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Electrochemical studies of sparged beds of sodium carbonate at 900 OC employing mixtures of oxygen, carbon dioxide, 
and water vapor were conducted to determine the identities and relative concentrations of melt species. Analysis of experimental 
current-potential curves was done by fitting the curves with composite curves that consisted of the algebraic sum of eight 
computer-generated theoretical waves. The most prominent features of the curves were the 1-electron reversible couple 
O2-/OZ2- superimposed on a 2-electron reversible couple proposed to be C042-/C032-, 02- and, at higher overpotential, 
a 2-electron irreversible wave proposed to be the reduction of C202- ion. ESR spectra confirmed the presence of superoxide 
ion in frozen-melt matrix. Under sparged conditions, the thermal decomposition of sodium carbonate appears to produce 
peroxide ion in addition to oxide ion. A sequence of reactions is proposed to account for the interconversion of melt species. 

Introduction 
Alkali-metal carbonates have been shown to be effective 

catalysts for the gasification of carbonaceous materials (in- 
cluding coal)' and the destruction of toxic chemical wastes.2 
They also provide the basis for the molten carbonate fuel cell.3 
The optimization of the processes involved requires a funda- 
mental understanding of the composition of molten carbonates 
and how the composition changes with changes in the su- 
pernatant atmosphere. Toward that end, several studies em- 
ploying electrochemical techniques have been conducted."12 
With the exception of two studies in which lithium carbonate 
was u ~ e d , ~ , ~  all were conducted in eutectic mixtures of Li/ 
Na/K,4*5~7~8~*1 Li/Na,6 Na/K,*Jo and Li/K12 carbonates. 

As part of an overall study directed toward understanding 
the mechanism of carbon oxidation in molten-salt media,13-15 
the present research was undertaken to determine the identities 
and relative concentrations of the species that exist in molten 
sodium carbonate under various experimental conditions. 

Techniques capable of monitoring melt composition include 
removal and chemical analysis of melt samples, spectroscopic 
measurements (Raman and infrared), and electrochemical 
measurements. It was found that removal of melt samples by 
insertion of a "cold" rod into the melt did not provide repre- 
sentative samples. Fractional crystallization occurred with the 
highest melting species preferentially freezing on the rod. This 
technique also had the disadvantages of being slow and in- 
creasing the possibility of melt contamination. Spectroscopic 
procedures were not attempted because of difficulties antic- 
ipated in the construction of apparatus required to make in 
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situ measurements at  the high temperatures employed. These 
factors led to the choice of electrochemical measurements to 
determine the melt composition even though ambiguities often 
exist in the interpretation of electrochemical results. Attempts 
to construct a rotating-disk electrode for use in the aggressive 
environment of sodium carbonate at 900 O C  were unsuccessful 
largely due to the invasion of melt between the gold-disk 
electrode surface and the alumina tube in which the disk was 
mounted. Therefore, it was necessary to employ a stationary 
gold working electrode. 

During the course of conducting exploratory single-sweep 
current-potential scans of molten sodium carbonate in pseudo 
steady state with various sparge gas compositions (carbon 
dioxide, oxygen, and nitrogen), evidence for the existence of 
at least eight electrochemical waves was observed in separate 
experiments (five cathodic and three anodic including the 
cutoff waves). Because of the complexity of the observed 
current-potential curves that consist of these eight overlapping 
waves, analysis by simple peak-current and peak-potential 
measurements was found to be inadequate. Instead, composite 
curves made up of the algebraic sum of eight computer-gen- 
erated theoretical waves were fitted to the experimental curves 
by using a nonlinear least-squares procedure. The theoretical 
waves were generated by using current and potential functions 
for charge transfers at stationary electrodes developed by 
Nicholson and Shain.16 
Experimental Section 

Materials. Air ('breathing air": 20.9% oxygen, 0.03% carbon 
dioxide, and 78.1% nitrogen), oxygen (99.993%), carbon dioxide 
(99.99%), nitrogen (99.999%), and calibration gas mixtures were 
obtained from and analyzed by Airco. 

Sodium carbonate (Baker anhydrous reagent grade, 99.5%) con- 
tained nitrogen compounds (N, 0.001%), phosphorus (PO4, O.OOl%), 
silica (SO2, 0.005%), sulfur (SO4, 0.003%), and iron (Fe, 5 ppm). 

Sodium oxide (Na20, 98%) and sodium superoxide (NaO,, 90%) 
were obtained from Alfa Products. Sodium peroxide (Na202, 93%) 
was obtained from Mallinckrodt. 

All parts of the apparatus contacting the molten sodium carbonate 
were constructed of fine gold or 99.8% alumina (Coors AD-998). 

Apparatus. The apparatus, shown schematically in Figure 1, 
consisted of an electrochemical cell contained in a tube furnace. Sparge 
gas mixtures (oxygen, carbon dioxide, and nitrogen) were prepared 
with a gas blender (Medicor, Inc., Model PGM-3) and were passed 
through the melt by using a peristaltic type pump (Masterflex, 
Cole-Parmer Inc.) equipped with Tygon tube. Part of the exhaust 
gas from the cell was pumped through an oxygen analyzer (Beckman 
Model 755), through carbon dioxide and carbon monoxide analyzers 
(Horiba Model PIR-2000), and finally through a gas chromatograph 
(Hewlett-Packard Model 5840A). Data from the oxygen, carbon 
dioxide, and carbon monoxide analyzers together with melt and furnace 
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Figure 1. Schematic of the apparatus. 

temperatures and time were gathered every 30 s, partially reduced, 
and stored on magnetic tape with use of a data acquisition system 
(Hewlett-Packard Model 3052A). GC data were obtained every 3.5 
min and stored on tape. These data could be recalled and plotted 
with a Hewlett-Packard Model 9872A plotter. Electrochemical 
measurements were made with a Princeton Applied Research Model 
170 system. Curve fitting was accomplished with use of an HP-9845-B 
computer. ESR measurements were done with a Bruker ER-200 
spectrometer. 

