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Thermal Decomposition of Solid Sodium Sesquicarbonate,

Na,CO.-NaHCO,-2H,0

Matthew C. Ball,* Christine M. Snelling, Alec N. Strachan and Rebecca M. Strachan
Department of Chemistry, University of Technology, Loughborough, Leicestershire, LE11 3TU, UK

The thermal decomposition of solid sodium sesquicarbonate has been studied at temperatures between 350 and
487 K in nitrogen and carbon dioxide atmospheres. In nitrogen, a single-stage decomposition to sodium carbon-
ate occurs, following Avrami-Erofeyev kinetics (n = 2), with an inflexion at ca. 390 K. The activation energies
are 24 kJ mol-" for the high-temperature region and 58 kJ mol-' for the low-temperature region. In carbon
dioxide above 435 K, the single-stage reaction follows contracting disc kinetics with an activation energy of 29 kJ
mol-'. iIn carbon dioxide at low temperatures, wegscheiderite (Na,CO; - 3NaHCO;) and sodium carbonate mono-
hydrate (Na,CO, - H,0) are formed, and this reaction follows first-order kinetics, with an activation energy of 67
kJ mol~'. Microscopic evidence is also presented. Relationships between the decomposition of sesquicarbonate

and other related compounds are discussed.

Relatively little work has been carried out on the thermal
decomposition of sodium sesquicarbonate despite its impor-
tance relative to sodium hydrogencarbonate as a source of
sodium carbonate.! Vapour pressure measurements have
been carried out’™* and interpreted in terms of a reaction
mechanism,?> enthalpy of solution measurements have also
been made.® A DTA curve for the compound was determined
by Beck,” as part of an extensive study of carbonate decom-
positions, but no interpretation was attempted. The fullest
study has been carried out by Gancy,®> who measured equi-
librium vapour pressures and suggested the following two-
stage decomposition scheme:

3(Na,CO, - NaHCO, - 2H,0) —
3NaHCO, - Na,CO, + 2Na,CO, + 6H,0
2(3NaHCO, - Na,CO,) - SNa,CO, + 3CO, + 3H,0

The intermediate, wegscheiderite, 1s naturally occurring.
Gancy suggests that it can be formed when carbon dioxide
reacts with sesquicarbonate.® The crystal structure of sesqui-
carbonate has been determined;® the unit cell is monoclinic,
space group C2/c, with dimensions a4 = 2.0346 nm, b, =
0.349 nm, ¢, = 1.0296 nm, = 106° 26, Z = 4. Each sodium
ion 15 coordinated by six oxygen atoms, Na(l) by oxygens
from carbonate ions, while Na(2) has four oxygens from car-
bonate ions and two from water molecules. These water mol-
ecules lie in sheets between layers made up of pairs of
hydrogen-bonded carbonate ions linked by sodium ions.

The work described here studies the effects of nitrogen and
carbon dioxide at atmospheric pressure on the decomposi-
tion stoichiometry and kinetics.

Experimental

The sesquicarbonate used was supplied by ICI (Chemicals
and Polymers). It gave an X-ray diffraction pattern in excel-
lent agreement with that published.® The loss in mass on
ignition was in good agreement with that required for the
formation of sodium carbonate (observed: 29.6%, theory:
29.65%). The decomposition studics were carried out using a
C.I. Microforce balance Mark 2C and potentiometric re-
corder. Sample masses of 10 mg + 10% were used through-
out, allowing a recorder sensitivity of 4 mg f{.s.d. [sothermal
temperatures were probably accurate to +1 K. Nitrogen
(99.9%) or carbon dioxide (99%) were passed over the sample
at a rate of 5 cm® min~'. For mixtures, the gases were
metered separately and the total flow controlled to the same

rate. The humidity of the gas stream was controlled by
passing the gas over drying agents (silica gel followed by
magnesium perchlorate). The starting material and reaction
products (decomposed to varying extents) were examined by
SEM (ISI SS40). The surface area of the fully decomposed
product was measured by nitrogen sorption (B.E.T. method).
The surface area of the starting material was too low to be
measured in this way, so estimates were made from micro-
graphs.

