(6) 1852(11) 7933(12) 1468(5) 35 (5)
o) 2848(9) 3822(11) 1180(5) 3.0 (4)
0(8) 3841(11) 9049(11) 3847(5) 33 (4
009) 4640(10) 2812(10) 2331(4) 19 (3)
0(10)  4731(11) 0848(11) 1172(5) 34 (3)
Discussion

The structure may be described in terms of a body-centered
subcell with dimensions a/2,b/2, c¢/4. If the origin is chosen
at % 00, all comers of the subcell are occupied by K atoms
(see fig. 1). One quarter of these subcells have K(1) in their
centre the others As. Oxygen atoms are found near the
centres of the faces of these subcells.

Atom K(1) is surrounded by 6 oxygen atoms (see table 2)
forming a nearly regular octahedron.

Fig. 1 Projection on (001) of the atoms with 0 < z < 0.27; the z
coordinates are given in units of 0.01.

K(2) and K(3) have 8 oxygen neighbours forming a distorted
dodecahedron. The six oxygen atoms around K(4) form an
irregular octahedron and K(5) has 9 oxygen atoms at a
distance below 3.35 &.

The As atoms are surrounded by four oxygen atoms in
almost regular tetrahedra, forming chains of three by
sharing corners (see fig. 1).

The angles As(1) — O(7) — As(2) and As(1) — O(4) — As(3)
have quite normal values of 131.4° and 134.9°, respectively.
For the non-bridging oxygen atoms a mean As-O distance
of 1.65 & is found, and 1.78 & for the bridging oxygen
atoms, in agreement with other arsenates.

The strong bending of the chain is shown by the angle
As(2) — As(1) — As(3), which is 105.0° only, compared
with a corresponding angle of 173° in the chains of
Nas P30, (Corbridge, 1960).

Table II Short interatomic distances (&)

As(1) - O(2) 1.62 K(2)-0(8) 2.71 K@) -0(5) 2.68
As(l) - O(1) 165 K(2) - 0(10) 2.80 K(4)-0(1) 2.70
As(l) —0@) 1.75 K(@2)--0(3) 285 K@4)-0@3) 1282
As(1) - 0(7) 1.76 K(2)-0(1) 293 K@#4)-0(10) 2.82
As(2) - 0O(10) 1.64 K(2)-0(1) 294 K@) -01) 292
As(2) —O(8) 1.64 K(2)-0(3) 296 K(4) -0() 2.92
As(2) —-O(9) 1.66 K(2)-0(6) 3.28 K(5)-0(5) 2.68
As(2) —-O(7) 1.81 K(2)-0(4) 3.28 K(5)-0(2) 2.69
As(3) —0(6) 1.63 K(3)-0(6) 2.67 K(5)-0(@©9) 2.81
As(3) —O(5) 1.66 K(3)-0(2) 2.71 K(5)—-0O() 3.13
As(3) -0(3) 1.68 K(3)-0@4) 2.78 K(5)—-0@4) 3.15
As(3) —0@4) 1.79 K(3)-009) 2.86 K(5)— 0(6) 3.16
K(1) -0(6) 2.64 K(3)-0(8) 2.88 K(5)-0(Q) 3.18
K(1) —0(5) 2.71 K(3)-0() 292 K(5) —0©9) 3.20
K() —0(10) 2.74 K(3)-0(10) 3.25 K(5)—-0(10) 3.31
K1) -0(3) 2.79 K(3)-0(2) 3.27 As(l)-As(2) 3.25
K1) -0(9) 2.80 As(1) — As(3)  3.27
K(1) —0(8) 2.83
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Abstract Table I Interpretation of Raman data of vitreous As, O3
according to ref. 3.

The preparation of crystalline compounds and glasses in the

K,0-As, 05 system is described and Raman spectra are Frequency L .
given. Mixtures of KOH and As, O3 of various composition (em™) Polarisation Rel. Strength | Interpretation
were allowed to react in a N, atmosphere and the reaction
products were inspected by their Raman spectra. 255 Dep. Weak Cld(R,, R3,)
Compounds of stoichiometric composition KAs; Os , KAsO, 378 Pol. Strong Ars(B; +(B,))
and K3 AsO; were found in the mixtures. 482 Pol. Very strong Cld(B,)
Potassium arsenite glasses were prepared by melting KAsO, 527 Pol. Medium Ars(B, — (B3))
— As,0; mixtures in vitreous silica tubes; polarized and 610 Dep. |Weak shoulder Cld(B, — B3)
depolarized Raman spectra of the glasses were taken. From 810 Dep. Weak Cld(S; — D3);
these spectra it is concluded that the glass structures are Ars(S, — B3)
similar to the structures of the compounds KAs;Os and
KAsO,, which probably contain chains of As; O rings and — B3 = Bending mode of the O-As-O bond: movement of
AsO; pyramids respectively. the As atom along the bond angle bisector.

— B, = Bending mode of the As-O-As bond: Movement of

Introduction the O atom along the bond angle bisector.

— S, = Antisymmetrical stretch mode: Movement of the O
Raman data of arsenites in the crystalline and the vitreous atom in the As-O-As bond in the direction of the
state are used for studies of melting and fining reactions of As-As axis.
glass-forming batches containing As, 05 .(*) — S3 = Antisymmetrical stretch mode: Movement of the
In these studies Raman spectroscopy is used as an identifi- As atom in the O-As-O bond in the direction of
cation technique for structures in crystalline and vitreous the 0-O axis.
phases. — D3 = Cation motion with mixed B; and S; character.

Studies of the vibrational spectra of the crystalline As, Oj
modifications can be found in refs. 2, 3. Vibrational spectra
of vitreous As, O are given in refs. 3, 4. A recent X-ray
diffraction study of the structure of vitreous As,O; is
described in ref. 5.
In refs. 3, 4 and 5 the structure hypotheses for vitreous
As, 05 are all based on networks of corner connected AsO,
pyramids. In ref. 3, in which Raman and infrared spectra
are studied, it is ¢concluded that the structure of vitreous
As,O; contains both elements from the claudetite
structure (°) and from the arsenolite structure (7). The
claudetite structure contains folded layers of AsO;
pyramids; in these layers interconnected rings of six
pyramids can be distinguished clearly (cf. fig. 1A). The
arsenolite structure can be regarded as a packing of cage- Fig. 1A Claudetite network
like As;O¢ molecules which are also built up of AsO;
pyramids. Rings of three AsO; pyramids can be seen in the
As, O molecule (cf. fig. 1B). ®=As
Table I gives the Raman data of vitreous As, O; together O=0
with the structural interpretation from ref. 3. The nota-
tions used are (®):
—R; = Rocking mode of the oxygen atoms: Qut-of-

plane motion of the oxygen atoms in the As-O-

As bond.
—R;3 = Rocking mode of the oxygen and arsenic atoms. Fig. 1B As,O, molecule
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Enclosure between parentheses indicates a relatively small
contribution and a minus sign denotes an antiphase move-
ment. Cld is used for a claudetite-type structural element
and Ars for an arsenolite-type network.