The electrochemical cell (Figure 2) consisted of an alumina con- 
tainment vessel (8 X 46 cm) closed at one end. The open end was 
fitted with an epoxy seal to a water-cooled stainless-steel collar. A 
stainless-steel cover plate fitted with openings for the electrodes, 
thermowell, gas-sample tube, exhaust-gas port, and sparge tube was 
clamped to the collar equipped with an O-ring seal. The openings 
in the cover plate were equipped with stainless-steel fittings with 
fmger-tightened Oring seals (Cajon Co.), which provided vacuum-tight 
seals around the tubes and allowed vertical adjustment. A flat-bottom 
alumina crucible (7 X 15 cm), which contained the melt, rested on 
alumina sand at  the bottom of the containment vessel. A series of 
five alumina heat shields suspended on platinum wires and held apart 
with alumina tube spacers were placed between the crucible and the 
cover plate to minimize thermal convection within the cell. The cell 
was mounted vertically in the center of a tube furnace (10 X 61 cm), 
which consisted of a single heating unit controlled by a proportional 
controller. A three-electrode system was used. The working electrode 
consisted of a rectangular gold-sheet (1 X 0.5 X 0.025 cm) spot welded 
to 0.05-cm (diameter) gold lead wire and allowed to extend 1 cm into 
the melt providing an effective geometric surface area of 1.16 cm2. 
The counterelectrode was a gold-foil cylinder (4 X 7 cm) that rested 
on the bottom of the crucible and was connected by a 0.05-cm (di- 
ameter) gold lead wire. The reference electrode consisted of a 0.05-cm 
(diameter) gold wire that dipped into the melt within an alumina tube 
that rested on the bottom of the crucible. The melt within the tube 
was in contact with a slow stream (40 mL/min) of oxygen (33%) and 
carbon dioxide (67%). This reference electrode was previously de- 
scribed in detail.” 
A Pyrex solids-addition device fitted with a straight-bore Teflon 

stopcock could be installed at the top of the sparge tube. The sparge 
gas flowed through a tee below the stopcock and thence down the 
sparge tube. A weighed sample of the solid to be added to the melt 
was placed in a sealed chamber above the stopcock. Turning the 

(17) Borucka, A. Adu. Chem. Ser. 1969, No. 90, 242. 
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Figure 2. Schematic of the electrochemical cell (thermowell and 
counterelectrode omitted for clarity). 

stopcock permitted the solid to drop directly down the sparge tube 
with the sparge gas into the melt. 

Procedure. The internals of the electrochemical cell (crucible, heat 
shields, counterelectrode, etc.) were assembled and attached to the 
cover plate. The remaining electrodes, thermowell, and sparge tube 
were fitted through the cover plate and sealed. The crucible was 
charged with 175 g of sodium carbonate (-90 mL of melt) and the 
assembly slowly lowered (over -6 h) into the containment vessel, 
which was maintained at 900 OC. When the crucible was in final 
position, the cover plate was secured to the containment-vessel collar 
with bolts. With the working electrode, reference electrode, and sparge 
tube above the surface of the melt, the cell was slowly evacuated by 
using a mechanical pump equipped with an oil diffusion pump to a 
final pressure, typically - 133 Pa (1 torr). The vacuum was broken 
with carbon dioxide; the thermowell, reference electrode, and sparge 
tube were lowered into the melt, and the melt was sparged with carbon 
dioxide for at least 2 h prior to the beginning of an experiment. During 
this time, the reference-electrode gas was allowed to “equilibrate” with 
the reference melt. This procedure was followed each time the melt 
was replaced; however, the melt was not changed before each ex- 
periment. Between experiments in which the melt was not replaced, 
the melt was sparged with carbon dioxide for an overnight period to 
convert “oxides” present to carbonate. The sparge-gas flow rate used 
in all of the experiments was 0.239 L/min (25 O C ,  1 atm). 

The majority of the electrochemical measurements were con- 
trolled-potential sweeps (0.5 V/s) from the rest potential (cathodically 
to -1.40 V and anodically to +0.10 V). Prior to the cathodic sweep, 
the pumps that supplied the sparge gas and extracted the analytical 
sample gas (exhaust) were stopped for approximately 15 s. The sweep 
was made, and the pumps were started and allowed to run 15 s. The 
pumps were again stopped for 15 s, and the anodic sweep was initiated 
at the rest potential. After the anodic sweep, the pumps were started 
and allowed to run until the next electrochemical measurement. 
During the course of an experiment, the composition of the exhaust 
gas was monitored as described above. 
Results 

Analysis of Experimental Curves. Cyclic triangular-sweep 
and single-sweep scans of molten sodium carbonate (900 “C) 
after air sparge for 48 h are shown in Figure 3. The  cyclic 
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Figure 3. Current-potential curves of sodium carbonate (900 "C) 
after air sparge: (a) cyclic scan beginning cathodic from the rest 
potential and (b) single-sweep scans both cathodic and anodic from 
the rest potential (solid line) with the computer-generated composite 
curve (dashed line) and component waves indicated (dotted lines). 

Table I. Potentials, Peak Currents, and Electrons Transferred 
for Component Waves in Sodium Carbonate Sparged 
with Air at 900 "C 

wave E,,,,  v ip,mA n 
cathodic 1 -0.467 26.41 1 
cathodic 2 -0.448 7.75 2 
cathodic 3 -1.003 32.76 2 
cathodic 4 -1.243 7.21 2 
cathodic Sa -1.422 37.20 2 
anodic 6 -0.350 -18.13 2 
anodic 7 -0.301 -0.52 1 
anodic 8b 0.082 -17.87 2 

a Cathodic cutoff. Anodic cutoff. 

scan shows that the initial cathodic wave is reversible (cathodic 
peak potential E , ,  = -0.56 V; anodic peak potential E , ,  = 
-0.37 V) with n = 1.17 calculated from eq 1.'* The second 

(1) 

cathodic wave (Ep,, = -1.06 V) is irreversible as shown by the 
cyclic scan and by an observed cathodic shift with increased 
sweep rate as predicted by theory.16 The results of the 
curve-fitting procedure applied to the single-sweep scan are 
shown in Figure 3b. The root-mean-square difference between 
the experimental curve (solid line) and the computer-syn- 
thesized composite curve (dashed line) is 0.567 mA over the 
1.5-V range. The eight component waves are shown (dotted 
lines). The respective El,* (V), peak current (ip, mA), and 
number of electrons transferred ( n )  for each wave are listed 
in Table I. The analysis shows that the cathodic part of the 
single-sweep scan of sodium carbonate melt under air sparge 
is composed largely of a 1-electron wave (wave 1) and a 2- 
electron wave (wave 3) with smaller contributions from two 
2-electron waves (waves 2 and 4) (excluding the 2-electron 
cutoff wave, wave 5) .  The anodic part of the scan is composed 
of a 2-electron wave (wave 6) with a very small contribution 
from a 1-electron wave (wave 7) (excluding the 2-electron 

E , ,  - E,, = -2.2RT/nF 

(18) Delahay, P. "New Instrumental Methods in Electrochemistry"; Inter- 
science: New York, 1954; p 120. 
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Figure 4. Peak currents of single-sweep scans measured in sodium 
carbonate (900 "C) sparged with nitrogen and exhaust-gas C02 
concentration plotted as a function of reaction time. 

cutoff wave, wave 8). It was found that all of the experimental 
curves obtained in this study could be fitted with the waves 
shown in Figure 3b with the maximum root-mean-square 
differences between the experimental curves and synthesized 
composite curves <4% of the largest wave excluding the cutoff 
waves). 