Results
Mass Losses

All runs carried out under nitrogen, and those at tem-
peratures above 435 K under carbon dioxide, showed a
single-stage mass loss of 29.6%; those runs carried out at
temperatures below 410 K in carbon dioxide showed a three-
stage loss of 10.6, 16 and 29.6% (cumulative losses). At higher
temperatures the 16% plateau disappeared, giving a two-
stage decomposition.

Reaction Mechanisms

The results for all runs were analysed by the method of
reduced-time plots, based on the time for 50% reaction.'®
Comparison of the experimental data with equations for
nucleation and growth, phase boundary or diffusion control
of the reaction allowed a decision to be made on the most
likely rate-controlling steps.

Single-stage Decomposition

Nitrogen Atmosphere, Whole Temperature Range. Over the
temperature range studied (350-487 K) a single mechanism
appeared to be rate controlling. The best fit between experi-
mental and model reduced-time plots was in terms of
Avrami-Erofeyev kinetics with n = 2, following the equation
—In{1 — a) = kt®. Typical comparisons between experimental
and model curves are shown in Fig. 1. An Arrhenius plot
using the derived rate data is shown in Fig. 3 (later).

Carbon Dioxide, High Temperatures. Above 435 K, at
which temperature the reaction becomes single stage, the best
fit between experimental and model data was in terms of the
contracting disc equation, 1 — (1 — «)'/> = kr. The reaction
rates in carbon dioxide were lower than those in nitrogen.
Typical comparisons are shown in Fig. 2, and the rate data
are incorporated into Fig. 3. Activation energies and fre-
quency factors derived from Fig. 3 are shown in Table 1.
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Fig. 1 Reduced time plot for the decomposition of sodium sesqui-
carbonate in nitrogen: (a) Avrami-Erofeyev equation, n = 2; (b) first-
order  equation; (¢) contracting  disc  equation;  (d)
Ginstling-Brounshtein diffusion equation. @, 361; @, 375; O, 421;
0,460 K
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Fig. 2 Reduced time plot for the decomposition of sodium sesqui-
carbonate in carbon dioxide: (a) Avrami-Erofeyev equation, n = 2;
(b) first-order equation; (c) contracting disc equation; (d) Ginstling—
Brounshtein diffusion equation. @, 427; . 417; ¥, 411; A, 395; O,
487; 1,475, V, 455; A, 444 K

Multi-stage Decomposition in Carbon Dioxide at Low
Temperatures

The following kinetic description refers to the first stage in
the decomposition, since the mass losses outlined earlier
made it clear that the second and third stages refer to the
decompositions of monohydrate and wegscheiderite, respec-
tively, and these have already been studied.’'!? The tem-
perature range over which this first stage was studied was
385-427 K, and the best fit between experimental and model
data was in terms of first-order kinetics, following the equa-
tion —In(1 — «) = kt. Typical results are shown in Fig. 2. The
Arrhenius plot is included in Fig. 3 and the derived data are
contained in Table 1. The transition between the one-stage
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Fig. 3 Arrhenius plot for the decomposition of sodium sesquicarb-
onate: [, nitrogen; A, carbon dioxide, first order; @, carbon
dioxide, contracting disc

and three-stage reactions was studied at 407 K as a function
of partial pressure of carbon dioxide. The nitrogen content
was varied between 6 and 96%. The number of stages
changed between 18 and 25% nitrogen. Typical results are
shown in Fig. 4.

Surface Area Measurements

The estimated surface area of the original sesquicarbonate
was 0.1 m? g™, while the sodium carbonate product had a
measured area of 293 m? g™ .