In ref. 5 an X-ray diffraction study of the structure of
vitreous As, Q5 is reported in which a layer network of
As; 05 rings forming 6-membered rings is concluded
(cf. fig. 2). This proposed structure is in a good agreement
with the conclusions of ref. 3. The As;Oj; rings can be
regarded as arsenolite-type elements, while the bridges
between the As;O; rings can be regarded as claudetite-
type elements (cf. fig. 2).

“Claudetite”
element

0:=0

| 1
fArsenolite’f

I:element :

Fig. 2 Layer network structure as concluded for vitreous As; O3 in
ref. 5,

Compound glasses based on As,O; as the network-former
are reported in refs. 8, 9. A study of the structure and
properties of glasses in the Na, O-As, Q5 system is described
in ref. 10 where IR spectra, density, refractive index and
thermal expansion are given. In ref. 10 it is concluded that
when Na, O is irtroduced in As,O; glass, networks are
formed based on AsO; pyramids with one or two non-
bridging oxygen atoms (NBO’s). Furthermore it is concluded
that glasses with 40-50 mole % Na, O are structurally similar
to crystalline NaAsO, (* 1).

Phase studies and structure determinations of crystalline
alkali arsenites are scarce. The compound NaAsO, is
reported to contain chains of AsO; triangles with one NBO,
sharing corners (*!). In ref. 12 a phase study of the K, O-
As,03-H,0 system is reported in which a compound
K, As; O, is postulated. The compounds K;AsO; and
KAsO, have been reported by various authors (*3+*4). In a
phase study of the Na,0-As,0;-H,0 system (*°) a
compound NaAs;Os was found. Vibrational spectra of
KAsO, have been given in ref. 13, of K3 AsO; in refs. 13
and 15, and of NaAsO, in ref. 16. Raman spectra of
arsenites in solution have been given in refs. 14 and 16.

Experimental

The components, used for sample preparation, were
resublimated, reagent grade As, O3 (& 99.5%) and reagent
grade KOH pellets (86% by chemical analysis), both from
E. Merck, Darmstadt. Pellets of molar composition xKOH-
As,0; were prepared by thoroughly mixing S5-gram
quantities, using an agate mortar, followed by pressing in a
0.5” cylindrical mould. The parameter x was varied from
0 to 6 in steps of 0.5.

The pellets were heated in vitreous silica boats using a linear
temperature increase from room temperature to 200°C at a
heating rate of 3°C/hr, followed by a constant period of 60
hrs. After this treatment the samples were taken out of the
furnace. Heating rates of more than 3°C/hr resulted in
inhomogeneous reaction products with colours varying
from yellow to black.

From inspection of the Raman spectra of the powdered
reaction product it was concluded that the compounds
KAs; 05, KAsO, and K3 AsO; were present in the mixtures
in addition to some unreacted As,0;. The compounds
KAsO, and K;AsO; have been reported in refs. 13, 14;
a compound K, As,;0, as postulated in ref. 12 was not
found. The compound KAs;Os corresponds with the
compound NaAs; O, reported in ref. 15.

As the formation of KAs;Os proved to be very sluggish,
the following procedure was used to obtain it in a pure
state. A concentrated solution of As,0; and KOH in O,-
free destilled water was evaporated at 80°C. The product
obtained was heated in a quartz boat to 210°C at a linear
heating rate of 5°C/min, followed by a constant period of
75 hrs. The glassy reaction product was powdered in an
agate mortar and pressed to a pellet. This pellet was heated
again to 210°C with a linear rate of 3°C/hr followed by a
constant period of 100 hrs. The Raman spectrum of the
final reaction product showed no peaks belonging to
compounds other than KAs;Os; the purity was estimated
to be > 95%.

Potassium arsenite glasses with composition K,0.xAs,0;
(x =1, 2, 3) were prepared from mixtures of KAsO, and
As, O5. Pellets, pressed from these mixtures, were sealed
in vitreous silica tubes and melted by heating to 625°C at a
linear rate of 14°C/min and a constant period of 2 hrs
followed by air quenching. In this way glass fragments of
several millimeters were obtained.

Raman spectra were taken in perpendicular scattering
geometry using a Jobin Yvon Ramanor HG2S spectro-
meter with a Coherent Radiation 4W Artlaser,a ITT FW130
photomultiplier tube and a Keithley 117 picoammeter.

For measurement of powder spectra an Oriel 5145-11 1 nm
bandpass interference filter was placed in the laser beam to
avoid unwanted plasma lines. Powders were sealed in
vitreous silica tubes of 4 mm inner diameter which were
rotated at a speed of 1000 rpm during the measurements.
In this way sample decomposition due to laser heating was
avoided.

Polarized and depolarized glass spectra were measured with
a Glan-Thompson prism placed in the laser beam to obtain
a linear polarization. The glass samples were cut, ground



and polished in oil to obtain two parallel surfaces and one
perpendicular surface. They were measured in optical
sample cells, filled with dry nitrogen.

The scan speed for all spectra was 20 cm™" /min. The laser
power was about 500 mWatt.

All sample preparation and manipulation took place in a
glove box flowed with nitrogen which was purified using a
gas purifier from ASM, Bilthoven, The Netherlands.

Results and discussion

Raman powder spectra of crystalline K3 AsO;, KAsO, and
KAs;Os are given in fig. 3.

o
©
&~

Scattered intensity

492

1000 800 600

Avicm)

Fig. 3 Raman powder spectra of potassium arsenites. The spectral
resolution is 5 em™! .

400 200 0

In the interpretation of the spectra use is made of the
observation that arsenic atoms in arsenite structures are
generally coordinated by three oxygen atoms forming
pyramids ofapproximate C53y symmetry;other coordinations
are less probable because of the lone pair orbital of the
As** ion. It is assumed that the Raman peaks above 200
cm™ can only be ascribed to first order internal modes of
the arsenite networks, in accordance with the findings for
the various As, O, phases (*7 3> %).
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The stoichiometry of the compound K3 AsO; suggests the
presence of AsO3 ~ ions. In the Raman spectrum of K3 AsO3
eight peaks are clearly distinguished above 200 cm™,
whereas six internal vibrational modes, all Raman-active,
are to be expected for an isolated AsO3~ion (7). The
extra peaks are probably caused by a significant interaction
between the AsO3 ~ ions (Davydov splitting, ref. 18).

For an AsO3~ pyramid in C;, symmetry 2A, and 2E
modes are expected (! 7) which can be described as symme-
trical (A,) and antisymmetrical (E) stretching and bending
modes. If the symmetry of the pyramid is lowered the E
modes are split up. Raman data together with an assignment
for K3 AsO; are given in table II. The strong Raman peaks
are assigned to A, modes and the peaks above 600 cm™
are assigned to stretching modes by analogy with the As, 03
phases where the stretching (S) modes were all above 600
em™ (3).

Table II Raman data and assignment for K3 AsO3

Freq. | Rel. | Width | Rel.
(cm™")|height|(cm™)| Int.

Assignment for
C3 VASO:; -

782 | 100 | 20 | 100
715 71 14 50

Symm. Stretch (A,)

606 71 20 7 Antisymm. Stretch (E)
473 21 26 29 Antisymm. Bending
395 17 9 8 (E)

375 71 20 7
337 24 12 14

257 43 | 22 47 Symm. Bending (A, )

177 11 20 11 K-O, lattice modes
160 6| 12 3
118 13| 12 8

97 19 9 8

82 11 12 6

60 41 12 2

The stoichiometry of the compound KAsO, points to the
presence of rings of AsO; pyramids sharing corners, or
chains as are present in crystalline NaAsO, (* !). The Raman
data for KAsO, agree very well with those given for NaAsO,
(*%) from which a structural similarity can be concluded.
The Raman spectrum of KAsO, (cf. fig. 3) shows the
general features of other chain-type compounds such as
arsenates (! ?), germanates and silicates (2°).

Raman data and assignments for KAsQ, are given in
table III. The weak peaks at 786 and 535 cm™ are inter-
preted as Davydov partners of the strong peaks at 838
and 563 cm™'. The strong peaks at 838 and 563 cm™! are
ascribed to symmetrical stretch vibrations of the NBO and
of the As-O-As bond respectively.

NBO stretch vibrations give rise to strong peaks in the
region of 800950 cm ™! for chain-type arsenates, germanates
and silicates; symmetrical X-O-X vibrations are found at
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Table III Raman data and assignments for KAsO,

Table IV Raman data and assignments for KAs3; Os

Freq. | Rel. | Width | Rel.

. Assignment for
(cm™)(height| (cm™")| Int.

(AsO, 7) chains

Freq. | Rel. | Width | Rel.
(cm™")|height| (cm™)| Int.

Assigment for structure
of fig. 4

838 50 6 50
786 1 10 2

As-O7 stretch

694 4 13 9 | Antisymm. As-O-As stretch

563 24 11 45
535 2 11 3

Symm. As-O-As stretch

480 | 10| 13 | 22| Bending (B, of As,0;)

308 6 12 12
276 13| 21 45

Bending (B, of As,03)

145 24 7 28 K-0, lattice modes
122 1 6 1
104 1 7 1

81 27 6 27

41 | 100 6 | 100

500-600 cm™ for these compounds ('’ 29). The weak
peak at 694 cm™! is ascribed to an antisymmetrical As-O-As
stretch using the analogy with the S, vibration of vitreous
As;05(%). In the same way the peaks at 480, 308 and
276 cm ™! are assigned to B, and B; type bending vibrations.
From the stoichiometry of the compound KAs;Os it can
be calculated that in a network, based on AsO; pyramids,
two thirds of the arsenic atoms should have no NBO’s and
one third should have one NBO. A hypothesis for the
structure of the As;Oj network is given in fig. 4. This
structure consists of chains of As30, rings connected by
oxygen atoms with one NBO per ring which gives an
average of 1/3 NBO per As atom. Support for the structure
of fig. 4 can be obtained from the observation that As; O,
rings are also present in the arsenolite structure (7).
Furthermore this structure can easily be formed from the
vitreous As, O, glass structure as concluded in ref. 5, by
breaking part of the As-O-As bonds (cf. fig. 2).

Raman data and' assignments for KAs;Os are given in
table IV. The peak at 891 cm ™ is ascribed to the stretching
vibration of the NBO in correspondence with the 838 cm™

Fig. 4 Structure hypothesis for the As305  network in crystalline
and vitreous KAs3 O5.

891 47 10 34

840 5 10 4 As-O~ stretch
780 ? ? ?

710 57 13 53 As-O-As stretch
630 ? ? ? between the rings

598 18 14 18 Bending modes (B, of

553 20| 17 24 As,03)

492 | 100 | 14 100 Ring breathing modes
415 21 15 2 Bending + Rocking
380 2 15 2 modes

340 5 12 4

295 6| 12 5

238 51 12 4

238 10| 14 10
198 22| 12 18
143 19 | 22 30
112 2| 10 2
72 48 14 48
56 17 10 12
42 32 8 18
23 8 6 3

K-O + lattice modes

peak, found for KAsO,. The strong peak at 710 cm™! is
ascribed to a stretching mode of the As-O-As bondsbetween
the As;O; rings, comparable with the 694 cm™ anti-
symmetrical As-O-As stretching mode of KAsO,. The
strong peak at 492 cm™ corresponds to the strong peak
at 461 cm™ in the Raman spectrum of claudetite (%), and
the peaks at 598 and 553 cm™ correspond to the peak at
560 cm™' in the Raman spectrum of arsenolite (*). These
peaks are ascribed to B, -type bending vibrations (3).

Polarized and depolarized Raman spectra of K, 0.xAs, 05
glasses are given in fig. 5. The polarized spectrum of K, O.
As, 05 glass is very similar to the powder spectrum of
KAsO, ; the same applies to K,0.3As,0; glass and the
compound KAs;Os. All observed Raman bands are
polarized which points to symmetrical vibrations such as
NBO stretching (800900 cm™) and As-O-As stretching
(400-750 cm™).

When alkali ions are introduced in vitreous As, O;, part of
the bridging bonds in the network break up with the for-
mation of NBO’s. This apparently results in structures as
are found in KAs3Os. If the structure hypothesis for
KAs;0s, as given above, is valid, K, 0.3As, O, glass should
contain infinite chains of As;O; rings (cf. fig. 4). The
Raman spectrum of K, 0.2As,0; glass shows bands at the
same position as was found for K, 0.3As, O5 glass but with
different intensities. This suggests that in the glass with
x=2 chains of As;Oj; rings are also present. According to
the composition (x=2) an average length of four As; O,
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Fig. 5 Polarized (ZZ) and depolarized (ZX) Raman spectra of
K20.xlA5203 glasses with x = 1, 2, 3. The spectral resolution is
S5cm™.

rings can be expected for these chains. The relative increase
of the intensity of the 872 cm™ band with respect to the
747 cm™ band in the Raman spectrum of K,0.2As,0;
glass can easily be explained by the increase of the number
of NBO’s going from x=3 to x=2.

The bands at about 740 cm™ in the Raman spectra of the
glasses with x=3 and 2 correspond to the 710 cm™ peak in
the Raman spectrum of KAs; ;. This peak is ascribed to a
stretch vibration of the As-O-As bonds between the As; 05
rings. The bands at about 870 cm™ in the glass spectra
correspond to the 891 cm™ peak of KAs;Os which is
ascribed to an NBO stretch vibration.

In the present structure hypothesis for the glasses with x=3
and 2 the ratio of the number of NBO’s to the number of
As-O-As bonds between the As;O4 rings should be one for
x=3 and two for x=2. Experimentally the intensity ratio of
the 872 cm™ (NBO) and 747 cm™ (As-O-As) bands in the
polarized Raman spectrum of K, 0.2As, 05 glass amounts
to 1.7 times the corresponding ratio for K, 0.3As; O5. This
gives further support for the present structure hypothesis
for the glasses with x=2 and 3 and KAs; Os.
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The Raman spectrum of K, O.As, O3 glassis rather different,
both in intensity and in peak position, from the Raman
spectra of the glasses with x=2 and 3. From the glass
composition and the correspondence of the polarized
Raman spectrum to the powder Raman spectrum of KAsQO,,
(AsO3), closed rings or chains with n very large can be
expected. As; Oz~ rings would be a logical consequence of
the break up of the networks in the glasses with lower alkali
concentration (x=2 and 3). These rings are less probable
however because of the easy glass formation of K, 0.As, 05
glass which points to larger molecular units such as long
chains.

The broad band at about 740 cm™! , which was found in the
Raman spectra of the glasses with x=2 and 3 is not found
in the Raman spectrum of K, 0.As, O; glass. The polarized
NBO stretching band, found at about 870 cm™ for x=2
and 3,ispresentat 853 cm™ for x=1. A shift of the position
of the NBO stretching band in oxide glasses towards lower
frequencies is generally related with a depolimerization of
the network (*°229).

The broad bands which are found at about 545 cm™! in all
Raman glass spectra are probably built up of B,-type
vibrations as are found for vitreous As,O5 at 482 and 527
cm™! and of symmetrical stretch vibrations of the As-O-As
bonds as are found at 563 and 535 cm™ in the Raman
spectrum of crystalline KAsO, .

Conclusions

It is concluded that the structure of potassium arsenite
glasses K,0.xAs, 03 is based on networks of connected
As; O, rings, as are probably present in vitreous As; O3 (%)
and on chains of AsO; pyramids, as are present in crystalline
NaAsQ, (!!). The rings are stable at x < 1.5; when the alkali
content is increased (x > 1.5) they break up to form chains
of simple AsO; pyramids with one NBO per As atom. In
the As;O; ring-based networks there may be one or two
NBO’s per ring.
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Raman spectra are given of potassium silicate glasses with
batch composition x K;CO3+100-x)Si0,-0.5 As,0O; in
which x varies from 10 to 50. To isolate the contribution of
the As, 05 additions to the spectra from that of the silicate
network, difference spectra were prepared from spectra of
glasses with and without As,0; added to the batch. In
order to obtain a precision sufficient for this purpose, the
spectral data were collected in multiple scans under full
computer control using photon counting and a correction
for laser source fluctuations.

It is concluded from the polarized and depolarized
difference spectra that arsenic in potassium silicate glasses
with x > 35 is mainly present in the pentavalent state as
AsOj3 " ions. For glasses with x < 35 it is concluded that
AsS* is present in As, 0%~ or As;03; ions and As®*
As;,0;M7? chains of AsO; pyramids. In these chains m
increases with decreasing x. From the intensity ratio of
Raman peaks, caused by arsenite (As®*) and arsenate (As®*)
ions in the glasses it is concluded that there is a significant
increase of the As®*/As®* ratio going from x = 50 to x =
10. The effect of melting temperature on the As®*/As®*
ratio in 30K, 0 70Si0, 05As,0; glasses in the range of
1300-1600°C was also studied.

No clear temperature effect could be concluded from the
Raman spectra.

I. Introduction

The present study is part of a research program in which
the fining action of As, O3 additions to silicate glassforming
batches is investigated.

In a previous paper (}) a Raman study of the melting

reactions in a model silicate glass-forming system with

molar batch composition 30K, C03-70Si0,-1As,0; was
reported.

In this study the preliminary results of the present paper

were used. For a complete description of the melting and

fining process in arsenic<containing silicate glass batches

a detailed knowledge of Raman spectra of arsenate and

arsenite structures as they occur in silicate glasses appeared

to be of importance for two reasons:

I. Identification of arsenate and arsenite structures during
melting reactions of silicate glass-forming batches.

II. Non-destructive analysis of As®*/As®* ratios in silicate
glasses as a function of melting temperature, atmosphere
and glass composition.

The present study sets out to give an interpretation of

Raman spectra of arseniccontaining silicate glasses as

detailed as possible over a wide composition range for

identification purposes and for non-destructive analysis of

As’*/As®* ratios as a function of temperature and
composition. Raman spectra of arsenic-containing glasses
were given earlier by Konijnendijk et al. (*> ).

II. Experimental

The compounds used were:

— 8i0, — a — quartz, milled rock crystal, sieve fraction
100-500 u(A),

—K,CO;
300°C(B),

— As, 05 -arsenolite(B),

, reagent grade, dried for two hours at

The batch compositions of the glasses studied were:
xK, CO;-(100-x)Si0, with and without 0.5 As,O;. In this
paper the notations Kx and KxA are used for the glasses
with and without As,Oj. The arsenic concentration was
chosen to correspond to practical values and as a compro-
mize between detectibility in the Raman spectra and
minimization of alkali extraction from the network.