In the following experiments, sodium carbonate melt was 
sparged with various gases to determine the effect of oxygen 
pressure, carbon dioxide pressure in the presence and absence 
of oxygen, and the addition of water vapor on the electroactive 
species. 

Nitrogen Sparge. After treatment with carbon dioxide, 
sodium carbonate melt (900 "C) was sparged with nitrogen 
for 2880 min. The results are shown in Figure 4. The carbon 
dioxide concentration of the exhaust gas decreased from 100% 
to approximately 0.05% after 500 min and remained near that 
concentration for the remainder of the experiment. For the 
first 46 min, oxygen (<0.05%) was observed in the exhaust 
gas. Thereafter, with the exception of carbon dioxide and 
nitrogen, no other gaseous products were detected. In the first 
400 min, the 1-electron anodic wave 7 (Figure 3b) and the 
2-electron anodic wave 6 increased rapidly (from 0 to -4.79 
mA and from 0 to -4.48 mA, respectively). After 400 min, 
both waves continued to increase but at  a slower rate (to 
-13.68 mA for wave 7 and -9.45 mA for wave 6 after 2880 
min). The remaining waves were relatively unchanged during 
the experiment. The rest potential at t = 0 (pure carbon 
dioxide sparge) was -0.150 V but shifted gradually with the 
increase in the anodic part of the curve to -0.652 V at the end 
of the experiment. 

In three separate experiments, sodium carbonate melt (900 
"C) was treated with carbon dioxide and sparged with nitrogen 
for 100 min, and then the indicated salt (sodium oxide, sodium 
peroxide, or sodium superoxide) was added without inter- 
ruption of the nitrogen flow. The nitrogen sparge, prior to the 
addition of the "oxides", effectively removed the carbon dioxide 
from the system with minimal effect on the melt composition. 
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Figure 5. Cyclic scan of sodium carbonate (900 “C) under argon 
sparge beginning cathodic from the rest potential 78 min after the 
addition of sodium oxide. 

The addition of sodium oxide (0.4077 g, 6.45 mmol, 98% 
pure) caused an immediate increase (from -4.50 to -42.33 
mA) in the peak current of the 1-electron anodic wave (wave 
7). The 2-electron anodic wave (wave 6) also increased but 
more slowly (from -3.99 to -4.12 mA). The carbon dioxide 
concentration of the exhaust gas decreased from approximately 
0.10% to 0.05% and no oxygen was observed. In a similar 
experiment employing argon sparge, a cyclic voltammogram 
taken 78 min after the addition of sodium oxide (0.4108 g, 
6.63 mmol) showed the presence of a reversible couple (Ep,c 
= -0.49 V; E 

Addition oflodium peroxide (0.5215 g, 6.22 mmol, 93% 
pure) caused cathodic wave 1 to increase from 1.57 to 26.47 
mA and then decrease to 0.04 mA within the first 7 min after 
the addition. Cathodic wave 2 increased from 0 to 5 1.44 mA, 
anodic wave 6 increased from -3.00 to -73.73 mA in the first 
4 min, and then both waves decreased rapidly over approxi- 
mately the next 30 min. Anodic wave 7 increased from -2.79 
to -59.72 mA over the first 9 min and then remained relatively 
constant. Oxygen was evolved immediately with the addition 
of sodium peroxide (3.80 mmol over approximately 15 min), 
which suggests that peroxide ion decomposed to oxide ion and 
oxygen, according to eq 2. The quantities of oxygen and oxide 
ion expected would be 3.1 1 and 6.22 mmol, respectively. 

= -0.40 V) with n = 2.47 (Figure 5). 

0 2 2 -  F? ‘/202 + 02- (2) 

Addition of sodium superoxide (0.2328 g, 3.8 1 mmol, 90% 
pure) caused the immediate increase of cathodic wave 1 from 
1.35 to 29.64 mA followed by a rapid decrease to 3.45 mA 
after 13 min. Cathodic wave 2 and anodic wave 6 (2-electron 
waves) increased from 0.02 to 12.31 mA and from -2.54 to 
-39.73 mA, respectively, over the first 3 min and then de- 
creased slowly over the next 100 min. Anodic wave 7 increased 
slowly over the first 23 min from -2.54 to -14.75 mA and then 
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decreased to -7.60 mA after 100 min. Oxygen (3.00 mmol) 
was evolved over the first 15 min after the addition of sodium 
superoxide, which suggests that superoxide ion decomposed 
according to eq 3 in which 2.86 mmol of oxygen and 1.91 
mmol of oxide ion would be expected. 

20,- s 3/202 + 02- (3) 
A comparison of the relative measured peak currents and 

calculated concentrations of the four significant species 1 min 
after the addition of the above salts is presented in Table 11. 
Concentrations were calculated by using an assumed diffusion 
coefficient of 1 X 10” cm2/s for all species to normalize the 
1- and 2-electron waves. Inspection of Table I1 shows that, 
1 min after the addition of sodium oxide to the melt, wave 7 
was the dominant wave. Similarly, 1 min after addition of 
sodium superoxide, wave 1 was the dominant wave. Finally, 
1 min after the addition of sodium peroxide to the melt, 
cathodic wave 1 and anodic wave 7 both increased to ap- 
proximately the same concentration. Anodic wave 6 had 
increased only slightly in the first minute. 

Nitrogen and Then Air Sparge. After treatment with carbon 
dioxide, sodium carbonate melt (900 “C) was sparged with 
nitrogen for 100 min and then sparged with air. The carbon 
dioxide concentration of the exhaust gas decreased over the 
first 100 min from 100% to -0.09%, and oxygen was detected 
(<0.04%). The results of the first 400 min after the air sparge 
was started are shown in Figure 6. 

When the air sparge was begun, the carbon dioxide con- 
centration increased to -0.25% and then decreased during 
the remainder of the experiment to a final concentration of 
0.06% after 1441 min. Approximately 10 min was required 
for the concentration of oxygen in the exhaust gas to reach 
20.9% (the approximate concentration of oxygen in air). 
Cathodic wave 1 increased rapidly over the first 60 min from 
2.53 to 20.56 mA and then continued to increase slowly over 
the remainder of the experiment to 21.34 mA after 491 min 
and finally 29.65 mA after 1441 min. Cathodic wave 2 in- 
creased over the first 300 min and then remained relatively 
constant at 15.00 mA. Cathodic wave 3 and anodic wave 6 
increased slowly over the course of the experiment to 27.30 
and -24.76 mA, respectively, after 1441 min. The remaining 
electrochemical waves were relatively unchanged during the 
air part of the experiment. 

