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A B S T R A C T

The search for cheap solutions for carbon dioxide capture in order to prevent global warming is still challenging.
Calcium oxide may be a suitable sorbent, but the regeneration process from calcium carbonate requires too high
temperatures, causing sintering and decreasing sorption capacity. In this study the effect of steam on the de-
composition of the carbonate is investigated. A clear rate-enhancing effect up to a factor of 4 is observed when
steam concentrations up to 1.25% are applied during isothermal reactions at temperatures between 590 and
650 °C. This results in a decrease of the apparent activation barrier from 201 to 140 kJmol−1, caused by the
opening of a new reaction pathway. The kinetics of steam catalyzed decomposition of CaCO3 is discussed and a
simple reaction scheme is proposed, including estimation of kinetic constants. The new pathway proceeds via
formation of a stable surface bicarbonate followed by decomposition to surface OH groups, which then de-
compose by desorbing H2O.

1. Introduction

Global warming caused by emission of greenhouse gases (GHGs) is a
major issue both environmentally and economically. Carbon-dioxide,
the most important among GHGs, reached an average concentration of
more than 0.04%, increasing the global temperature of ca. 1 °C above
the pre-industrial level [1]. In order to prevent an increase of more than
2 °C in the next decades as stated by the Paris Agreement [2], a large
implementation of Carbon Capture and Storage (CCS) or Utilization
(CCU) as well as low-carbon emission technologies is needed [3].

CCS refers to a group of technologies developed to capture and store
CO2 from combustion in flue gasses of power plants. The most devel-
oped option to capture CO2 is flue gas scrubbing using amine-based
sorbents, e.g. monoethanolamide [4,5]. However, the interaction of
these sorbents with sulphur dioxide and oxygen, always present in flue
gas, as well as its corrosive nature represent major issues for practical
operation. A possible alternative is mineral carbonation of rocks as
serpentine Mg3Si2O5(OH)4 or calcium oxide, requiring rather high
temperatures [6]. The carbonation (for capture) and calcination (for
recycling) of calcium oxide, referred as Calcium Looping Cycle, is
widely discussed in literature [7].

However, the calcination reaction requires high temperatures in
order to achieve high CO2 concentrations in the outlet, i.e. at least
950 °C to obtain pure CO2 at atmospheric pressure [8]. Such tempera-
tures result in sintering, decreasing the CO2 capture capacity when
calcium oxide is recycled [9–12]. The impact of cycling on the calcium

oxide microstructure has been widely studied and substantial decrease
of the surface area as well as closure of meso- and micro- pores were
reported [11,12]. Different synthesis methods and precursors as well as
addition of oxides as support material, mixing with other elements,
doping, core-shell materials and nano-structured composites were ex-
plored in order to improve thermal stability of calcium oxide [13–18].
Another approach would be to induce decomposition at lower tem-
peratures by using a non-thermal plasma [19]. Calcium carbonate de-
composition was tested in a pure argon Dielectric Barrier Discharge
plasma. The interaction between plasma and the surface of carbonate
increased the decomposition rate due to a thermal effect exclusively,
whereas gas phase plasma consecutively dissociated CO2, producing CO
and O2. Plasma enhanced decomposition was also tested in a hydrogen
plasma, which apparently enhances decomposition by interacting che-
mically with the carbonate surface, besides the usual thermal effect.
The evaluation of this chemical interaction, which is still ongoing, re-
quires kinetic data on carbonate decomposition in absence of plasma at
the same conditions.

The kinetics of calcium carbonate decomposition determines the
required residence time and the size of the decomposition reactor in
case of moving-bed technology. Unfortunately, kinetic data reported so
far are inconsistent [20–23]. A wide distribution of activation energies
ranging from 100 to 300 kJ mol−1 are reported in a review by Macie-
jewski and Reller [24], concluding that the observations are strongly
dependent on re-absorption of CO2, caused by slow transport of CO2 in
the bed. The effect of CO2 partial pressure on CaCO3 decomposition was
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also studied by Darroudi and Searcy [25], reporting that CO2 sig-
nificantly retards the decomposition even when the reaction is far out of
equilibrium.

The effect of water vapor on the decomposition kinetics has been
widely investigated as well, but the results are controversial. In first
place, it was observed that the presence of water accelerates sintering
[26] and the effect was ascribed to an enhancement of surface diffusion.
On the other hand, several studies of Anthony et al. report that water
regenerates spent sorbents, causing an increase in the capture capacity,
as well as reduces sintering if applied during every calcination cycle
[27–30]. Several studies observed that the decomposition rate increases
substantially when low concentrations of water are present
[27,28,31,32], suggesting that water has a catalytic effect on the de-
composition reaction. The topic has been explored by Wang and
Thompson [33], performing carbonate decomposition in a XRD setup at
temperatures below 500 °C and water concentrations up to 0.2 bar.
They explained the catalytic effect of H2O with a Langmuir-Hinshel-
wood kinetic model and reported an increased activation barrier for the
new catalytic pathway. Li et al. reported that the enhancement of heat
transfer coefficient caused by water causes an increase of the CaCO3
decomposition rate [34]. On the other hand, Kraisha et al. and Yin et al.
reported that the combined effect of decreasing CO2 gas phase diffu-
sivity and increasing heat transfer coefficient induced by water, re-
sulted in an overall decrease in the reaction rate [32,35].

The methods used up to now to investigate the kinetics of calcium-
carbonate decomposition in presence of steam, i.e. TGA and XRD, op-
erate with sample cups containing stagnant gas causing significant mass
transfer limitation and consequently re-adsorption of CO2. The goal of
the present study is to determine the effect of steam on the kinetics of
calcium-carbonate decomposition, minimizing mass transfer effects by
using a packed-bed in a plug flow reactor, a small amount of a low-
surface-area-carbonate and high flow-rate to obtain reliable data.
Therefore, the decomposition is studied at relatively low temperature as
compared to temperatures used in practice. The resulting kinetics, ei-
ther in absence and in presence of water, are required to interpret the
effect of argon and hydrogen plasmas on calcium carbonate decom-
position, since water is always present as a by-product when hydrogen
is applied.

2. Materials and methods

2.1. Sample preparation

In order to study the catalytic effect of H2O on CaCO3 decomposi-
tion, calcium oxide has been synthesized by calcination of calcium L-

Ascorbate di-hydrate (99%, Sigma-Aldrich) in 20% O2 in N2 at atmo-
spheric pressure and 900 °C for 30min. The calcined product was pel-
letized (pressure 160 bar), crushed and sieved in order to obtain a
sample in form of particles, sized between 250 and 300 μm.

2.2. Characterization

The specific surface area, pore volume and pore size distribution of
the sample were measured either in CaO form as well as in CaCO3 form,
after carbonation. The sample was first degassed at 300 °C in vacuum
for 3 h. The BET surface area, pore volume and BJH pore size dis-
tribution were calculated based on the N2 adsorption isotherm at
−196 °C in a Micrometrics Tristar 3000 analyzer. Crystal structure was
determined by means of X-Ray Diffraction in a Bruker D8 spectrometer;
crystallite sizes were estimated based on the width of the peaks using
the Scherrer equation. The morphology of the samples was character-
ized with a JEOL-LA6010 Scanning Electron Microscope and the com-
position was determined with X-Ray Fluorescence analysis (XRF) in a
Bruker S8 Tiger. Thermo-Gravimetric Analysis was performed with a
Mettler-Toledo TGA/SDTA 851e thermal balance.

2.3. Setup

Fig. 1 shows a schematic representation of the equipment used to
measure absorption and desorption of CO2 on CaO. The fixed bed re-
actor can be fed with either pure Ar, or a mixture of Ar containing 5%
CO2 or a mixture of Ar and H2O, varying the H2O concentration up to
1.25%. Different H2O concentrations are obtained by diluting the
1.25% H2O in Ar stream, obtained by bubbling pure Ar in a H2O re-
servoir kept at a fixed temperature of 10.5 ± 0.1 °C. The temperature
of the oven is controlled by an Eurotherm controller with an accuracy
of± 0.5 °C between room temperature and 1000 °C. The isothermal
zone at 900 °C is 8 cm long, defined as the position in the reactor with
temperature variation less then±1 °C. A Quadrupole Mass Spectro-
meter Pfeiffer QMS200 measures the composition of the gas down-
stream of the reactor. The MS signal for CO2 (44m/e) is calibrated for
CO2 concentrations between 0.16% and 5%, resulting in a linear re-
lationship as shown in Fig. A1 of Appendix A. The sample, typically
5mg, is packed in the reactor, a quartz tube with 4-mm inner diameter,
together with 70mg of SiO2 particles of the same size in order to ensure
uniform distribution of the gas flow. SiO2 is inert to CO2 and H2O at the
temperatures of operation.

Fig. 1. Schematic of the setup to study decomposition of CaCO3.