The batch components were mixed by tumbling for 1 hour
in PVC containers. The glasses were melted inside an electri-
cally heated vertical furnace and bubbled with O, for one
hour for homogenization and equilibration. After bubbling,
the melts were allowed to stand on the melting temperature
for one hour to become bubble-free. The melting tempera-
tures were 1400°C for the compositions with x = 20, 35, 40
and 50; 1300, 1400, 1500 and 1600°C for x = 30 and
1600°C for x = 10. The crucibles and bubble-pipes consisted
of dense-sintered Al,0; with purity > 99 5%(C). Chemical
analysis of As®* and As®* was performed by dissolving the
glasses in HF/HC10, mixtures, followed by iodometric
titration of As®* and total As.

The volatilization of As** as AsF;(*) led to badly
reproducible results. Qualitatively it was found that about
50% of the originally added arsenic remained in the glass
after melting. KSOA appeared to contain no As®* while
K30A contained a quantity of As®* of the order of 10%
of total arsenic. Improvement of chemical analysis proce-
dures for arsenic in silicate glasses is still under investigation.
For the time being no drastic conclusions should be drawn
from chemical analyses results.

For A35(A), A40(A) and ASO(A) samples, suitable for
obtaining polarized and depolarized Raman spectra, were
prepared by pouring the melt into preheated graphite
moulds followed by annealing in a dry O, stream. K30(A),
K20(A) and K10(A), being less hygroscopic but much more
viscous, were air quenched in the crucible and annealed
under normal atmospheric conditions. Raman samr »s of
these glasses were prepared by cutting, grindingand p%. - .ing



40

the appropriate surfaces. The dimensions of all samples
were about 10 x 10 x 20 mm. During the Raman measure-
ments the glass samples were positioned in a sample holder
which was placed inside a square glass vessel built up from
optical windows. This vessel could be closed with a stopper
and was filled with dry nitrogen to protect the glass samples
from atmospheric attack.

All sample-handling at room temperature occured inside a

nitrogen-filled glove box. Accurate polarized and depolarized

Raman spectra were obtained using a fully computerized

Raman spectrometer system consisting of:

A CR4, 4 Watt Ar" laser(D),

— An HG2S double monochromator with concave holo-
graphic gratings, a RAMANDIGIT 01 wavenumber
display unit and a Ramanor L75 monochromator control
unit (E),

— A FW130 photomultiplier tube (PMT).(F)

— A photoncounting system, consisting of a 1121
amplifier/discriminator and a 1109 counter. (G)

The computer system contained a PDP 11/04 computer(H)
which controlled a SCORPIO 2000(1) MCA data collection
and analysis system and a CAMAC modular interface
system. The SCORPIO system is primarily designed for
collection and analysis of nuclear gamma radiation spectra;
in the present configuration only the spectrum analysis
functions are used. The CAMAC system contains interface
modules for computer control of the monochromator, of
the photon counter and of a laser shutter and for selection
of polarization filters. During the measurements under
computer control the intensity data, obtained from the
photon counter, are continuously checked for statistical
significance in order to reject external interferences.

The laser intensity appeared to decrease considerably

because of slow detuning during the long scans. To

- compensate for this effect a second PMT, type XP 1002()

was used to monitor the intensity of the laser beam .

according to the method of ref. 5.
The pulses from the monitor PMT are processed by a
second 1121 amplifier/discriminator(G) and serve as an

external time base for the 1109 counter(G). The laser was

tuned to a wave-length of 514.4 nm and set to an intensity
of about 600 mW; the beam was linearly polarized using a
coated Glan-Thompson prism(K), The scattered light was
collected in a perpendicular direction in Y(ZZ)X (polarized)
and Y(ZY)X (depolarized) geometries using a polaroid
filter. The notation A(BC)D is according ref. 6; X is the
direction of measurement, Y is the propagation direction
and Z the polarization of the laser beam.

The Raman spectra were recorded in a step-scan mode in
the wavenumber region of 202000 cm™ using steps of
3 ecm™. The spectrometer slits were set to 1000 um,
corresponding to a spectral resolution of about 10 cm™.
For each spectrum 16 scans were performed, alternately
in Y(ZZ)X and Y(ZY)X geometry. The measurement time
per step was about 4s, giving a total measurement time of
about 16 hrs. The precision of the largest intensities in the
polarized spectra was of the order of 0.1%. To isolate the
contribution of arsenic to the Raman spectra of the glasses,

difference spectra were prepared by stripping the spectra of
glasses without arsenic from the spectra of the arsenic-
containing glasses with the same alkali content. For this
purpose the SCORPIO 2000(D) spectrum analysis system
was used.

1. Results and discussion

1II.1 Polarized Raman spectra of glasses with batch
composition K, CO3-(100-x )SiO,-0.545,03(KxA)

Polarized Raman spectra of KxA are given in fig. 1. The
contributions to the spectra caused by the presence of
arsenic are marked with @, According to refs. 7-9 the
structure of KSOA mainly consists of metasilicate chains
which are built up of SiO, tetrahedra with two non-
bridging oxygen atoms (NBO’s) sharing corners. The strong
polarized peaks at 968 and 953 cm™' are ascribed to
symmetrical stretch vibrations of the NBO’s, the polarized
peaks at 593 and 563 cm™' to a symmetrical stretch
vibration of the Si-O-Si bonds in the chains, and the weak
depolarized peak at 710 cm™! to an antisymmetrical Si-O-Si
stretch vibration (°).
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Fig. 1 Polarized Raman spectra of glasses with batch composition
xK, CO,-(100-x)Si0, 0.5 As,O,, melted at 1400°C (1600°C for
x =10).



The shoulder at 1004 cm™ is probably caused by NBO
stretch vibrations in disilicate type networks (7> ') which
are built up of SiO, tetrahedra with one NBO, sharing three
corners. The polarized peak at 827 cm™ in the Raman
spectrum of the KSOA is ascribed to the symmetrical
stretch vibration of isolated SiOf ~ tetrahedra (7). The very
weak polarized bands at 1403 and 1532 cm™ are probably
combination or overtone bands. Raman peaks due to
dissolved CO3 -, which are often found in spectra of meta-
silicate type glasses (%> 1), are not observed in the present
spectra. K30A mainly consists of disilicate type network
(7> '°). The strong polarized peak at 1103 cm™ is ascribed
to the NBO stretching vibration; the polarized peaks at
542 and 590 cm™! to symmetrical Si-O-Si vibrations and
the weak depolarized peak at 764 cm™! to an antisymmetri-
cal Si-O-Si vibration. The polarized peak at 938 cm™ is
ascribed to the symmetrical NBO stretch vibration of
residual metasilicate chains (*°). K35A and K10A contain
silicate networks and more condensed networks of the kind
found in crystalline K,0.48i0,(* !> '?) and vitreous SiO,
(*3). Crystalline K,0.48i0, contains a silicate network
with an average of 0.5 NBO’s per silicon atom; the SiO,
tetrahedra are connected to form a double-layer structure
(1 2)'

The polarized shoulder at 1150 cm™ found in the spectra
of K10A and K20A can be ascribed to the NBO stretch
vibration in K,0.4Si0, type networks. The broad
polarized band at 455 cm™ in the spectrum of K10A can
be ascribed to the symmetrical Si-O-Si bending vibration
of vitreous silica networks. In this vibration the bridging
oxygen atom moves along the bisector of the Si-O-Si bond
angle(**).