These results show clearly that oxygen is required for the 
production of the species responsible for waves 1,2, and 3 when 
compared to the results of the previous nitrogen-sparged ex- 
periment in which these waves were essentially absent. 
Moreover, anodic wave 7, which was the predominant wave 
in the nitrogen-sparged experiment, was absent in this air- 
sparged experiment. Anodic wave 6 was observed in both 
experiments with the highest concentration in the air-sparged 
experiment. Finally, this experiment shows that even after 
1441 min of air sparge, the composition of the melt was still 
changing. 

Table 11. Relative Concentrations of Melt Species 1 min after Addition of Indicated Salt’ (N, Sparge, 900 “C) 

wave 

1 2 6 7 exhaust 
mmol 0, concn, 

salt added % i,b E i,b cc i,b cc i,b cc 
Na,O 6.45 0 0.63 0.18 4.28 0.42 -10.64 1.06 -42.33 11.89 
Na202 6.22 8.82 7.51 2.11 4.15 0.41 -8.10 0.80 -9.10 2.56 
NaO , 3.81 9.07 29.64 8.32 11.28 1.12 -36.97 3.67 -2.66 0.75 

‘ Calculated from eq 4,j6 where i, = peak current (mA), n = number of  electrons transferred, F = 964 89,A =area of  electrode (1.16 cm,), 
n a ” F ) / 2 ~ ~ l / Z V 1 / z ~  

i, = 0.446 (4) 
RlIZTl/Z 

D = diffusion coefficient (1 X cm*/s assumed), u =  sweep rate (0.5 V/s), C =  concentration (mol/mL), R = 8.314, and T =  temperature (K). 
mA. mol/mL X 10’. 
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Figure 7. Peak currents of single-sweep scans measured in sodium 
carbonate (900 " C )  sparged with air followed by nitrogen and ex- 
haust-gas O2 concentration plotted as functions of reaction time. 
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Figure 8. Peak currents of single-sweep scans measured in sodium 
carbonate (900 "C) sparged with a mixture of carbon dioxide (1.8%) 
and nitrogen after air and exhaust-gas C 0 2  and O2 concentrations 
piotted as functions of reaction time. 

27.06 to 3.37 mA in the first 10 min and then continued to 
decrease slowly to a final peak current of 3.10 mA after 178 
min. Cathodic wave 2 and anodic wave 6 decreased from 
10.16 mA and -19.27 mA to 0 over the course of the exper- 
iment. Anodic wave 7 initially increased during the first 10 
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Figure 9. Peak currents of single-sweep scans measured in sodium 
carbonate (900 "C) sparged with a mixture of carbon dioxide (1.1 l%), 
oxygen (20.9%), and nitrogen (balance) after air and exhaust-gas O2 
(-20.8%) and C02 concentrations plotted as functions of reaction time. 

min from -0.35 to -7.03 mA and then slowly decreased over 
the remainder of the experiment to -3.64 mA. Cathodic wave 
3 decreased steadily from 22.62 to 3.70 mA during the carbon 
dioxide/nitrogen sparge. 

Air Sparge with Added Carbon Dioxide. Sodium carbonate 
melt (900 "C) was sparged with air for 48 h and then sparged 
with a mixture of carbon dioxide ( l . l l%),  oxygen (20.9%), 
and nitrogen (balance). The results show the effect of in- 
creased carbon dioxide concentration (from 0.03% in air to 
1.1 1%) with the oxygen concentration remaining constant. The 
results of the C02-enriched air sparge are shown in Figure 9. 

Oxygen was evolved immediately when the C02-rich air 
sparge was started. The integral of the exhaust-gas oxygen 
concentration vs. time curve indicated that 0.091 mmol was 
evolved over the first 60 min of the experiment. The carbon 
dioxide concentration of the exhaust gas increased from the 
initial level (-0.05%) to approximately 1 .O% over the first 
60 min and then slowly increased to 1.1 1% after 400 min. The 
integral of the exhaust-gas carbon dioxide concentration vs. 
time curve corresponded to 0.133 mmol. Thus, the ratio of 
carbon dioxide consumed to oxygen evolved was 1.46. These 
results clearly indicate that the melt contained species such 
as peroxide ion (eq 5) and/or superoxide ion (eq 6) that react 

( 5 )  

(6) 

022- + C 0 2  G 1/202 + C032- 

202- + C 0 2  e 3/202 + C032- 
with carbon dioxide to produce oxygen in addition to oxide 
ion, which consumes carbon dioxide without production of 
oxygen (eq 7). 

02- + C 0 2  G C032- (7) 
During the first 20 min of the C02-rich sparge, cathodic 

wave 1 decreased rapidly from 29.01 to 14.00 mA and then 
continued to decrease slowly to 11.14 mA over the next 350 
min. Cathodic wave 2 and anodic wave 6 decreased from 
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Figure 10. Peak currents of single-sweep scans measured in sodium 
carbonate (900 "C) sparged initially with dry air and then moist air 
for 68 min followed by dry air again and exhaust-gas COz concen- 
tration plotted as functions of reaction time. 

22.19 and -26.28 mA to nearly 0 over the first 13 min. Anodic 
wave 7 initially decreased, then increased to -6.33 mA after 
20 min, and decreased very slowly over the course of the 
experiment to -3.81 mA. Cathodic wave 3 increased from 
29.70 to 31.22 mA and then decreased smoothly to 8.57 mA 
after 350 min. 

Air Sparge with Added Moisture. Sodium carbonate melt 
(900 "C) was sparged with air for 18 h and then sparged with 
air that was passed through a water bubbler maintained at 
23 "C prior to entering the melt. The results are shown in 
Figure 10. The moist-air sparge was allowed to continue for 
68 min, and then dry air was again sparged. A gravimetric 
control experiment in which the water vapor from the moist-air 
sparge was collected by using Anhydrone showed that 9.2 
mmol of water had been introduced into the melt. Cathodic 
wave 1 decreased from the initial value of 19.31 mA to ap- 
proximately 7 mA over the first 10 min after the addition of 
moist air and remained relatively constant. Cathodic wave 
2 and anodic wave 6 decreased rapidly from initial values of 
16.94 and -17.15 mA, respectively to nearly 0 after 10 min. 
When the dry-air sparge was substituted for the moist air, the 
peak currents of cathodic waves 1 and 2 and anodic wave 6 
increased. Anodic wave 7 increased slightly during the 
moist-air sparge and decreased during the dry-air sparge. 
Cathodic wave 3 decreased from 29.40 to 19.10 mA during 
the moist-air sparge and then increased during the dry-air 
sparge. The remaining waves were relatively unchanged. 
Approximately 1100 min of dry-air sparge was required for 
the waves to return to the initial values. The integral of the 
carbon dioxide concentration of the exhaust gas vs. time curve 
during the moist-air sparge indicated that 5.7 mmol of carbon 
dioxide had evolved. 