G. Giammaria and L. Lefferts Journal of CO₂ Utilization 33 (2019) 341–356

342



2.4. Experimental procedure

2.4.1. CO2 absorption
The sample is pretreated in Ar at 750 °C for 30min in order to

completely remove absorbed CO2 and H2O from ambient. Complete
desorption is confirmed by MS analysis. After the pretreatment, the
temperature is decreased and then kept constant at 630 °C in order to
perform isothermal absorption of CO2, converting CaO to CaCO3. The
experiment starts by instantly changing the composition of the gas from
pure Ar to 5% CO2 in Ar, while the total flow is always 90ml/min. The
sample is exposed to CO2 in a CO2-Ar mixture until CO2 absorption
diminishes and the sample is saturated. Successively, the sample is
heated or cooled to the temperature at which decomposition will be
measured.

2.4.2. CaCO3 decomposition
The decomposition measurement is initiated by removing CO2 from

the gas mixture, by changing the gas to either pure Ar or Ar containing
up to 1.25% H2O. Isothermal decomposition experiments have been
done at four different temperatures, i.e. 590, 610, 630, 650 °C, and H2O
concentrations between 0 and 1.25%. These temperatures were selected
to ensure sufficiently slow decomposition of CaCO3, preventing too fast
exhaustion.

The decomposition is measured by monitoring the CO2 concentra-
tion in the exit of the reactor with MS till complete conversion of CaCO3
has been achieved. Next, the temperature is changed back to 630 °C in
order to form CaCO3 in 5% CO2 in Ar for the next measurement.

3. Results

3.1. Sample characterization

Weight measurement before and after the synthesis using a micro-
balance as well as the TGA measurement confirm that calcium L-as-
corbate decomposed completely to calcium oxide during calcination.
Calcium oxide is a reactive material in ambient conditions, since it
tends to carbonate and hydrate in a timescale of hours. This influences
the BET surface area, varying from 23m2/g after 5min exposure to
ambient conditions, to 16m2/g after several days of exposure. Fig. 2
shows a thermo-gravimetric analysis (TGA) of a sample stored for
several days in ambient conditions, showing that the sample loses
around 39% of its mass in two steps. First, Ca(OH)2 decomposes be-
tween 350 and 400 °C, accounting for 20% of the total weight loss and
second, CaCO3 decomposes above 550 °C, accounting for the remaining
80%. The sample desorbs 8.6mmol of water and 18.6mmol of CO2,
forming 27.7mmol of CaO. This implies that CaO is almost completely
converted to Ca(OH)2 and CaCO3 in ambient conditions for several
days. XRF measurement right after treatment at 1100 °C in air shows

that the sample is composed of mainly CaO (99.12%) with impurities of
SiO2 (0.16%), MgO (0.12%) and Al2O3 (0.095%).

Fig. 3(a, b) shows XRD and SEM results obtained on samples after
several days in ambient conditions. The XRD result shows the most
prominent calcite phase of CaCO3 and a relatively small calcium hy-
droxide peak. The main peak of CaO is also visible, although very low in
intensity. This confirms that CaO is almost completely converted to a
mixture of CaCO3 and Ca(OH)2 during long exposure to ambient con-
ditions. The average crystal size calculated with the Scherrer equation
for CaCO3 is 17 nm, while SEM shows polycrystalline grains in the order
of 100 nm. Fig. 3c shows the XRD spectrum of the same sample after
CO2 absorption: the hydroxide peaks disappeared, while small peaks of
calcium oxide are still visible, meaning that the sample is not entirely
converted to CaCO3.

3.2. CO2 absorption – desorption cycles

Fig. 4a shows a typical example of a CO2 absorption experiment on a
ca. 80mg CaO sample by measuring the CO2 concentration during ex-
posure of the catalyst to 5% CO2 in Ar at 630 °C. Clearly, the absorption
saturated after typically 20min. It also shows the result of a blank ex-
periment showing that the CO2 concentration increases to the feed
concentration within 10 s when CO2 is applied. In order to correct for
minor variation in the sensitivity, the MS is calibrated for CO2 based on
the signal obtained with the feed composition, assuming linear cali-
bration as presented in Fig. A1. The initial absorption in the first minute
is close to the thermodynamic equilibrium. Formation of CaCO3 at such
high temperatures induces a significant decrease in surface area to
7m2/g, suggesting sintering and/or closure of pores caused by expan-
sion of the material when converting CaO to CaCO3.