In all spectra of fig. 1 very weak polarized overtone or
combination bands are found at about 1500 cm™ . These
bands can be regarded as an overtone of the antisymmetri-
cal Si-O-Si modes or as a combination of (symmetrical)
NBO stretching and Si-O-Si stretching modes.

II.2 Difference spectra of glasses with batch composition
xK,CO5 (100-x)Si0, with and without 0.545,04
(KxA and Kx)

Polarized and depolarized Raman difference spectra of KxA
and Kx are given in figs. 2-4. The difference spectra for
x=50 are given in fig. 2. The presence of arsenic in the glass
causes weak depolarized peaks at 335 and 407 cm™, a
strong polarized peak at 794 cm™ and a weak depolarized
peak at 808 cm™' which is not observed in the polarized
spectrum. The positions and intensities of the peaks at 335,
407, 794 and 808 cm™' agree very well with the positions
and intensities of peaks in the powder Raman spectrum of
a-K3As04(*°). The peaks above 200 cm™' in the Raman
spectrum of this compound are ascribed to vibrations
within an AsO3~ ion with approximate Tp symmetry.
The peak at 330 cm™ corresponds to the E species symme-
trical bending mode of a perfect XO, tetrahedron, the
peaks at 399, 409 and 418 cm™! to the F, antisymmetrical
bending modes, the peaks at 800,827 and 843 cm™ to the
F, antisymmetrical stretching modes and the strong peak at
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814 cm™' to the A, symmetrical stretching mode. The
degeneracy of the F, modes is removed as the real site
symmetry of the AsOj; ion in a-K3;AsO, is lower than
Tp(®°). The E and F, type modes are expected to be
depolarized and the A, mode to be completely polarized.
From the difference spectra for x=50 it can be observed
that the peaks that correspond to the E and F, type modes
of a-K;AsO,; are depolarized and that the peak that
corresponds to the A; type mode is strongly polarized.
This provides strong evidence that isolated AsOj ~ ions
occur in K50A. No other arsenic-containing structures can
be deduced from the glass spectra of fig. 2; the other peaks
in the spectra are residual silicate peaks.

The difference spectra for x=40 are given in fig. 3. These
spectra are very similar to those for x=50 from which it can
be concluded that arsenic is mainly present at AsO3 ~ ions
in K40A. The weak shoulders at 880 cm™ in the polarized
spectrum and at 884 cm™! in the depolarized spectrum can
be ascribed to more condensed arsenate structures. This will
be discussed below.

The difference spectra for x=40 show relatively intense
residual silicate peaks at 542, 584 and 1100 cm™'. These
peaks can very well be ascribed to vibrational modes within
a disilicate network. Apparently there is more disilicate
present in K40A than in K40. This can easily be explained
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Fig. 2 Raman difference spectra for x=50 and Raman powder
spectrum of crystalline K3 AsO4(2°).
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Fig. 3 Raman difference spectra for x=40 and x=30

by the fact that arsenic extracts alkali ions from the silicate
network to form the AsOj ~ tetrahedra, which need three
charge-compensating alkali ions per arsenic atom. When
alkali is extracted from the silicate network disilicate
structures which need only one charge-compensating alkali
jon per SiO, tetrahedron are formed from metasilicate
structures which need two charge-compensating alkali ions
per SiO, tetrahedron.

For K50A the extraction of alkali from the network by
arsenic has less consequences for the silicate part of the
difference spectra as the total alkali concentration is larger;
much alkali can be delivered by the isolated SiOZ ~ tetrahedra
with their four charge compensating alkali ions. Only a
small negative metasilicate peak is therefore found in the
Raman spectra of KS0A.

In the Raman difference spectra for x=35 (cf. fig. 3) peaks
that point to the presence of AsQj ~ ions are found again at
338, 404, 797 and 812 cm™. Other peaks caused by the
presence of arsenic in the glass are found at 278, 816 and
875 cm™ . The peak at 278 cm™ is depolarized; the peak
at816 cm™ is completely polarized and the peak at 875 cm™
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Fig. 4 Raman difference spectra for x=30, x=20 and x=10.

is partly polarized. The depolarized part of the 875 cm™
peak is found at 868 cm™ in the depolarized difference
spectrum for x=35. The AsO3 ~ peaks at 332 and 407 cm™!
are superposed on a broad depolarized peak at 375 cm™.
The difference spectrum for x=35 also shows residual

polarized silicate peaks at 542, 590 and 1100 em™t.

In the difference spectra for x=30 (cf. fig. 4) peaks due to
AsO3 ~ions are not found anymore. Weak, depolarized
peaks are found at 260 and 377 cm™' besides a strong
polarized peak at 824 cm™ and a partly polarized peak at
884 cm™. The difference spectrum for x=20 shows
qualitatively the same picture as the difference spectrum
for x=30. Weak depolarized peaks are found at 270 and 377
cm™, an almost completely polarized peak at 830 cm™
and a partly polarized peak at 880 cm™.

The difference spectrum for x=10 is very weak and shows a
large scatter. A great deal of arsenic evaporated at the
melting temperature (1600°C). A polarized peak at 836
ecm™ and a partly polarized peak at 878 cm™ can be
observed clearly in the difference spectra however. The
residual silicate peaks in the difference spectra of x=10, 20



and 30 are much less intense than was the case for x=35
and 40. This is obviously connected with the formation of
arsenic-containing structures that need a relatively low
number of chargecompensating alkali ions per arsenic
atom. The peaks at 545, 590 and 1103 cm™ in the
depolarized spectrum for x=30 correspond to the polarized
peaks of the disilicate structures in the glass; this is
probably caused by optical inhomogeneity of the sample.

The broad polarized band at 455 cm™ in the difference

spectrum for x=10 can be ascribed to vitreous silica type

structures without charge compensating ions.

Summarizing, the difference spectra show the following

features, caused by the presence of arsenic in the batch:

— for x = 35-50 depolarized Raman peaks at about 330,
410 and 810 cm™! together with a strongly polarized
Raman peak at about 800 cm™ which can very well
be ascribed to AsO3 ~ ions.