The reaction of water vapor with carbonate ion (eq 8) 

(8) 

produces one carbon dioxide molecule and two hydroxide ions 

C0,2- + H 2 0  - C02 + 20H- 
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Figure 11. ESR spectrum (77 K) of cooled sodium carbonate melt 
after oxygen sparge, indicating the presence of superoxide ion. 

for each water molecule consumed, which probably accounts 
for most of the carbon dioxide evolved. The difference between 
the carbon dioxide evolved and the water vapor introduced (3.5 
mmol) represents the quantity of melt species that react with 
water vapor without producing carbon dioxide (eq 9-11) 

(9) 

(10) 

(1 1) 

02- + H 2 0  - 20H- 

0 z 2 -  + H2O - 20H-  + ' / 2 0 2  

202- + H 2 0  - 20H- + 3/202 

and/or species that react with the carbon dioxide produced 
(eq 5-7) from the water vapor/carbonate ion reaction (eq 8). 
The present data cannot distinguish between these possibilities. 
No "excess" oxygen and no water vapor were observed in the 
exhaust gas during the moist-air sparge; however, the maxi- 
mum oxygen concentration that could have appeared in the 
exhaust gas, based upon the "excess" water introduced into 
the melt, would be -0.03%. This value compared to the 
-20.9% oxygen in the sparge gas is within experimental error 
and may not have been detected. 

These results indicate that, in the presence of water vapor, 
all of the melt species (with the exception of that responsible 
for anodic wave 7) decreased. No new waves appeared, which 
suggests that the electrochemistry of water and hydroxide ion 
are outside the window observed. 

ESR Spectrum of Matrix-Isolated Superoxide Ion. A sample 
of sodium carbonate (175 g) was heated to 900 OC in an 
alumina tube under 1 atm of oxygen and then sparged with 
oxygen for 48 h. The alumina tube and its contents were 
removed from the furnace and allowed to cool as rapidly as 
possible (frozen in <5 min) while 1 atm of oxygen was 
maintained over the contents. The solid was removed in one 
piece and transferred to a drybox, and a piece from within was 
ground to powder and analyzed by ESR. The ESR spectrum 
of the powder measured at 77 K is shown in Figure 1 1. The 
following values were calculated: gll = 2.162 and g, = 1.997. 
The general shape of the measured ESR spectrum and the 
calculated g values were virtually identical with the ESR 
spectrum of sodium superoxide in a solid matrix of sodium 
per0~ide. l~ 
Discussion 

Current-potential curves of molten sodium carbonate in the 
potential range +0.10 to -1.40 V consist of five cathodic waves 
and three anodic waves (Figure 3b). 

Cathodic Wave 1. Excluding the cutoff waves, the major 
cathodic wave observed when the sparge gas contained oxygen 

(19) Zambonin, P. G. J .  Phys. Chem. 1974, 78, 1294. 

(Ell2 = -0.47 V) was found to represent a reversible, 1-electron 
transfer. The wave exhibited a strong positive dependence on 
oxygen pressure, a strong negative dependence on carbon 
dioxide pressure, and a negative dependence on water-vapor 
pressure. Addition of sodium superoxide to the melt caused 
an immediate increase in the peak current. These results 
suggest that the wave is due to the reversible, 1-electron re- 
duction of superoxide ion according to eq 12. The oxygen 

(12) 

and carbon dioxide dependences of the wave suggest that 
superoxide ion is produced in the melt by the overall process 
represented by eq 6. Quantitative determination of the re- 

( 6 )  

action orders in oxygen pressure and carbon dioxide pressure 
to confirm eq 6 were not obtained because steady state was 
not achieved under the sparging conditions of these experi- 
ments. Analysis of the dynamic data to determine reaction 
orders will be reported elsewhere. The presence of superoxide 
ion in sodium carbonate melts was clearly shown by ESR 
measurements of cooled melt samples (Figure 11). An al- 
ternate assignment considered for the wave is the l-electron 
reduction of molecular oxygen. Such an assignment is miti- 
gated by the fact that, with similar oxygen concentrations 
present in the exhaust gas (Le., electrochemical cell) after the 
addition of sodium peroxide or sodium superoxide (Table 11), 
the peak current of wave 1 was nearly 4 times greater after 
the addition of superoxide ion. Moreover, studies by others 
have shown that the concentration of dissolved molecular 
oxygen in carbonate melts is significantly lower than that of 
superoxide ion;2"-22 thus, the major wave is not likely to be 
due to dissolved oxygen. 

Anodic Wave 7. The anodic wave observed at Ella  - -0.30 
V under air sparge was found to represent a 1-electron transfer. 
The peak current increased steadily under nitrogen sparge, 
exhibited negative dependences on both oxygen and carbon 
dioxide pressures, and increased slightly in the presence of 
water vapor. The addition of sodium oxide to the melt caused 
an immediate increase in the peak current. After addition of 
sodium peroxide or sodium superoxide to the melt, slightly 
more than stoichiometric quantities of oxygen based upon the 
complete decomposition of each to oxide ion were rapidly 
evolved, and in each case, the peak current of the wave in- 
creased. These results are consistent with the assignment of 
the wave to a 1-electron oxidation of oxide ion represented by 
eq 13. Thermodynamic calculations using JANAF data,23 

(13) 02- - e- + 0- 

however, show that the Eo for such an oxidation (1200 K) is 
+0.51 V and that the Eo for the oxidation of the product (eq 
14) is more negative. Thus it would be expected that the 

(14) 

oxidation of oxide ion would appear as an overall 2-electron 
wave (eq 15) at a potential more positive than that of the 

(15) 

observed wave. The anodic branch of the cyclic voltammo- 
gram of air-sparged sodium carbonate melt (Figure 3a) ex- 

02- + e- F! 022- 

C032- + 3/202 F! 202- + COz 

0- - e- + 1/202 

02- - 2e- + 1/202 

(20) Andreson, R. E. J .  Electrochem. Soc. 1979, 126, 328 .  
(21) Appleby, A. J.; Van Drunen, C. J .  Electrochem. Soc. 1980,127, 1655. 
(22) Smith, S. W.; Vogel, W. M.; Kapelner, S. J .  Electrochem. SOC. 1982, 

129, 1668. 
( 2 3 )  Natl. Stand. R e j  Data Ser. (US. Natl. Bur. Stand.) 1971, NSRDS- 

NBS 37. 
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hibited a E l I 2  at approximately -0.42 V. The average El12 
potential of the 1-electron anodic wave described above in all 
of the curves measured in this study was -0.40 V. On the basis 
of these latter peak parameter results, a more reasonable 
assignment of the wave is to the 1-electron oxidation of per- 
oxide ion (reverse of eq 12). To do that, with respect to the 
chemical behavior of the species, it is necessary to propose that, 
under nitrogen-sparged conditions or under other conditions 
in which the melt should contain relatively large concentrations 
of oxide ion, significant concentrations of peroxide ion also 
exist. 