Fig. 4b shows the result of an isothermal decomposition experiment
of the CaCO3 layer in Ar, resulting from the absorption experiment in
Fig. 3a, showing that the CO2 concentration generated via decomposi-
tion is about constant during the first 2 h, within 10%. In general, this is
observed during decomposition of the first 50% of CaCO3 present in-
itially. The amount of CO2 absorbed and desorbed are respectively 49.8
and 52.2mg, resulting in 0.62 ± 0.015 gCO2/gCaO, demonstrating that
the mass balance closes within 5%. This amount corresponds approx-
imatively to 79% conversion of CaO. The thickness of the CaCO3 layer is
in the order of 35 nm, assuming the surface area is 15m2/g, estimated
based on the average of the surface areas of 23–7m2/g for respectively
CaO and the carbonated sample. The CO2 concentration during de-
composition in Fig. 4b is typically 0.35%, implying that the rate of
decomposition is not controlled by thermodynamics as the equilibrium
CO2 concentration at 630 °C is 0.7% [8]. Nevertheless, it cannot be
ruled out that re-adsorption of CO2 occurs in the bed and therefore the
concentration of CO2 during decomposition was further decreased by
decreasing the amount to typically 5mg carbonated sample, which is
equivalent to 3mg CaO.

Fig. 5 shows significant aging of the sample: the concentration of
CO2 during the initial stage of decomposition decreases during the first
40 absorption–desorption cycles at 630 °C in absence of H2O. It is ob-
served that the decay partly stabilizes and hereafter experiments were
performed with varying temperatures and H2O concentrations (cycles
41–131). It is well known that continuous recycling of CaO induces
sintering and closure of the small pores, reducing the surface area
[9–12]. Consequently, the capture capacity is reduced and a smaller
fraction of CaO is converted due to slow diffusion in the CaCO3 layer.
Also, the initial decomposition rate decreases, causing a drop in the
initial CO2 concentration as observed in Fig. 5.

Variation of both temperature and H2O concentration was studied
on the same sample after aging via 40 adsorption-desorption cycles, as
described above. The aging caused also a decrease in the CO2 capture
capacity, from 0.68 gCO2/gCaO (cycle 1) to 0.27 gCO2/gCaO (cycle 40),
based on the amount of CO2 desorbed. Every 5–10 cycles, an experi-
ment at standard conditions (630 °C in absence of water) was repeated

Fig. 2. TGA of CaO sample exposed for several days in ambient conditions: heat
up from 20 to 750 °C at 15 °Cmin−1; isothermal at 750 °C for 30min.
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to judge stability of the sample. Minor degradation is still observed after
cycle 40 and the deviation in the standard experiment is used to correct
the CO2 concentrations obtained in experiments, varying H2O con-
centrations and temperatures. The trend in aging during cycles 40–60
shows a linear decrease with 5% in the CO2 concentration during those
20 cycles. On the other hand, after cycle 60 the sample partially re-
covered its capture capacity (from 0.24 to 0.58 gCO2/gCaO) causing an
increase of 21% in the CO2 concentration during decomposition. We
suggest this is due to interaction of the sample with H2O in ambient
conditions during 5 weeks storage after cycle 60, in agreement with
similar observations in literature reporting that steam can regenerate
spent CaO after calcination [27–30]. Consequently, aging after cycle 61
is slightly stronger, with a linear decrease of 25% during 70 cycles.

Fig. 6 shows a typical example of a CO2-absorption and -desorption
experiment on a 5mg sample CaCO3 in the absence of water; this
specific example is the 45th cycle. The absorption process is very fast
and the amount of CaCO3 formed cannot be determined accurately,

Fig. 3. XRD spectrum (a) and SEM picture (b) of CaO sample after several days of exposure to ambient conditions; XRD spectrum of the sample after CO2 absorption
(c).

Fig. 4. CO2 concentration (solid line)
monitored by Mass Spectrometry
during CO2 absorption (a) and deso-
rption (b); the dashed lines on both (a)
and (b) present the blank experiments,
demonstrating very fast response in
both experiments. The amount of CaO
is 82mg, temperature is 630 °C, flow-
rate is 30mlmin−1, absorption and
desorption have been performed re-
spectively in 5% CO2 in Ar and in pure
Ar.

Fig. 5. CO2 concentration at the first stage of decomposition of 5mg CaCO3 for
different cumulative number of cycles. The decompositions are performed at
standard conditions, i.e. 630 °C in absence of H2O in the gas mixture.
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because the time resolution of the MS is 2.5 s, which is not negligible
compared to the typical time needed for saturation of 3mg CaO, as
shown in the inset of Fig. 6a. The amount of CO2 desorbing can be
calculated much more accurately based on the result in Fig. 6b, re-
sulting in 0.27 gCO2/gCaO. The result also confirms a constant deso-
rption rate during typically 20min in this case, as discussed above. This
value is roughly a factor 2 smaller than the value measured on the large
(80mg) CaO sample in Fig. 4, which is in order of magnitude in
agreement with the aging effect observed in Fig. 5, comparing cycle 45
with the first cycle.