SEM Observations

Samples were heated at 390 and 450 K in both nitrogen and
carbon dioxide atmospheres to varying degrees of decompo-
sition before being examined in the scanning electron micro-

weight loss (%)
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Fig. 4 Effect of atmosphere composition on weight loss: (a) 96, (b)
42,(c) 23,(d) 15% N,

Table 1 Arrhenius parameters for the decomposition of sodium sesquicarbonate

activation frequency
temperature best-fit energy/ factor
atmosphere range/K products mechanism® kJ mol * (log A)
nitrogen 390-460 Na,CO, A2 24 1.1
350-390 Na,CO, A2 58 54
carbon dioxide 435-487 Na,CO, R2 29 30
385-420 wegscheiderite and monohydrate F1 67 6.0

“ A2, Avrami-Erofeyev kinetics: —In{1 — x)!/? = kt. R2, contracting disc kinetics: 1 — (I — «)*/2 = kt. F1, first-order kinetics: —In(l — 2) = kt.
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Fig. 7 T =450K, « = 1.0, carbon dioxide, bar = | um

scope. These temperatures were chosen to lie in the high- and
low-temperature regions identified in the kinetic studies.

The starting material was well crystallised, with smooth
faces (Fig. 5). High-temperature decomposition in nitrogen
produced uniformly porous sodium carbonate with out-
growths (Fig. 6). These outgrowths, while not uncommon,
were not uniformly spread across the crystal surface.

High-temperature decomposition in carbon dioxide pro-
duced porous sodium carbonate without outgrowths (Fig. 7).
Longer heating times in carbon dioxide gave evidence of re-
crystallisation not shown by samples heated in nitrogen
(Fig. 8).
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Fig.8 T = 450K, x = 1.0, carbon dioxide, bar = 10 ym

Low-temperature heating in nitrogen generated large
numbers of two-dimensional nuclei (Fig. 9) within which
needles of a second phase could be seen (Fig. 10). At longer
times and higher « values, a limited number of these grew,
developed porosity and showed orientation with the long axis
of the original crystals (Fig. 11). In carbon dioxide, at low
temperatures, nuclei could again be seen, but their appear-
ance was not the same as those produced in nitrogen. They
were larger and more widely spread (Fig. 12), and did not
contain any obvious second phase (Fig. 13). Longer heating

Fig. 10 7 = 390 K, x = 0.01, nitrogen, bar = | pm
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Fig. 11 T =390K, a = 0.1, nitrogen, bar = 10 pm

Fig. 13 T = 390 K, « = 0.01, carbon dioxide, bar = 10 pm

in carbon dioxide produced very different morphology in the
product (Fig. 14). The material consisted of porous crystals
with outgrowths, the size of which varied with degree of
decomposition.

Discussion
Reaction Stoichiometry

The evidence from mass losses can be rationalised in the fol-
lowing scheme: (a) Decomposition of sesquicarbonate to
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Fig. 14 T =390 K, « = 1.0, carbon dioxide, bar = 110 um

produce wegscheiderite and sodium carbonate monohydrate:
3(Na,CO,-NaHCO, 2H,0) -
3NaHCO;-Na,CO, + 2Na,CO, H,0 + 4H,0;

10.62% loss (1)

(b) Decomposition of monohydrate:

2Na,CO; H,0 - 2Na,CO, + 2H,0; 531% loss (2)

(¢) Decomposition of wegscheiderite:

3NaHCO; - Na,CO; — 2.5Na,CO, + 1.5H,0 + 1.5CO,;
13.70% loss (3)

These reactions give rise to the three stages observed in
carbon dioxide atmospheres at low temperatures.

Effect of Temperature on Reaction Stoichiometry

At higher temperatures in carbon dioxide, the 5.31% stage
disappears, indicating that monohydrate is decomposing
while wegscheiderite is stable. Further increase in tem-
perature produces a single-stage reaction, indicating that
wegscheiderite is also unstable. The reaction stoichiometry at
this stage is as follows:

2(Na,CO;-NaHCO; 2H,0) -
3Na,CO; + 5H,0 + CO,; 29.65% loss (4)

The identity of the end products was confirmed by X-ray dif-
fraction, as was the presence of monohydrate and wegschei-
derite in a sample of sesquicarbonate heated in carbon
dioxide at 410 K for 10 min. This scheme differs from that of
Gancy? only in the suggestion that sodium carbonate mono-
hydrate, rather than the anhydrous compound, occurs as an
intermediate. Monohydrate is obviously close to the limits of
its thermodynamic stability, though under these conditions
the decomposition is slow enough to be detected.