The thermal decomposition of sodium carbonate proceeds 
in two steps, forming first sodium oxide and carbon dioxide 
(eq 16). In a second step, sodium oxide decomposes largely 

Na2C03 e N a 2 0  + C 0 2  

N a 2 0  e 2Na + '/202 

(16) 
to sodium and oxygen (eq 17).24325 The present results suggest 

(17) 

that, under the sparged conditions of the experiments (Le., 
continuous removal of sodium vapor, oxygen, and carbon 
dioxide), the decomposition of sodium oxide is fast enough to 
produce sufficient oxygen to react with the melt to form 
peroxide ion. The overall process of sodium carbonate de- 
composition under sparged conditions may then be represented 
by eq 18. With sparge gas containing oxygen, the equilibrium 

(18) 
represented by eq 17 is suppressed, and oxygen reacts with 
the oxide ion (eq 2) produced by the initial step of carbonate 
ion decomposition or with carbonate ion directly (eq 19) to 

(19) 
form peroxide ion and subsequently superoxide ion (eq 20). 

(20) 

2Na2C03 s 2Na + Na202 + 2C02 

C032- + 1/202 e 022- + C 0 2  

0;- + 0 2  * 202- 

In single-sweep scans from the rest potential with oxygen- 
containing sparge gas, the anodic branch (i.e., peroxide ion 
oxidation) is very small compared to the cathodic branch 
(superoxide ion reduction) (Figure 3b). This suggests that 
superoxide ion is favored under such conditions. 

Cathodic Wave 2 and Anodic Wave 6. The 1-electron re- 
versible wave described above, which is assigned to the su- 
peroxide ion/peroxide ion couple, is superimposed upon a 
2-electron reversible wave composed of cathodic wave 2 and 
anodic wave 6. This is evidenced by the cathodic and anodic 
peak separation of the observed reversible wave (under air 
sparge) that corresponded to n = 1.17 (Figure 3). Moreover, 
after the addition of oxide ion to the melt under argon sparge, 
a reversible wave became dominant with the cathodic and 
anodic peak separation corresponding to n = 2.47 (Figure 5 ) .  
In the computer-derived waves, both the cathodic (wave 2) 
and anodic (wave 6) branches exhibited positive dependences 
on oxygen and negative dependences on carbon dioxide and 
water vapor. The addition of sodium oxide to the melt resulted 
in a peak current increase of only the anodic branch, while 
addition of sodium peroxide or sodium superoxide caused an 
increase of both the cathodic and anodic branches of the wave. 
The cathodic branch cannot be due to a 2-electron reduction 
of peroxide ion, which would preclude the observed reversibility 
of the 1-electron reduction of superoxide ion (eq 12). That 
is, if the 1-electron reduction of superoxide ion to peroxide ion 
were followed immediately by reduction of peroxide ion, the 
concentration of peroxide ion at the electrode surface would 
be depleted and its oxidation on the reverse scan would not 

(24) Motzfeldt, K.  J .  Phys. Chem. 1955, 59, 139. 
(25) Hildebrand, D. L.; Murad, E. J .  Chem. Phys. 1970, 53, 3403. 
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be observed. However, the results above suggest that cathodic 
wave 2 behaves like peroxide ion. A likely possibility is that 
the species responsible for cathodic wave 2 is the carbon di- 
oxide adduct of peroxide ion, peroxycarbonate ion (eq 21) 

(21) 

(analogous to carbonate ion, the oxide ion adduct of carbon 
dioxide). The 2-electron reversible wave may then be repre- 
sented by eq 22. It follows that the anodic branch of the 

022- + C02 e C042- 

C042- + 2e- F? C032- + 02- (22) 

reversible wave is the oxidation of oxide ion in the presence 
of carbonate ion. This is consistent with the observed peak 
current increase of the anodic branch during nitrogen sparge 
(Le., increase in oxide ion concentration) and after addition 
of oxide ion. Peroxycarbonate ion may be produced in the melt 
by the reaction of peroxide ion with carbon dioxide (eq 21) 
and/or by reaction of oxygen with carbonate ion (eq 23). 

(23) C032- + 1/202 e C0:- 

Adducts of peroxide ion and superoxide ion with carbon di- 
oxide including peroxycarbonate and peroxydicarbonate 
(C2062-) have been r e p ~ r t e d ? ~ ? ~ '  the possible existence of 
peroxycarbonate in molten carbonates has been suggested,28 
and organic derivatives of peroxycarbonate are known.29 

Cathodic Wave 3. The 2-electron irreversible cathodic wave 
observed at approximately -1.06 V (Figure 3b) exhibited a 
positive dependence on oxygen and negative dependences on 
carbon dioxide and water vapor. The addition of sodium oxide, 
sodium peroxide, or sodium superoxide to the melt under 
nitrogen sparge had little effect on the wave. After the melt 
was sparged with air to build up the wave, it was found that 
the peak current decreased under subsequent sparges with 
nitrogen (Figure 7), with nitrogen that contained carbon di- 
oxide (1.8%) (Figure 8), with nitrogen that contained carbon 
dioxide (1.11%) and oxygen (20.9%) in which the oxygen 
concentration was held constant (Figure 9), and with moist 
air (Figure 10). The wave is not related to the product of wave 
1 (Le., peroxide ion) since the peak currents of the two waves 
vary independently. These results appear to preclude carbon 
dioxide, oxygen, peroxide ion, and water vapor (and related 
species, e.g., hydroxide ion) from being responsible for wave 
3. With those species eliminated and superoxide ion and 
peroxycarbonate ion already assigned, the most reasonable 
possibility remaining is that wave 3 is due to the 2-electron 
reduction of peroxydicarbonate ion (eq 24). Such a species 

C2OS2- + 2e- - 2C032- (24) 

may be produced in the melt by successive addition of carbon 
dioxide to peroxide ion (eq 21 and 25) and/or by reaction of 
oxygen with carbonate ion (eq 23) to form peroxycarbonate 
ion followed by reaction with carbon dioxide (eq 25). 

(25) 

Cathodic Wave 4. The cathodic wave at --1.24 V (Figure 
3b) was observed directly in only a few of the single-sweep 
scans. It was found, however, that such a wave was necessary 
to obtain good computer fits of the experimental curves in the 
-1 .O to -1.4 V region and that the best fits were obtained with 
the wave representing a 2-electron transfer. The wave changed 

co42- + c02 Fi c20:- 

(26) Mel'nikov, A. Kh.; Firsova, T. P. Russ. J .  fnorg. Chem. (Engl. Trawl.) 
1961, 6, 1137. 