Fig. 7 shows a typical result of a decomposition experiment of the
aged, 3mg carbonated sample in presence of steam (cycle 48). Com-
pared with Fig. 6b, it is clear that H2O enhances the decomposition,
reducing the time needed for total CO2 removal. Although CO2 removal
initiates at the same time when the Ar-H2O mixture is introduced, a
slower response of water is observed, which is an artifact caused by
adsorption of water on the tubing in the equipment. This also explains
that the CO2 concentration first decreases, followed by an increase after
about 30 s when water reached the reactor, enhancing CaCO3 decom-
position.

3.3. Kinetic data

The experiment as presented in Fig. 7 have been performed at
temperatures between 590 and 650 °C and with water concentrations
varying between 0 and 1.25%. In all cases, the CO2 concentration is far
below the equilibrium concentration. The initial plateau value in the

CO2 concentration as observed in Fig. 7 is used to calculate the rate of
the decomposition reaction:

+CaCO CaO CO3 2

= =R C f C
f

22400m
v

CO2 CO2 CO2

where RCO2 is the decomposition rate in mole CO2 per second, CCO2 is
the CO2 concentration measured (fraction), fm is the total molar gas
flow in mol s−1 and fv is the volumetric flow in ml s−1.

Fig. 8 presents the resulting data on the effect of H2O partial pres-
sure on the decomposition rate. Clearly, the decomposition rate is sig-
nificantly influenced, even at low water concentration, approaching an
asymptotic value when further increasing the water concentration. The
inset in Fig. 8 clarifies details at low water concentration. In some ex-
periments, the CO2 concentration will reach the plateau for a relatively
short time (less than 2min) due to rapid exhaustion. The results of these
experiments are labelled with an asterisk indicating that the plateau is
maintained shorter than 2min, since this could lead to an under-
estimation of the reaction rate. Obviously, this is the case in experi-
ments with relatively high decomposition rates. The error margin in the
reaction rate is based on the reproducibility of the experiments. The
experiments with a plateau shorter than 1min have been discarded. The
error margin in the partial pressure is caused by minor water con-
tamination (< 5 ppm) in argon and inaccuracy in the flow rates when
mixing argon and water saturated argon.

Fig. 6. CO2 concentration (solid line)
monitored by Mass Spectrometry
during CO2 absorption (a) and deso-
rption (b); the dashed lines in both (a)
and (b) present the blank experiments.
The amount of CaO is 3mg, tempera-
ture is 630 °C, flow-rate is 90mlmin−1.
The absorption and desorption have
been performed respectively in 5% CO2
in Ar and in pure Ar.

Fig. 7. CO2 (solid line) and H2O (dash-dotted line) concentration monitored by
Mass Spectrometry during CO2 desorption in 0.075% H2O in Ar; the dashed line
presents the CO2 concentration in a blank experiment. The amount of CaO is
3 mg, temperature is 630 °C, flow-rate is 90ml min−1. Fig. 8. CaCO3 decomposition rates at different temperatures and H2O con-

centrations. The experiments with a narrow initial plateau, between 1 and
2min, are labeled with an *.
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4. Discussion

It is clear from the result in Fig. 8 that water enhances the decom-
position of CaCO3. We will first discuss the results of CaCO3 decom-
position in the absence of water and then discuss the effect of water.

4.1. Decomposition kinetics of CaCO3 without H2O

Fig. 9 shows the Arrhenius plot of the decomposition rates obtained
in argon atmosphere according the data in Fig. 8. The experimental
activation energy is 201 kJmol−1 which is slightly higher than the ΔH
of calcium-carbonate decomposition at 600 °C, i.e. 171 kJmol−1 [8].
This would indicate that the decomposition might be slightly activated.

CaCO3 decomposition kinetics have been thoroughly investigated
previously. Activation energies between 100 and 300 kJmol−1 have
been reported [20–24], agreeing reasonably with our result thanks to
the large scatter in literature. The variation in the reported values is
remarkably high, which is probably caused by re-absorption of CO2 in
the sample caused by mass transfer limitations as discussed by Beruto
and Searcy [20,23]. If re-absorption occurs and the equilibrium be-
tween calcium carbonate and calcium oxide is established locally in the
sample, the apparent activation energy decreases approaching the ΔH
value. Re-adsorption depends on the design of the reactor, the mor-
phology of the sample as well as the experimental conditions. A plug
flow reactor suffers less from re-adsorption effects [36] compared to
samples in cups with stagnant gas-phase as used in TGA [37–39] and
XRD experiments [33]. Gallagher [21] reported an activation energy of
205 kJmol−1 after minimizing the re-absorption by diminishing the
sample size, similarly to our finding 201 kJmol−1, indicating that re-
absorption has no significant effect in this study.