Effect of Gas Atmosphere

The two gases used have very different effects on the first
three reactions outlined above, and on the stability of the
reaction intermediates.

Nitrogen

In the decomposition of sesquicarbonate the partial pressures
of both water vapour and carbon dioxide will be kept low by
flowing nitrogen [reaction (4)], so driving the equilibrium to
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the right. Both monohydrate and wegscheiderite are decom-
posed as fast as they are formed and the single-stage decom-
position is observed.

Carbon Dioxide

In carbon dioxide, two effects are possible: (i) For the decom-
position of sesquicarbonate [reaction (1)] and monohydrate
[reaction (2)], which have only water as product, carbon
dioxide will behave as an inert gas in reducing the partial
pressure of water vapour over the solid, thus driving both
equilibria to the right.

(i) For the decomposition of wegscheiderite, however
[reaction (3)], carbon dioxide will retard the reaction. Such
retardation by carbon dioxide will not affect the dehydration
of monohydrate which therefore decomposes before wegs-
cheiderite. This retardation obviously breaks down at ca. 430
K, since at this temperature the overall reaction ceases to be
multi-stage and becomes single stage [reaction (4)]. That the
high-temperature, single-stage reaction is also retarded in
carbon dioxide atmospheres relative to nitrogen, suggests
that a reaction involving carbon dioxide, i.e. wegscheiderite
decomposition, is rate controlling. Thus the observed
sequence of reactions can be accounted for. The occurrence of
feathery outgrowths visible in micrographs of the product
from the single-stage decomposition in nitrogen (Fig. 6),
which do not occur in the decomposition in carbon dioxide,
suggests that these may be caused by rapid dehydration of
monohydrate. It is possible that a saturated solution is
formed during this stage and the solution is forced to the
surface where the solvent evaporates rapidly, leaving behind
the outgrowths.

Kinetics and Mechanisms of Decomposition

In Nitrogen

The decomposition appears to be single stage across the tem-
perature range studied (350-460 K) and the reduced time
plots indicate that Avrami-Erofeyev kinetics, with n = 2, are
being followed. There is a change of slope in the Arrhenius
plot at ca. 390 K without any change in mechanism. It is
possible to interpret such kinetics in various ways which
might relate directly to the decomposition of sesquicarbonate,
and which would be in agreement with the microscopic evi-
dence, but the details of the mechanism etc. are very similar
to those for the dehydration of monohydrate.!® These simi-
larities are listed in Table 2. The suggestion is therefore that
the rate-controlling step under these conditions is not the
decomposition of the nominal reactant, sesquicarbonate, but
rather the dehydration of a secondary product, sodium car-
bonate monohydrate. The results in Table 2 show that the
reaction mechanisms and the inflexion temperatures are in
agreement, and there are several reasons for the observed dif-
ference in activation energy. The decomposition of mono-
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hydrate is dependent on the pressure of the water vapour, the
value in Table 2 being the limiting value for the decomposi-
tion in dry nitrogen atmospheres. Over the same temperature
range as used in the present work, the activation energy for
the decomposition of monohydrate was shown to be ca. 60 kJ
mol ™!, this reduction from the dry nitrogen value being
caused by a high internal pressure of water vapour increasing
the backward, rehydration, rate.!?

There will be differences caused by variations in crystal
size; the size and morphology of the monohydrate crystals
produced by reaction (1) along with those of wegscheiderite
are not known, but they can reasonably be assumed to be
much smaller than those in the sample of pure monohydrate
studied previously. For a reaction in which the mechanism is
controlled by a nucleation process, the size and perfection of
the reacting crystals is likely to be very important.