(27) Hall, R. E. Kirk-Orhmer Encycl. Chem. Technol., 3rd Ed. 1981, 17, 
1 and references therein. 

(28) Anderson, B. K. Ph.D. Thesis, The Technical University of Denmark, 
1975, p 127. 

(29) Hurst, J.  R.; Schuster, G. B. J .  Org. Chem. 1980, 45, 1053. 
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Table 111. Assignments of Waves Observed in Molten Sodium 
Sodium Carbonate 

wave Ep,Va eq 

Dunks and Stelman 

used to calculate approximate equilibrium constants of the 
reactions involving sodium peroxycarbonate (eq 21, 23, and 
25) and sodium peroxydicarbonate (eq 25). The estimated 
equilibrium constants suggest that for eq 21 and 25 kf > k, 
and the opposite is true for eq 23. 

Under nitrogen sparge, the decomposition reactions of 
carbonate ion (eq 16) and oxide ion (eq 17) proceed to the 
right, the driving force being the continuous removal of the 
volatile products (carbon dioxide, sodium vapor, and oxygen). 
The oxygen produced by oxide ion decomposition (eq 17) 
reacts with carbonate ion, forming peroxycarbonate ion (eq 
23) in a relatively slow step. In a subsequent fast reaction, 
peroxycarbonate ion decomposes to peroxide ion and carbon 
dioxide (eq 21). Very little peroxycarbonate ion was observed 
during nitrogen sparge (Figure 4), which suggests that kf of 
peroxycarbonate formation (eq 23) is less than kf of its de- 
composition (eq 21). Furthermore, the rapid increase in 
peroxide ion concentration suggests that kf of peroxycarbonate 
ion decomposition to peroxide ion (eq 21) is greater than its 
rate of decomposition to carbonate ion and oxygen (k,, eq 23). 
The concentration of peroxide ion was greater than that of 
oxide ion, which requires kf of oxide ion decomposition (eq 
17) to be greater than kf of carbonate ion decomposition (eq 
16) such that the initial products of carbonate ion decompo- 
sition are peroxide ion and carbon dioxide (eq 18). The 
subsequent increase in oxide ion concentration is probably due 
to the peroxide ion/oxide ion equilibrium represented by eq 
2. The concentration of peroxide ion was sufficiently low that 
apparently it could not compete successfully with carbonate 
ion for the available oxygen, and therefore no superoxide ion 
was observed (eq 20). The concentrations of carbon dioxide 
and peroxycarbonate ion were low during nitrogen sparge, 
which minimized the forward reaction of eq 25, and thus, no 
significant concentration of peroxydicarbonate ion was ob- 
served. 

The addition of oxygen to the sparge gas (air sparge) caused 
an immediate increase in the superoxide ion and oxide ion 
concentrations, a slow increase in the peroxycarbonate and 
peroxydicarbonate ion concentrations, and a decrease in the 
peroxide ion concentration (Figure 6). These results indicate 
that the reaction of oxygen with peroxide ion is rapid (kf, eq 
20). The increased oxygen concentration apparently sup- 
pressed the decomposition of oxide ion (kf, eq 17), which 
allowed the buildup of oxide ion in the melt. Such a buildup 
of oxide ion requires that its reaction with oxygen (k,, eq 2) 
be slower than its production by carbonate ion decomposition 
(kf, eq 16). The initial decrease in peroxide ion concentration 
is probably due to its rapid reaction with oxygen, producing 
superoxide ion (kf, eq 20); however, the fact that it failed to 
increase later in the experiment when superoxide ion and oxide 
ion approached steady state is not clear. A possible explanation 
is that the melt became saturated with oxide ion (oxide pre- 
cipitation?) at a concentration sufficiently low that the 
equilibrium represented by eq 2 lies to the right. 

The removal of oxygen from the sparge gas (nitrogen sparge 
after air sparge) caused an immediate decrease in the su- 
peroxide ion concentration, an initial decrease in the peroxide 
ion concentration, and an initial increase in the oxide ion 
concentration (Figure 7). This reflects the large k, of reaction 
20 and kf of reaction 2, the decompositions of superoxide and 
peroxide ions that ultimately produce oxide ion. The removal 
of oxygen allowed the decomposition of oxide ion to proceed 
(kf, eq 17), which accounts for the subsequent decrease in iaxide 
ion concentration and the buildup of peroxide ion. Similarly, 
the peroxycarbonate ion (after a slight increase) and the 
peroxydicarbonate ion concentrations both decreased during 
the experiment, consistent with the proposed mechanism 
suggested above for the nitrogen-sparged experiment. 

-0.50 0,- + e- +O,z' 
-0.49 
-1.00 
-1.20 ? 

<- 1.40 
-0.40 
-0.31 
>0.10 

CO,,- + 2e- +CO,z- + 07- 
C,O, 2- + 2e- + 2C0, 

~ C O ,  + 2e- + co + ~ 0 , ' -  b 
C0,'- + 0'- + 2e- + CO,,- 
0,'- + e- + 0,- 
C0,'- --f 2e- + 1/,0, + C O , ~  

Reference, 33% 0,, 67% CO,, Au. Reference I .  
Reference 6. 

Table IV. Proposed Sequence of Reactions 

eq K e  

ga 
Na,CO, 5 Na,O + CO, (16) 9.7 x 10-8 b 

11 

14 
N a , O e  2Na + 1/,0, (17) 2.6 X lo-" 

Na,CO, + l/zO, t' Na,CO, (23) 1.6 X 10'" 

Na,CO, t' Na,O, + CO, (21) 1.8 X l o4  

Na,CO, + CO, I_ Na,C,O, (25) 7.8 X 10' 

1 

2 
4 

3 
6 

5 
10 

13 
Na,O, + 0, e 2Na0, (20) 4.4 x 10-3 b 

Na,O, t' Na,O + 1/202 (2) 3.4 x 10-I b 
7 

8 

Estimated relative rate constant (1 smallest). 
constants calculated from JANAF data2, (1200 K). 

very little under the various experimental conditions employed 
in this work (Figures 5-10), and therefore no assignment can 
be made at this time. 

Cathodic and Anodic Cutoff Waves (Waves 5 and 8). Be- 
cause of the high peak currents of the cutoff waves, no attempt 
was made to obtain good computer fits. The cathodic cutoff 
wave has been assigned previously to the 2-electron reduction 
of carbon dioxide (>700 "C) according to eq 26.' The anodic 

(26) 
cutoff wave is probably due to the oxidation of carbonate ion 
according to eq 27.6 

Equilibrium 
Estimated. 