— for x = 3520 weak depolarized peaks at about 270 and
375em™.

— for x = 35-10 strong, almost completely polarized peaks
at 816 to 836 cm™'. The position of these peaks
increases significantly with decreasing x.

— for x =40-10 a partly polarized peak at about 880 cm™ ;
the ratio of the intensity of the 875 cm™ peaks in the
depolarized difference spectra to the 880 cm™ peaks in
the polarized difference spectra is about 0.5 +0.1.

No unambigous assignment of the difference spectra of
G35-10A in terms of a single arsenate (1%) or arsenite
structure(' ¢) can be made. In refs, 7, 8 the polarized peak
at 824 cm™ in K30A is assigned to the symmetrical stretch
vibration of AsO3 ~ ions. This assignment cannot be correct
as AsO3 " ions evidently only occur at higher alkali concen-
trations, giving a symmetrical stretch vibration peak at
about 800 cm™ as was shown above.

Using the present knowledge of Raman data of vitreous and

crystalline potassium arsenates('®) and arsenites(*®) two

interpretations or the difference spectra for x=10-35 can be
given:

I. The arsenic part of the difference spectra is completely
due to the presence of As,0% ions. The strong
polarized peaks at 816-836 cm™ can then be ascribed to
symmetrical AsO; stretch (v AsO;), the partly
polarized peaks at 880 cm™ to antisymmetrical AsO;
stretch vibrations (v, AsO;), the depolarized peaks at
about 375 cm™ to AsO, bending modes (§AsO;) and
the depolarized peaks at 270 cm™ to AsOAs bending
modes (§ AsOAs). ‘

. As,O3m+{ arsenite chains of AsO; pyramids are
present together with As,0357} arsenate chains of
AsO, tetrahedra. Contrary to interpretation I, this
interpretation assumes the presence of As®* in arsenite
chains as are found in crystalline and vitreous KAsO,
(®*'). The peaks at 880 cm™ can then be ascribed to
vAsO~ of short chain-type arsenate ions as are found in
K4As,0, or K3Ass0,0(%%> 22), the strong, polarized
peaks at 816-836 cm™* to vAsO~ of arsenite chains, the
depolarized peak at 377 cm™ to § AsO; of arsenates and
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the depolarized peak at about 270 cm™ to §AsOAs of
arsenate or arsenite chains(*©>2').

Arsenite chains of AsOj; pyramids with m very large
occur in crystalline and vitreous KAsO, where strong
Raman peaks due to NBO stretching vibrations (vAsO™)
are found at 838 and 854 cm™ respectively. The 854
cm™ peak in the Raman spectra of vitreous KAsQ, is
relatively narrow and strongly polarized. The compound
K;AsO; contains isolated AsO3 ~ pyramids and has a
strong vAsO~ peak at 782 cm™. Chains of AsO,
pyramids having a chain length between m = o(KAsO,)
and m = 1 (K3AsO;) may accordingly give rise to
vAsO~ peaks between 780 and 850 cm™! .

In the difference spectra the polarized peak, assigned
here to vAsO~ of arsenites, is found at 816 cm™ for
x= 35, corresponding to short chains, and increases to
836 cm™ for x = 10, corresponding to long chains.
Contrary to the long chains the short arsenite chains
need a relatively large number of charge-compensating
alkali ions.

The polarizability of As®* is much larger than that of
AsS™, which gives rise to more intense Raman peaks for
As®* containing structures. This may explain the fact
that, even though there is probably much more As®*
in the glass, the arsenite Raman peaks are still stronger.

The objections that can be made against interpretation I are:

— The peaks at 880 cm™ should be completely depolarized
if caused by v, AsOj;.

— The position of the strong polarized peaks at 816-836
cm™! does not agree very well with the position of
vAsO; peaks found for crystalline and vitreous K4 As, O,
which are present around 860 cm ™. _

— The position of the y;AsO; peak should not vary with
the glass composition.

— The separation in the position of the peaks, which are
assigned in interpretation I to »gAsO; and v, AsO; is
much larger than the separation found for vitreous and
crystalline chain type arsenates(®?).

— Chemical analysis of silicate glasses generally shows
qualitatively the presence of As®* for x < 35.

The main objection against interpretation II is that the
depolarized part of the 880 cm™ peaks, ascribed to vAsO~
of As, 0% or As;0f, ions, is relatively large compared
with the corresponding data for vitreous arsenates.
Interpretation II is preferable as it gives the best agreement
with the Raman data of vitreous and crystalline arsenites
and arsenates.

No vAs-O-As peaks are found in the difference spectra; this
may be explained by the fact that As-O-As stretching
modes are relatively weak and broad for vitreous arsenates
and arsenites(*°> 2!) and by the overlap with the strong
Si-0-Si stretching modes which are found at about the same
position. At present no conclusions can be drawn,
concerning the incorporation of arsenate and arsenite
structures in the silicate network.



IIL.3 Temperature and composition effects on the
As?¥/As5 T ratio

The Raman difference spectra were used to study relative
shifts in As®>*/As®" ratios by measuring the intensity ratios
of the peaks at 816-836 cm™ and the peaks at 880 cm™ as
a function of alkali composition x and temperature.

These peak intensity ratios are given for x=20 and x=30 in
Table I. The ratios could not be determined for x=35, and
x=10 because of the strong peak overlap.

From the data of table I an evident effect of the alkali
composition on the As®*/As®™ ratio can be concluded but
no significant temperature effect was found.

Table I
Melting . .
X P— Intensity ratio »(824, 830)/»(880)
20 1400 11 (x2)
30 1300 58(E.2)
30 1400 6.1(*.2)
30 1500 55(.2)
30 1600 59 (.2)

An O, development, caused by an increase of As®*/As®*
on temperature increase, is often taken in the literature as
the main mechanism of As,O5 fining. In a previous study
(1) it was proposed however, that irreversible composition
changes in the liquid phase during melting cause an
important increase in As®>*/As®" ratio. The present data
support this mechanism and extend its validity to tempera-
tures up to 1600°C.

IV Conclusions

From the Raman difference spectra of glasses with batch
composition xK,CO;-(1-x)Si0, with and without 0.5
As, O3 added to the batch it is concluded that the following
arsenate and arsenite structures occur:

— In the composition region 50 > x > 35 mainly isolated
AsO3 ~ groups are present; no Raman peaks which point
to the presence-of arsenite structures are found.

— In the composition region 35 > x > 10 the AsO3 ~ groups
which need a relatively large number of charge-compen-
sating alkali ions, are not stable anymore. Trivalent
arsenic is found in As,, O3 m+3 chains of AsO; pyramids
and pentavalent arsenic in As,03n33 chains with n=2 or
3. The chain length m of the arsenite chains increases
with decreasing x.

From the Raman peak intensity ratios shifts in the As®™/
As®" ratio were examined. No significant effect of the
melting temperature on the As®*/As®" ratio was found.
However, the As®*/As®* ratio increases significantly as a
function of glass composition, going from x=50 to x=10.
The present results, together with those of ref. 1 lead to

the following three stage mechanism of As,O; fining in

potassium silicate glass batches.

1. Attack of the SiO, grains in the batch by K,CO; with
the formation of crystalline K, Si, Os and a potassium-
rich liquid phase containing metasilicate chains and large
amounts of CO3~ ions. As, 05 reacts to K3 AsO, which
dissolves in the liquid phase as AsO3 ~ ions.

2. When all the originally present K, CO; has disappeared
the potassium ions in the liquid phase diffuse into the
Si0, grains via the crystalline K, 0.2Si0, layer to form
more crystalline K,Si; Os. With the decrease of the
potassium concentration in the liquid phase the AsOz~
ions are not stable anymore and decompose into more
condensed arsenates and arsenites; this is accompanied
by the formation of O, gas. At the same time the
solubility of the CO3~ ions in the liquid phase decreases
drastically with the lowering of the potassium concentra-
tion. The resulting evolution of CO, from the liquid
phase occurs prior to the O, development from the
decomposition of arsenates; finally in the ideal case only
0, gas remains in the bubbles and pores of the reacting
glass batch.

3. At higher temperatures a raw silicate melt is formed in
which the remaining SiO, dissolves. This dissolution of
Si0, may be accompanied by a further increase of the
As®*/As®" ratio in the liquid phase, which causes in its
turn a further development of O, gas. This further O,
development may contribute to the fining process by
bubble growth. In the ideal case the silicate melt at the
final melting temperature contains only O, bubbles;
these bubbles may easily dissolve by diffusion of O,
through the melt.(*8-1°).
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Summary

This thesis contains a collection of papers and manuscripts
concerning the mechanisms of melting and fining reactions
in silicate glass-forming mixtures containing As, O3 . Fining
is the process of disappearance of gas bubbles from glass
melts. As, Q5 is a so called fining agent. Fining agents are
added to silicate glass batches to reduce the time needed for
the glass melt to become bubble free. The aim of the inves-
tigations presented in this thesis, was to clarify the complete
reaction mechanism of As, O3 fining.

Laser Raman spectroscopy was used as an analytical tech-
nique to study glass-forming reactions in a model system.
Vitreous and crystalline phases were identified in glass-
forming mixtures which had reacted for various times on
different temperatures.

From the Raman spectroscopic results a mechanism for the
reactions of As,0; during the glass melting process could
be derived. With this mechanism the effectiveness of As, O3
as a fining agent can be explained.

Samenvatting

Dit proefschrift bevat een verzameling artikelen en manu-
scripten rond de mechanismen van smelt- en louterprocessen
in silicaatglasvormende mengsels die As, Q5 bevatten.
Louteren is het proces van verdwijnen van gasbellen uit een
glassmelt. As,O; is een zogenaamd ““loutermiddel]”.
Loutermiddelen worden toegevoegd aan silicaatglas
gemengen om de tijd te bekorten die nodig is voor de glas-
smelt om bellenvrij te worden. Het doel van de onderzoe-
kingen die in dit proefschrift zijn gepresenteerd was om het
volledige reactiemechanisme van As,O; loutering op te
helderen.

Laser Raman spectroscopie werd gebruikt als een analytische
techniek om glasvormingsreacties in een modelsysteem te
bestuderen. Glasachtige en kristallijne reactieproducten
werden geidentificeerd in glasvormende mengsels die ge-
durende verschillende tijden op diverse temperaturen
gereageerd hadden.

Uit de Raman spectroscopische resultaten kon een mecha-
nisme worden afgeleid voor de reacties van As, O, tijdens
het glassmelt proces. Met dit mechanisme kan de effectivi-
teit van As, O3 als loutermiddel worden verklaard.
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bij het proefschrift van
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Het loutergedrag van silicaatglasvormende mengsels wordt voor het grootste deel’
bepaald door chemische reacties tijdens het smelten,

Dit proefschrift.

I

Het ontmenggedrag van silicaatglazen bij hoge temperaturen kan grote gevolgen
hebben voor het glaslouterproces.

I

De kwaliteit van de tegenwoordige televisieprogramma’s behoeft voor fabrikanten
van beeldschermen geen aanleiding te zijn om zich druk te maken over een paar
gasbelletjes in het glas.

v

De mogelijkheid van vorming van copolymeren uit organische en oxidisch anorga-
nische monomeren dient nader te worden onderzocht.

\'

Het recente inzicht dat water in glas niet is ingebouwd als Si-O-H groepen maar als
gecomplexeerd H, O, is van groot belang voor de controle van de optische absorptie
van glas,

VI

Vanwege onvoorspelbare opladingsverschijnselen is het zeer de vraag of de geleiders
koolstof en goud wel betrouwbaar voor energiecalibratie kunnen worden toegepast
bij ESCA en Augermetingen aan niet-geleiders.

D. A. Stephenson, N.J. Binkowski,
J. NonCryst. Sol. 22 399421 (1976)



A1
Indien dieetadvisering in de verstrekkingenpakketten van ziekenfondsen en
particuliere ziektekostenverzekeringen in Nederland wordt opgenomen, zal blijken
dat het kostenbesparende effect hiervan ten onrechte is gebagatelliseerd.

VIl
De toenemende secularisatie in de westerse wereld heeft grote gevolgen voor de
muzikale vorming van de jongere generaties.

X

Wat betreft de toepassing van computers blijkt de Nederlandse tuinder zich minder
conservatief op te stellen dan de gemiddelde wetenschappelijke onderzoeker.

X
Met de invoering van lasers in discotheken heeft men de bezoekers, naast een
mogelijke gehoorsbeschadiging, nu ook de kans op geheel of gedeeltelijk verlies
van het gezichtsvermogen te bieden.

X1
Het feit dat tegenwoordig, vooral in de Verenigde Staten, veel wetenschappelijke

contacten worden gelegd tijdens trimoefeningen, zal op den duur van invloed
moeten zijn bij de selectie van wetenschappelijke onderzoekers.

Eindhoven, 21 oktober 1980