4.2. Effect of water

The introduction of 0.015% of water reduces the activation barrier
to 140 ± 23 kJmol−1, as shown in Fig. 9. This suggests that the pre-
sence of water opens a new reaction-pathway for calcium carbonate
decomposition.

The effect of water on the decomposition rate is a catalytic effect,
because no other products are formed. The gas phase contains ex-
clusively CO2 and presence of H2, CH4 and O2 can be excluded based on
MS results. Furthermore, formation of stable Ca(OH)2 can be excluded
as well, as no water desorption is detected when heating a sample to
950 °C, after complete decomposition of CaCO3 in the presence of
water. This is in agreement with the fact that the H2O partial pressures

used are typically two orders of magnitude smaller than the H2O
equilibrium pressure at the experimental temperatures [8] and it is
clear that no hydroxide is formed. Furthermore, the enhancing effect is
more or less immediate as can be seen in Fig. 7. In short, the reaction
equation is not influenced, but the rate is, hence the effect of water is
catalytic in nature.

Several groups observed an influence of water on CaCO3 decom-
position rate, but general agreement on the mechanism is still lacking.
MacIntire et al. [40] and McIntosh et al. [41] proposed that the en-
hancement of the rate is caused by surface reaction with H2O and by
different growth of CaO crystals. Berger et al. and Li et al. [31,34] as-
cribed it to improved heat transfer between gas and solid when H2O is
present. This argument was proposed also by Wang et al. [42], while
Yin and Saulov [35] observed a maximum increase in decomposition
rate for 2.2% H2O, followed by a decrease at higher H2O concentra-
tions, explained by retardation of CO2 diffusion in the gas phase in
presence of moisture. Li et al. [34] also observed that the capture ca-
pacity of CaO is enhanced by steam during carbonation, explained by
the fact that OH− ions, formed via dissociative adsorption of H2O,
diffuse faster than O2- ions in the growing CaCO3 layer. Although we
assume that OH is present also on CaCO3 surface during decomposition,
we rule out that enhancement of decomposition is caused by a similar
effect on transport in the CaCO3 layer, based on the fact that a steady
decomposition rate is observed as shown in e.g. Fig. 6b, indicating that
diffusion through the shrinking CaCO3 is not rate determining. Only
Wang and Thompson [33] gave a quantitative description of the cata-
lytic effect, studying CaCO3 decomposition in presence of H2O with in-
situ XRD at relatively low temperatures (400–480 °C) and calculated
activation energies of 197 kJmol−1 in absence of water and
247 ± 17 kJmol−1 at 0.2 bar of H2O.

We exclude significant contributions of heat transfer and CO2 dif-
fusion, since enhancement is observed at very low H2O concentrations.
The activation barrier measured in presence of water (140 kJmol−1) is
substantially different from the value reported by Wang
(247 kJmol−1). This discrepancy might be due to the mild temperature
used by Wang. In any case, catalysis is usually accompanied by a de-
crease in activation barriers, as observed in this study.

To better understand the mechanism of the catalytic effect of H2O,
we propose three assumptions:

A The catalytic effect occurs via adsorption of H2O according
Langmuir adsorption isotherm.

B The number of CaCO3 surface sites at the surface is constant for all
the experiments. This is in line with the correction for the variation
in surface area during the measurements, as described earlier.

C The diffusion of CO32− ions in CaCO3 is fast compared to the rate of
decomposition, implying that the concentration of CaO sites on the
surface is negligible. This assumption is supported by the fact that
the decomposition rate is essentially constant till about 50% of the
CaCO3 is decomposed.

In addition to direct decomposition of CaCO3 in absence of water
(k2), an alternative pathway involving water proceeds via an inter-
mediate species formed by dissociative adsorption of water, namely
CaHCO3 · OHs (Scheme 1), as suggested by Stipp based on an XPS study
of H2O adsorption on calcium carbonate at room temperature [43].
H2O adsorption is assumed to be in equilibrium and the formation of
CaHCO3 · OHs can be described with equilibrium constant K1. Hence the
formation of CaHCO3 · OHs is much faster than the r.d.s., i.e. the de-
composition of the intermediate (k3).

From now on the intermediate is labelled as I, while the con-
centrations (e.g. [CaCO3]) represent densities of sites at the surface in

Fig. 9. Arrhenius plots for CaCO3 decomposition in argon and 0.015% water in
argon.
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moles CaCO3 per square meter. Three reactions contribute:

1 + =I KCaCO H O I
p3 2 1

[ ]
[CaCO ]3 H2O

2 + = ( )k kCaCO CaO CO exp E
RT3 2 2 02

a2

3 + + = ( )I k kCaO CO H O exps
E
RT2 2 3 03

a3

From assumption B it follows that the number of reactive sites is
constant. According to de Leeuw and Parker [44], the dominant surface
of calcite is the {1014} which density of sites is

+ =I[CaCO ] [CaCO ] [ ] 8.1·10 mols/m3 0 3
6 2

Since reaction 1. is in equilibrium, we can derive the following
equations:

=K I
I p

[ ]
{[CaCO ] [ ]}1

3 0 H2O

Rearrangement results in a Langmuir adsorption equation:

=
+

I K p
K p

[ ]
[CaCO ] 1I

3 0

1 H2O

1 H2O

= =
+

whereas
K p

[CaCO ]
[CaCO ]

1 1
1I

3

3 0 1 H2O

Thus, the rate of CaCO3 decomposition is equal to the sum of the
rates of 2) and 3):

= + = +R R R k k(1 ) [CaCO ] [CaCO ]I ICO2 2 3 2 3 0 3 3 0

Rearrangement results in:

=
+
+
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CO2

3 0

2 3 1 H2O

1 H2O (1)

Eq. (1) has been used to fit the experimental data in Fig. 9 (RCO2),
obtaining values for K1, k2 and k3 at different temperatures using
MATLAB. The code is shown in details in Appendix A and an example of
fit is shown in Fig. A2.

Fig. 10 shows the Arrhenius plot of the decomposition reaction of

the intermediate (k3) according the results presented in Table 1. The
activation energy is 181 ± 14 kJmol−1, slightly lower than the ex-
perimental activation barrier of 201 ± 7 kJmol−1 found in absence of
water but it should be noted that the error margins do not allow a firm
conclusion. Fig. 11 presents the Van ‘t Hoff plot for step 1, i.e. the
formation if I. Although the scattering is quite high, it can be concluded
that K1 decreases with temperature, indicating that ΔH is negative.
Obviously, the value (−110 ± 60 kJmol−1) is rather inaccurate but
the adsorption is clearly exothermic, as would be expected for chemi-
sorption. The ΔS can be estimated to be −66 ± 60 Jmol−1 K−1; the
scatter makes any firm conclusion impossible but a slightly negative
value would again be consistent with chemisorption of water.

Fig. 12 presents an energy diagram for the discussed scheme. An
activation energy of 201 ± 7 kJmol−1 has been calculated for the
pathway without water (step 2), slightly larger than the ΔH value of
171 kJ/mol, based on thermodynamics [8], indicating that the reaction
is slightly activated as discussed previously. Dissociative chemisorption
of water (step 1) exhibits a ΔH value of −110 ± 60 kJmol−1, im-
plying that the formation of the intermediate species is favorable, de-
spite the relatively large error margin. The decomposition of the in-
termediate (step 3) has an activation energy of 180 ± 14 kJmol−1. In
Fig. 12 it is considered that step 3 is not only endothermic, but might
also be slightly activated. Even in case we assume that there is no ad-
ditional activation barrier, considering also the maximal cumulative
error margins in both ΔH1, as well as in Eact of step 3, the energy level of
the product of step 3 is between -5 kJ/mol and +145 kJ/mol, defining
the energy of the reactant as zero. It is clear that the energy gap of
281 ± 60 kJmol−1 between the intermediate and the final state
cannot be bridged. In case decomposition of I would be also activated,
the gap becomes even bigger. Therefore, we propose that the decom-
position of the intermediate proceeds via a two-step process, i.e. via
surface OH groups, as presented in the alternative scheme below:

The essential difference is that the intermediate decomposes to CO2
and OH groups on the surface of CaO, whereas associative desorption of
water is the fourth step closing the catalytic cycle. It should be noted
that kinetics cannot be distinguish between the two models in Scheme 1
and 2 as equilibrium 4 is at the side of CaO, CO2 and water, implying
that the surface concentration of surface OH groups is very low, as will

Scheme 1. Reaction scheme of CaCO3 decomposition in presence of steam via
direct decomposition of the intermediate CaHCO3·OHs.

Fig. 10. Arrhenius plot for reaction 3, decomposition of the intermediate spe-
cies.

Table 1
Rate constants k2 and k3 as well as equilibrium constant K1 obtained by data
fitting with the proposed model.