2C02 + 2e- - CO + C032- 

C032- - 2e- + 1 / 2 ~ 2  + C O ~  
Proposed Sequence of Reactions. Assignments consistent 

with the data are listed in Table 111, and a proposed sequence 
of reactions is shown in Table IV that accounts for the in- 
terconversion of melt species. The data provide the basis for 
estimating the relative rates of the reactions. Calculated 
equilibrium constants for eq 2, 16, 17, and 20 show that the 
rates of the forward reactions (kf) are less than the corre- 
sponding reverse reactions (k,)  (unit activity assumed, eq 28). 

Ke = kf/k, (28) 
A crude estimate of the free energy of formation of sodium 
peroxycarbonate and sodium peroxydicarbonate (for, which 
no thermodynamic data are available) was made by assuming 
that Eo values for the reduction reactions are approximately 
equal to the measured El /*  (eq 29). The estimated free 

AG = -nFE (29) 
energies (AG = -1 32 kcal/mol for sodium peroxycarbonate 
and -237 kcal/mol for sodium peroxydicarbonate) were then 
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The removal of oxygen from the sparge gas with a simul- 
taneous increase in carbon dioxide concentration (Figure 8) 
caused immediate decreases in the concentrations of superoxide 
ion and oxide ion. The rate of superoxide ion decomposition 
was nearly the same with pure nitrogen sparge (Figure 7) as 
with nitrogen that contained carbon dioxide (Figure 8), which 
suggests that the rate is independent of carbon dioxide. The 
rate of oxide ion consumption, on the other hand, is clearly 
dependent on carbon dioxide, as shown by the increased rate 
of consumption in the presence of carbon dioxide. These 
results are consistent with the rate of oxide ion reaction with 
carbon dioxide (kr, eq 16) being greater than the rate of de- 
composition (k, eq 17). The decrease in peroxycarbonate ion 
concentration was faster when the nitrogen sparge gas con- 
tained carbon dioxide rather than being pure nitrogen. This 
supports the proposed reaction of peroxycarbonate ion with 
carbon dioxide to produce peroxydicarbonate ion (eq 25). 
Indeed, the decrease in the concentration of peroxydicarbonate 
ion was slightly slower with COz-containing sparge gas. The 
peroxide ion concentration initially increased due to the de- 
composition of superoxide ion and then slowly decreased 
throughout the experiment. Thus, with carbon dioxide in the 
sparge gas, the concentration of oxide ion was low (kr ,  eq 16), 
which, in turn, suppressed the reactions discussed above that 
produced peroxide ion during pure nitrogen sparge. 

Enrichment of carbon dioxide in the sparge gas while the 
oxygen concentration was maintained constant caused a rapid 
decrease in the concentrations of oxide ion and peroxy- 
carbonate ion (Figure 9). Superoxide ion and peroxydi- 
carbonate ion decreased more slowly. This suggests that oxide 
and peroxycarbonate ions react directly with carbon dioxide 
while superoxide and peroxydicarbonate ions may not. The 
decrease in oxide ion concentration allowed the decomposition 
of peroxide ion (k, eq 2) and thence the decomposition of 
superoxide ion (kr ,  eq 20), which accounts for the evolution 
of oxygen. The fact that the peroxide ion concentration re- 
mained relatively constant initially and then increased suggests 
that the rate of superoxide ion decomposition to oxygen and 
peroxide ion is faster than that of peroxide ion decomposition. 

The addition of water vapor to air sparge gas had approx- 
imately the same effect on the concentrations of the melt 
species as did the addition of carbon dioxide (Figures 9 and 
10). This suggests that most of the water vapor reacted with 
carbonate ion to produce carbon dioxide and hydroxide ion 
(eq 8). The changes observed in the other melt species are 
consistent with the resultant increased carbon dioxide con- 
centration. 

Proposed Reference-Electrode Mechanism. It is generally 
accepted that the overall reaction of the oxygen/carbon dioxide 
reference electrode in carbonate melts is represented by eq 27. 

1/z02 + COz + 2e- 2 C032- (27) 

Borucka has shown that the reaction is reversible and follows 
the corresponding Nernst equation (eq 30)." It was con- 

(30) E = Eo + - In (Po,'~zPco,) 

firmed in this work that rest potentials of sodium carbonate 
melts under a 28-element matrix of sparge-gas mixtures 
ranging from 2 to 90% oxygen and 0.07 to 5% carbon dioxide 

RT 
2 F  

(balance nitrogen) could be predicted to within f10  mV by 
employing eq 30. Although the characteristics of the oxy- 
gen/carbon dioxide reference electrode are understood and the 
electrode is widely used, the mechanism of the overall reaction 
is apparently unknown. 

On the basis of the results of this work, a likely possibility 
involves the reversible reduction of peroxycarbonate ion, which 
produces oxide and carbonate ions (eq 22). The production 
of peroxycarbonate ion arises from the reaction of oxygen with 
carbonate ion (eq 23). The oxide ion produced by reduction 

C032- + 1/z02 e (2042- 

C042- + 2e- F! 02- + C032- 

(23) 

(22) 

02- + COz C032- (16) 
of peroxycarbonate ion reacts with carbon dioxide, forming 
carbonate ion (eq 16). The rest potentials measured in this 
work were invariably within the cathodic and anodic branches 
of the reversible 2-electron couple C042-/02-, C032- (eq 22). 
In recent studies using nickel oxide electrodes, currentdensity 
measurements near the rest potential exhibited oxygen and 
carbon dioxide dependences of 0.625 and 0.250, respectively, 
for cathodic currents and 0.125 and -0.750, respectively, for 
anodic currents.lZ These values are reasonably close to the 
theoretical values expected of the proposed mechanism (i.e., 
0.5 and 0 for cathodic currents and 0 and -1 for anodic 
currents, respectively, for oxygen and carbon dioxide depen- 
dences). Inspection of Table IV shows that the concentrations 
of peroxycarbonate and oxide ions, the primary electroactive 
species in this mechanism, are both dependent on oxygen and 
carbon dioxide pressure. Although the reactions represented 
by eq 16 and 23 are probably the dominant steps in the for- 
mation of peroxycarbonate and oxide ions, the other reactions 
listed in Table IV may also participate. The apparent reaction 
orders with respect to oxygen and carbon dioxide depend on 
all of the reactions involved in the formation and decomposition 
of peroxycarbonate and oxide ions. The deviations between 
the measured dependences12 and the theoretical dependences 
that are based only on eq 16 and 23 suggest the extent of the 
participation of the other reactions shown in Table IV. 

Time-dependent studies, in addition to those presented here 
and a rigorous analysis of the data, are in progress. The work 
is directed toward determining kinetic parameters associated 
with the formation and decomposition of the melt species 
described here and how these parameters are related to the 
oxidation of graphite in sodium carbonate melt. The results 
will be reported elsewhere. 
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