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ABSTRACT 

The reactions of ten main group acidic oxides and oxyanions with molten 

alkali metal carbonate eutectics have been studied by thermogravimetry. Products 

ha& been identified by IR and Raman spectroscopy and stoichiomctries su_qested 
for the several reactions as oxide is progressively incorporated_ Ultimately the tetra- 

he&&i ortho-oxyanion was formed except with the fess acidic oxides (As,03, Sb203, 

SiO& Sulphite was partially oxidised by the carbon dioxide atmosphere to sulphate- 

The chemistry of moiten alkali metal carbonates is at present very largely 

unknown, even though such melts when containing dissolved cyanide have been used 
for many years as baths for the carburizing of steel, and to some extent in preparative 

high temperature chemistry as highly basic soIvents when the oxyanions of the less 
acidic oxidation states of transition metals are required. An important potentizl use 

which has received some attention in recent years is to act as the electrolyte of high 

temperature fuel cells_ In addition to such applications, molten carbonates have 

definite interest in their own right as oxyanion melts of basic character. 

Currently occasional: measurements have been made in carbonate melts in the 

course of other investigztions often as a comparison to the behaviour of the same 

reactant in another melt, whife more systematic studies have been electrochemical 

and thus concerned with more dilute solutions. The major recent work has been 

carried out in the U.S. by Lorenz and Janz’. 2 and in the U.S.S.R. by Smimov and 

his schoo13-9. The earlier work has been reviewed by Janz’O. 
A systematic investigation of the inorganic chemistry of molten carbonates 

has now been started with this study of the reaction of acidic oxides and oxyanions 

of the main group elements. The results are compared on the one hand with those in 
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the less basic and much Iower melting nit-ate and with the higher 
meIts and on the other band with the interaction, where known, 
carbonate when both are dissolved in melts which act as relatively 
practice mainiy in alkali metal chloride melts. 

melting sulphate 
of the acid with 
inert solvents, in 

Aralar lithium car%nate, sodium carbonate and potassium carbonate (B-D-H_) 
were dria’ F+ 13s’C for 4 h, cooled in a desiccator, mixed in the eutectiti ratio 
(32.1-.33_4 :34.5 wt_%, respectively) and melted, in small quantities, in a platinum 
crucible at 5oo”C_ The meit was kept under a carbon dioxide atmosphere for 5 h. 
solidified and finely ground in a dry box- 

The acidic reagents of Ana!ar (K,S,Og, K2S205, As,O,) or laboratory reagent 
quality (NapO, insoluble form, K1P207, As205. SbrO& all B-D-H., were dried at 
!2O’C for 12 h. Phosphorus pentoxide (B.D.H.) and silica (Koch-Light) were used 
as received_ Potassium pyrosulphate was prepared by hea& Analar potassium 
pcrsulphate to 25O’C for 24 h (98.3% purity by titration). 

Procedure 

Reactions were carried out in 10 ml pIatinum or gold crucibles on a Stanton 
TR-I thermobalance under a carbon dioxide atmosphere (flow rate 300 ml min”) 
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using a heating rate of 2” per minute. All reactants were “sandwich” mixed, a layer 
of powdered reactant being placed on a layer of melt and in turn covered with another 
layer of melt. 

Infrared spectra were taken of powdered solidilkl reacted melts pressed into 
thin discs with potassium bromide, on a Unicam SP200 or a Fe&in-Elmer 225 
spectrometer_ Raman spectra were obtained from the powdered reacted melts with a 
Caiy-82 instrument using an argon laser. 

-L-l-S ASD DISCUSSIOS 

Potassium pyrophosphate reacted with the carbonate eutectic evolving carbon 
dioxide from 3gO”C, i-e_ just below melting point of the pure eutectic, but probably 
the latter would be somewhat lowered when phosphates dissolved_ Thermogravimetric 
analysis (Fig_ 1, curve A) gave an average weight loss of 13.3 % which corresponds 
to the stoichiometxy 

P=Of- + co;- + 2 PO:’ f co2 
(Calc. weight loss 13.3 %) 

(1) 

The reacted solution solidilkd to an off-white solid which gave IR lines (Table 1) 
close to those of orthophosphate. 

As would be expected phosphorus pcntoxide was more strongly acidic and 
commenced reacting with the solid eutectic from 120°C but thermogravimetric 
analysis showed a very considerable increase in rate of carbon dioxide evolution 
(Fig. 1, curve B) which althcugb below the melting point of the pure eutcctic was 
probably at or close to the onset of meltin g- The loss at this point, marked (a), 
averaged 12.6% well below that calculated for formation of metaphosphate (31-O%), 
however, the total weight loss found (94.9 %) was close to that calculated for eqn. (2), 
i.e. 93.0 oA 

PzOs i 3 cog- + 2 PO:- f 3 co2 (2) 

The pale grey quenched melt (Table 1) gave somewhat similar IR bands as before_ 
Sodium metaphosphate, as the insoluble form containing long chain polyphosphate 
anions, started to react at an intermediate temperature (35O’C), the thenno_- 
(Fig_ 1, curve C) displaying a number of maxima_ The overall weight loss averaged 
43.4% which was close to that of stoichiometry 

PO; + co;- + PO:- i co, 
(Calc_ weight loss 43.2 %) 

(3) 

The pale grey quenched melt also showed IR bands similar to orthophosphate 
uable 1) though.differing from that found previousIy probably because of varying 
cations. The first and second minima of the thermograms (b and c on Fig. 1, curve C) 
at around 6.2 and 9.5% were not too far from those expected from the formation of 
penta- and tetraphosphate (8-6 and 10.8%) but the third minima (d) was much 
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closer to the formation of pyrophosphate 21.1%. and the vibrational bands uable 1) 
supported this”. 

2Po; -+ co:- ---, p,ot- -I_ co, 
(Calc, weight 105s 2 I .4 %) 

(4) 

This acid-base behaviour is quite similar to that observed both in potassium 
nitrate at 35OT” and in sodium chloride-potassium chloride at 700”C*3, where 
pyrophosphatt and orthophosplke were formed when sodium mctaphosphate was 
neutralised with sodium carbonate, though in addition. in the former tripolyphosphate 
was formed initially and in the latter system the novel (PO, - 20)” ion was claimed. 
An analogous neutraiisation to pyro- and then orthophosphate bad previously been 
foirnd in alkali metal nitrate eutecticP, but because of the lower basic& of’the 
latter mdts, the reactions occurred at higher temperatures- . 2; . . : 



Fig. 2 Thcrmogra~imctry of sulphur compounds in lithium carbonate-sodium carbonate-potassium 
carbonate CutlctiG curve A. -2-C-C 1.1 m K-&OS; B, --x--x--x 045 g K&OS alozxc; 
c -2-L-A 1.6 m Ik&0;; D, --V--G--V 1.9 m Kz!%Os_ 

Potassium persulphate reacted with two clear maxima (Fig. 2, curve A), the 

first corresponding to the loss of oxygen with the weight 

K&Oa + K,S=07 + f 02 

(talc. weight loss 5.95%) 
(5) 

loss to (a) being 6-O%_ Some interaction Nith the meIt seems likely as the temperature 

of thermal decomposition of the potassium persulphate without melt (Fig. 2, curve B) 

is some 60” higher. The second weight loss at or just below the melting point of the 

carbonate eutectic corresponded to the acid-base reaction 

Z&G;- + co;- + 2so;- + co2 

(Calc_ weight loss 22.2%) 
(6) 

since the experimental loss was 22.4% and the white quenched melt gave vibrational 
banes like those found for suIphate (Table 1). A very similar reaction bias found 

with potassitum pyrosulphate (Fig_ 2, curve C) with an experimental weight loss of 
16-9x (Calc. for loss of COz per K&O, 17.3%). In contrasf in a nitrate melt 

(NaNOJKNO, at SOOT) the reaction of pyrosuiphate with carbonate has been 

reported to occur oniy to a small extent I6 while in a chloride melt (L.iCI/KCl at 
-%O”C) potassium pcrsulphate was reduced directiy” and pyrosulphate liberated 

sulphur trioxide- 

szo;- -+ 2a- + 2soi- f Cl, (7) 

Na,S,O, -+ NalSO, i SOS (8) 

Potassium me&r-bisulphite initially reacted from 100°C with a loss of weight 



(Fig. 2, curve D) which averaged 
of sulphite, 
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19-9x to (b) and corresponded to the formation 

S,0;- f co;- --, 2 so;-- -k co2 
(Cak weight loss 19.S0A) 

(9) 

the vibrational bands of the white quenched melt (Table 1) being characteristic of 
sulphite (the solid also reducing acidic dichrcmate to chromium(II1)). The ,B 
evolution was followed by a slow weight gain which ceased at the melting point of 
the eutectic, at which point the quenched melt showed bands characteristic of sulphate 
as well as of sulphite. In agreement the weight gain from (b) of 4.5% was only a third 
of that required for complete formation of sulphate (Calc. for gain of 0, per K&OS 
14.4%). 

The slow oxidation must be attributed to the carbon dioxide atmosphere having 
some difficulty in contacting the solid sulphite, though the sudden cessation on melting 
indicating that this gas had even more difficulty penetrating the melt, partly because 
of low solubility, a value of 0.1 mol 1’ ’ is quoted for the ternary eutectic at 500”’ *, 
and probably partly because of a slow solution step. 

A reaction analogous to eqn. (9) has been reported in sodium nitrate-potassium 
nitrate at 300% I6 though it was not found to go to completion. Oxidation of sulphite 
to sufphate in the presence of oxide by copper(H) and chromium(W) oxide has also 
been reported * ‘, while the interaction of sulphur dioxide with molten carbonates has 
been the subject of several studies”- *’ where sulphite and sulphate were-&e products_ 

Fxg. 3. TbMn~viInetry of arsenic, iulrimony and siiiam oxkks in lithium czboDa-um~ 
carbo~umcarboualceu~CurvcA,~-G--Ol.O rnkKk; B.--x-x-x 
3.7mAstOt;C,-A -A-A 0.61 mW;D. -v--v--v 190 g mdt akme 



Arsenic(V) oxide reacted rapidly probably with the molten, as opposed to 

solid, carbonate if some lowering of the eutectic melting point may be postulated 

(Fig_ 5, curve A)_ The weight 10s~ of 5S_25/e corresponded to that for the reaction - 

AS,05 f 3 CO;- + 2 AsO:- + 3 CO, 00) 
(CaIc_ weight loss 57.5%) 

the creamy white quenched melt showin, 0 the absorptions (Table 1) of orthoarsenate_ 

Arsenic(III) oxide reacted from a lower temperature with the solid carbonate (Fig_ 3, 

curve B), but much more rapidly after meltin& the weight loss of 44.4% being close 
to the formation of pyroarsenite, again illustrating the less acidic nature of this 

arsenic oxide as did the higher temperature of the maximum_ 

As,& f 2 CO;- + As,Of- + 2 CO, (11) 
(Calc_ weighr loss 44.5%) 

No comparisons are available for the reaction of these oxides with carbonate when 
dissolved in other melts, though arsenic(V) oxide is known to react as a Lux-Flood 
acid with molten nitrate forming metaarsenate which on titration with a base (sodium 

peroxide) formed the onhoarscnate”. 

In contrast antimony(II1) oxide did not react, no weight loss being apparent 

to 430°C (Fig_ 3, curve C) thou_& some loss was observed at higher temperatures and 

at rats rather faster than a pure eutectic (Fi, 0 3, cun_e D) attibuted fo catalysis by 
the oxide. In molten potassium nitrate at 35o’C the rate of reaction of antimony(V) 
oxide, expected to be more acidic than the lower oxide, was also found to be very 
slow even with added sodium peroxideZ2. 



The reaction of silica was also very slow (Fig 4, curve A), not beginning until 

510”C, well above the melting point. After the major maximum the weight loss, 
73.2% at (a), corresponded closely to the formation of metasilicate 

SiOz f CO:- + SiOg- f CO= 
(CaIc_ weight loss 73.25%) 

02) 

Weight Ioss continued though more slowly probably to form orthosilicate ultimately 
but the overall weight loss was no longer diagnostic owing to thermal decomposition 

of the carbonate eutcctic itself (Fig. 4, curve B). Electrochemical measurements have 

also shown the reaction to be slowz3, orthosilicate not being completely formed even 

after 6 h at 11CWC in sodium carbonate (O*- to SiOl ratio equalled IX)_ In the 
sodium carbonate-potassium carbonate binary eutectic the rate of weight loss (Fig. 4, 
curve C) was initially much siower than in the ternary eutectic (curve A), the wei&t 

loss to 1000°C not quite reaching the value for formation of metasilicate. only 

averaging 63.7 %_ 
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