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Investigating the enhancement of the rate of CO,
capture of CaO in the presence of steam through
180 isotope labeling: pitfalls and findings

Felix Donat®* and Christoph R. Muller 2 *

The reaction of CO, with CaO to form CaCOs can be used to remove CO, from gas streams in post-
combustion CO, capture schemes at high temperatures (>600 °C). The rate of CO, uptake is increased
substantially in the presence of steam, but the underlying reasons have not yet been resolved, although
several explanations have been proposed in the literature. In our study we generated steam from labeled
water (H»'80) to track 20 in the gas and solid products using mass spectrometry and Raman
spectroscopy, aiming to understand whether oxygen (or OH™) contained in H,O participates directly in
the formation of CaCOs. Unfortunately, it was not possible to investigate the interaction of H,0 with
CaO/CaCOs isolated, because in the presence of CO, oxygen was exchanged between H,O and CO; in
the high-temperature reaction chamber of the thermogravimetric analyzer before any interaction of the
gaseous reactants with the sorbent. 120 was detected in the CaCOs product, but it originated from 20O
in CO, rather than H,O. Yet, our measurements suggest that oxygen exchange occurs between CaO
and H,O under reaction conditions, but not between CaCOz and H,O/CO,, which may motivate further

rsc.li/rsc-advances investigations.

1. