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ABSTRACT 

The reactions of manganese(II), lron(II), iron(III), cobalt(II), mckel(I1) and copper- 
(II) chlorides with the molten alkali metal carbonate eutectic have been studied by ther- 
mogravimetry. The msoluble products (binary or ternary metal oxides) have been identi- 
fied by X-ray diffraction and reaction stoichiometries are suggested. Nickel(U) solutions 
were sufficiently stable for electromc spectroscopy and indicated, as did thermogravi- 
metry, that addition of potassium chloride did not cause significant formation of chloro 
complexes 

INTRODUCTION 

Virtually no systematic studies have been published on the reactions of 
transition metal compounds in molten carbonates despite the many sided 
interest of these liquids, for example as highly basic solvents for the prepara- 
tion of oxy compounds of the less acidic oxidation states [ 11, as the elec- 
trolyte of high temperature fuel cells [2], as the scrubbing medium for the 
removal of sulphur from stack gases and from coal undergoing gasification 
[3] and when containing dissolved cyanide as carburizing (case hardening) 
baths for mild steel [ 41. 

Electrochemical studies have been made of the reduction processes in pure 
carbonate melts [5] and have led on to measurements of the corrosion of 
various metals. For example, it has been reported that Armco iron formed 
two layers (of LiFeOz and FeJ04) at 600°C while nickel gave a film of nickel- 
(II) oxide with some alkali metal oxide incorporated [ 61. 

In the absence of any other reports of the reactions of compounds of the 
later first row transition metals, it was decided to commence a systematic 
study of these weaker Lux-Flood acidic cations to compare with parallel 
studies of the more strongly acidic oxides and oxyanions formed by main 
group and early transition elements [ 7,8]. 
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EXPERXMENTAL 

Mc tends 

The carbonate eutectic was prepared as previously described [ 71. Manga- 
nese(I1) chloride was prepared by heating the Analar tetrahydrate (BDH) at 
300°C to constant weight [9]. (Weight loss 36.8%, talc. for loss of 4 Hz0 
from MnC12 - 4 HZ0 36.4%; found Cl 56.170, talc. for MnCl, Cl, 56.3%.) Iron- 
(II) chloride, nickel(II) chloride and copper(D) chloride were prepared simi- 
larly be heating the BDH Analar hydrates to constant weight at 212,166 and 
100°C. respectively [9]. The weight losses and quantitative analyses for 
these three compounds were as follows. Iron(I1) chloride weight loss 36.270, 
talc. for loss of 4 HQcfrom FeC12 - 4 HZ0 36.2%; found Cl 55.1, talc. for 
FeCl, Cl 55.9%: mckel(I1) chloride weight loss 45.4%, talc. for loss of 6 H,O 
from NS12 - 6 HZ0 45.570; found Cl 54.1, talc. for NiClz Cl 54.7%: copper- 
(II) chloride weight loss 21.2%, talc. for loss of 2 HZ0 from CuCl, - 2 HZ0 
21.1%; found Cl 52.5, talc. for CuCl, Cl, 52.7%. Iron(II1) chlonde was dehy- 
drated with thionyl chloride [lo] (found Cl 64.3, talc. for FeC13 Cl, 65.6%). 
Anhydrous cobalt(II) chloride (BDH) was heated to constant weight at 
220°C (found Cl 53.8, talc. for CoCIZ Cl, 54.6%). Analar potassium chloride 
(BDH) was dried for 6 h at 120°C. 

Bocedure 

The thermogravimetric analyses were carried out as described previously 
[7], as was the reflectance spectroscopy [8]. X-Ray diffraction was carried 
out with a Urncam 19 cm camera of Debye-Scherrer type using zirconium 
filtered molybdenum or nickel filtered CL& radiation from a General Elec- 
tric XRD6 generator. The experimental d-spacings and intensities were com- 
pared with those for that compound listed in the ASTM Index or other 
quoted reference. The transmission spectra were obtained from a Unicam SP- 
700 spectrometer with reversed optics, the melt solutions being contained in 
square silica tubing of 10 mm nominal pathlength placed in stainless steel 
susceptors heated by a Redifon Type lH24B RF generator. 

RESULTS AND DISCUSSION 

IManganese chloride commenced to react well below the melting point 
of the carbonate eutectic (397°C) but with a marked increase in rate around 
this temperature, reaching a maximum rate near 420°C (Fig. 1, curve A). A 
second maximum in the rate loss curve occurred above 500°C and a distinct 
minimum (marked a) near 600°C. At this stage the melt on solution in water 
gave an insoluble brown powder with the X-ray diffraction lines of trimanga- 
nese tetraoxide. The average weight loss to this minimum was 33.6%, in 
accord with the stoichiometry of eqn. (1). 

3 MnCl, + 3 CO’,- + Mn30, f 6 Cl- + 2 CO2 + CO (1) 

’ (calculated weight loss for C + l$O per MnC12 30.7%) 
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temperature PC\ 

Fig. 1. Thermogravimetry in lithium carbonate-_jodium carbonate-potassium carbonate 
eutectic with transition metal chlorides A (- ) 2 14 m MnCI,; B (X -X) 
1.29 m FeC12; C ) 1.90 g carbonate eutectic alone, D (V- V) 0.68 m FeC13 

The washed brown solid after drying at 260°C was 61.2% of the weight of 
the original manganese(II) chloride (calculated 60.6%). 

Some further reaction even below 600°C was indicated by these figures 
and by curve A of Fig. 1. This high temperature weight loss increased slightly 
in rate to a small maximum at 730°C and persisted to 87O’C. X-Ray diffrac- 
tion of the insoluble black product showed the lines of two lithium manga- 
nates (LiMnO, and LizMn03). The average total weight loss was 49.1%, sup- 
porting the formation of a mixture of manganates, but with more manganate- 
(III) than manganate(IV) 

2 MnCl, + 3 CO$- + 2 Li* + 2 LiMnO, + 4 Cl- + 2 CO2 + CO 

(calculated weight loss for 1.5 C + 2.5 0 per MnCl, 46.1%) 

MnC& + 2 CO;- + 2 Li’ + Li,MnO, -t 2 Cl- + CO2 + CO 

(calculated weight loss for 2 C + 3 0 per MnC& 57.1%) 

(2) 

(3) 

as did the lithium analysis (found Li 8.2%, talc. for LiMnOa Li 7.4%, talc. 
for Li,MnO, Li 11.9%) and as did the yield of black product (75.5% of orig- 
inal MnCl,; talc. for LiMnO, 74.6% and for Li,MnO, 92.9%). 

Iron(I1) chloride started to react with the solid eutectic around 160°C, the 
rate increasing to a maximum close to the melting point (Fig. 1, curve B) and 
ceasing at 460°C, the average loss to this point being 29.2%. The reddish- 
brown solid produced after washing and drying gave the X-ray lines of c&on- 
(III) oxide, suggesting the stoichiometry 

2 FeClz f 2 CO;- --, Fe,O, + 4 Cl- + CO2 + CO (4) 

(calculated weight loss for C + 1.5 0 per FeClz 28.4%) 

A second very distinct weight loss began at 630°C after a considerable 



interval without reaction. This reached a maximum near 790°C and was still 
continuing at 870°C. The brown-black solid after washing and heating to 
9OO’C gave the diffraction lines of a-lithium ferrate(II1) (LiFeO,) [ 111. This 
evidence was corroborated by analysis (found Li 6.5%, talc. for LiFeOz Li 
7.3%) and the yield (73.2% of original FeCl* ; talc. for LiFeOz 74.8%) which 
all supported the overall reaction 

2 FeClz + 3 CO:- + 2 Li’ + 2 LiFeO, + 4 Cl- + 2 CO2 + CO 

(calculated weight loss for 1.5 C + 2.5 0 per FeClz 45.8%) 

(5) 

However, the actual weight losses (62.6-78.8% to 87O’C) were considerably 
greater than this calculated value. Since they continued without an obvious 
break and were also much larger than the loss from a pure melt (Fig. 1, curve 
C) it is suggested that the carbonate decomposition is catalysed by the 
presence of lithium ferrate(II1). 

Iron(III) chloride reacted in the solid phase at an even lower temperature 
(Fig. I, curve D), in accordance with its more acidic character, the first 
weight loss being completed by 500°C. The average loss of 43.4% was in 
accordance with the reaction 

2 FeC13 + 3 CO:- + Fe203 + 6 Cl- + 3 CO2 

(calculated weight loss for 1.5 C + 3 0 per FeC13 40.7%) 

(6) 

as were the diffraction lines of the red-brown product which again indicated 
the (Y form of the oxide, and the yield (49.4% of original FeCl,; talc. for 
FezOJ 49.1%). 

Once again the weight loss recommenced at a higher temperature (66OOC) 
with formation of the same product as fo_rmed by iron(I1) chloride. The 
actual loss (74.9%) again indicated the catalytic decomposition of carbonate 

Fig 2. Thermogravimetry in lithium carbonate--sodium carbonate--potassium carbonate 
eutictic with transition metal chlorides. A ( _) 1.20 m CoCl2; B (X -X) 0.30 

m NiCl2; C ( -) 1.81 m NiCl2 with 5.37 m KCI; D (V -V) 1.56 m CuC12. 
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in addition to the reaction 

FeCl, + 2 CO:- + Li’ + LiFeO, + 3 Cl- + 2 CO, 

(calculated weight loss for 2 C + 4 0 per FeC13 54.3%) 

(7) 

Cobalt(I1) chloride commenced reaction at 300°C, the weight loss con- 
tinuing until 650°C with a maximum near 400°C (Fig. 2, curve A). X-Ray 
diffraction showed that the black product was tricobalt tetraoxide, in accor- 
dance with the yield (61.6% of original CoCl,; talc. for Co304 61.8%) and 
overall weight loss of 30.7% (calculated weight loss of C + 12 0 per CoClz 
to form Co304 29.8%. Calculated for loss of C + 2 0 per CoClz to form COO 
33.9%), thus indicating the stoichiometry 

3 CoCl, + 3 CO;- + Co304 + 6 Cl- + 2 COz + CO (8) 

Nickel(E) chloride was less reactive, beginning to react only very slowly at 
35O”C, with an increase in rate at 450°C and finishing at 550°C after rising 
to a maximum at around 48O’C (Fig. 2, curve B). The dark grey insoluble 
product gave the X-ray diffraction lines of nickel(I1) oxide, which together 
with the overall weight loss (33.6%) and the yield (56.7% of original NiCl,; 
talc. for NiO 57.6%) gave support for the reaction 

NiClz + CO:- + NiO + 2 Cl- + CO2 (9) 
(calculated weight ioss for C + 2 0 per NiC12 34.0%) 

Analogous reactions but with increasing quantities of potassium chloride 
added to the carbonate eutectic showed very similar overall weight losses 
(Table 1) but with some increase in the decomposition temperatures provid- 
ing some evidence of stabilisation by the formation of chloro complexes, 
though not the contmuing increase found for some cations, for example 
cobalt(I1) in nitrate melts [12], when potassium chlonde was added. The 
considerable increase in temperature of the maximum for the chloride/nickel 
ratio of 4.32 : 1 was probably largely due to the four-times higher concentra- 
tion of nickel and a relatively slow reaction since the rate was found to 
increase markedly from 500°C (Fig. 2, curve C). 

TABLE 1 

The reaction of nickel(I1) chloride with molten lithium carbonatesodium carbonate- 
potassium carbonate eutectic in the presence of potassium chloride 

NiC12 
concentration 
(molal) 

Cl/Ni 
ratio 

Overall Temp. of 
wt loss max. rate 
(S) (“C) 

Temp. range 
of wt. loss 

(“C) 

0.30 2.00 - 1 33.6 490 350-550 
1.65 2.00 : 1 33.1 510 350-550 
1.18 4.32 : 1 33.8 650 370-660 
0.30 5.94 : 1 33.4 530 360-570 
0.30 6.00 : 1 33.3 560 35-20 
0.30 11.97 : 1 34.8 500 360-560 
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Spectroscopic measurements also showed little change with increasing 
added chloride. The pale green melt (0.8 m NiC12 with no additional chloride) 
at 420’C showed a slight shoulder at 23 000 cm-’ (E - 30 1 mole-’ cm-’ on 
an absorption edge at 28 000 cm-‘, while the reflectance spectrum on the 
same solution after solidification showed a small maximum at 22 200 cm-’ 
and more intense transitions (presumably charge transfer) at 37 000 and 
45 500 cm-‘. With a nickel concentration of 0.50 m and a chloride/nickel 
ratio of 6.0 : 1 the more intense reflectance absorptions were at 38 000 and 
46 500 cm-’ and the weaker at 22 700 cm-‘, and thus did not show the 
changes which would be expected from the progressive formation of chloro 
complexes (as for example has been found in molten nitrates [ 131) but did 
illustrate the much greater stability of nickel(I1) as compared to that of any 
other of the cations studied. The absorption at 22 200-23 000 cm-l seems 
most likely to be the 3AZg + 3T,, (P) band o f nickel(I1) octahedrally coordi- 
nated by oxygen, which would imply that the ligand field of carbonate 
anions was only a little lower than that of molten nitrate (23 000 cm-‘) but 
definitely less than that of water (25 000 cm-‘). 

Copper chloride commenced reaction with solid carbonate eutectic at 
26O”C, with a considerable increase in rate near the melting point, reached a 
maximum rate at 480°C and ended at 550°C (Fig. 2, curve D). The black 
insoluble solid gave the diffraction lines of copper(I1) oxide. The overall 
weight loss (32.7%) and yield (59.2% of original CuCl,; talc. for CuC 54.2%) 
also supported the stoichiometry of the simple acid-base reaction 

CuClz + co,‘- + cue + 2 cl- + co?_ (16) 
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