Temperature (°C) K1 (bar−1) k2 (10−3m2 s−1) k3 (10−3m2 s−1)

590 3420 ± 910 1.36 ± 0.14 6.05 ± 0.32
610 2750 ± 940 2.55 ± 0.25 10.1 ± 0.5
630 1790 ± 820 5.21 ± 0.21 18 ± 2.8
650 1260 ± 320 8.75 ± 0.35 30.8 ± 1.9

Fig. 11. Van ‘t Hoff plot of for H2O adsorption on CaCO3.
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be discussed further below.
Fig. 12 illustrates that reaction 4 must account at least for

101 ± 75 kJmol−1 according to the energy balance between the ΔH of
reaction 1, the activation energy of reaction 3 and the ΔH calcium-
carbonate decomposition according thermodynamics.

Remarkably, thermodynamics of decomposition of calcium hydro-
xide fits very well in this picture: the ΔH is 98 kJmol−1 and ΔG is
−10 kJmol−1 at 600 °C [8]. The increase in entropy of reaction 4
pushes the equilibrium towards the product calcium-oxide at such high
temperature, resulting in a very low coverage of residual calcium hy-
droxide. It seems reasonable to use thermodynamic data of bulk Ca
(OH)2 despite the fact that surface OH groups are actually involved,
because theoretical calculations of adsorption of water on CaO result in
very similar numbers for ΔH. Carrasco et al. calculated an energy of
−96 kJmol−1 for the adsorption of a single H2O molecule on a CaO cell
at room temperature using an ab-initio method [45], while Manzano
et al. [46] and Fujimori et al. [47] performed DFT analysis on ad-
sorption of different numbers of H2O molecules on CaO, reporting ad-
sorption energies of respectively −112 ± 20 kJmol−1 and
−104 ± 6 kJmol−1. Also experimental values agree reasonably well:
Fubini et al. [48] obtained a complete coverage of Ca(OH)2 at 0.015 bar
by dosing small amounts of H2O on CaO at room temperature, calcu-
lating an adsorption energy of −140 ± 5 kJmol−1. It should be noted
that in this case a multilayer is formed. Unfortunately, it was not pos-
sible to confirm the presence of bicarbonate and OH groups experi-
mentally with in-situ IR spectroscopy because of the high temperature
required.

5. Conclusions

The catalytic effect of water on calcium carbonate decomposition is
demonstrated by measuring the decomposition rate at different tem-
peratures and water concentrations. The experiments are designed to
minimize any effects of mass transfer and re-adsorption of CO2. The
decomposition rate increases asymptotically, with a factor between 3
and 5 for typical H2O concentrations of 0.5% or higher. The apparent
activation energy substantially decreases from 201 to 140 kJmol−1

with introduction of only 0.015% H2O showing no further change when
water content is increased.

Water provides access to an alternative pathway for CaCO3 de-
composition by dissociative chemisorption on the carbonate surface.
The mechanism has been described with a simple kinetic scheme and
rates constants, equilibrium constants and activation energies have
been calculated. Chemisorption of water is exothermic with a ΔH of
−110 kJmol−1. The decomposition of the intermediate species is a
two-step process, probably via surface-OH, showing an activation en-
ergy of 181 kJ mol−1 for the decomposition to CO2 and surface OH
groups. Associative desorption of water is entropy driven and accounts
for an additional enthalpy increase of 100 kJ mol−1.
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Fig. 12. Enthalpy scheme for direct decomposition (Step 2), decomposition via dissociative adsorption of water on CaCO3 (steps 2 and 3, failing to close the energy
gap), and via dissociative adsorption of water on CaCO3 and surface OH (steps 2, 3 and 4).

Scheme 2. Reaction scheme of CaCO3 decomposition in presence of steam via a
two-steps decomposition of the intermediate CaHCO3·OHs first into Ca(OH)2,s
and then to the final product CaO.
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Appendix A

MS calibration

Fig. A1 shows the CO2 signal elaborated by MS (m/e=44) for CO2 concentrations up to 5% in Ar and in the inset CO2 concentrations up to
1000 ppm are expanded. In this range the signal is linear with the CO2 concentration, with a R2 coefficient of 0.9996.

MATLAB script for data fitting

The MATLAB script shown in the following pages uses the Eq. (1) with variables K1 and k3 to fit the experimental values by minimizing the Root
Mean Square (RMS). The experimental error in K1 and k3 is estimated by varying the values of K1 and k3, while accepting all combinations that fit all
data points within their respective error margins, as illustrated in Fig. A2.

Fig. A1. Mass Spectrometer signal m/e=44 for different CO2 concentrations in Ar, from 0 to 5%; inset: enhancement of the CO2 concentration range 0–0.1%.

Fig. A2. Red data points: the reaction rates in mol s−1 for different H2O partial pressures up to 0.0025 bar at 590 °C; full lines: fitting equations calculated by the
script.
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