In Carbon Dioxide

At temperatures above 435 K the single-stage decomposition
to sodium carbonate follows contracting disc kinetics with an
activation energy of 29 kJ mol~'. The high-temperature
thermal decompositions of wegscheiderite and sodium hydro-
gencarbonate have essentially the same mechanism and Ar-
rhenius parameters.!!"'? It is reasonable to suggest, therefore,
in agreement with the mass losses, that the rate-controlling
step for the decomposition of sesquicarbonate at high tem-
peratures in carbon dioxide is the decomposition of wegschei-
derite. A comparison of the kinetic data is included in Table
2.

The low-temperature decomposition process in carbon
dioxide also has the same mechanism as that of wegschei-
derite and hydrogencarbonate,!!'!2 but there is a progressive
increase in activation energy from sesquicarbonate, through
wegscheiderite to hydrogencarbonate; a comparison of the
kinetic data are included in Table 2.

All of these reactions involve essentially the decomposition
of pairs of hydrogencarbonate groups:

2HCO; - COZ™ + H,0 + CO,

It is tempting, therefore, to link the increase in activation
energy to the complexity of the grouping of hydro-
gencarbonate ions in the three compounds. Sesquicarbonate
has pairs of hydrogen-bonded hydrogencarbonate ions, so
that the combination of these should be relatively simple,
while in hydrogencarbonate the same ions form infinite
hydrogen-bonded chains,'* in which the correct pairing will
be more difficult. Unfortunately, the crystal structure of wegs-
cheiderite has not been determined.

These suggestions help to relate the mechanisms and the
activation energies to similar reactions in other compounds,
but are apparently contradicted by the low-temperature
micrographs, which show the formation of two-dimensional
nuclei in both nitrogen and carbon dioxide atmospheres.

Table 2 Comparison of present data on decomposition of sesquicarbonate with published data on wegscheiderite, sodium hydrogencarbonate

and monohydrate

high-temperature parameters

low-temperature parameters

inflexion
temperature activation energy reaction activation energy reaction
/K /kJ mol ™! mechanism? /kJ mol ~? mechanism?
this work® 390 24 A2 58 A2
monohydrate®< 385 20 A2 72 A2
this work? 420 29 R2 67 F1
wegscheiderite®* 410 28 R3 94 F1
hydrogencarbonate®/ 415 32 R3 130 F1

¢ See Table 1 for an explanation of the symbols. ® In nitrogen atmosphere. ¢ Ref. 13. ¢ In carbon dioxide atmosphere. ¢ Ref. 11. 7 Ref. 12.
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These must relate to the decomposition of sesquicarbonate,
but, in the case of nitrogen, not to the rate-controlling step.
These nuclei are more difficult to explain in the carbon
dioxide case, particularly when associated with the out-
growths at higher conversions. Several interpretations of the
first-order kinetics are possible and these have been outlined
in previous papers.'!''? The decompositions of both sodium
hydrogencarbonate and wegscheiderite show product out-
growths, and both follow first-order kinetics. The explanation
of first-order kinetics is different in each of these cases, and
the present results are very similar to those for the decompo-
sition of wegscheiderite, with the best interpretation being in
terms of a constant number of nuclei growing one-
dimensionally, but as in that case,’' the micrographs cannot
easily be related to the observed first-order kinetics.

Conclusions

The thermal decomposition of sodium sesquicarbonate pro-
duces two reaction intermediates, sodium carbonate mono-
hydrate and wegscheiderite. The thermal decomposition of
these intermediates is the rate-controlling step across a wide
range of temperatures and atmospheric composition.

Only at low temperatures, in carbon dioxide, is the decom-
position of sesquicarbonate rate controlling. For this low-
temperature decomposition in carbon dioxide, the
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microscopic evidence cannot be related directly to the bulk
kinetics.

We thank ICI Chemicals and Polymers Group for their gen-
erous support of this research programme and Dr. N. Rolfe
for his interest.
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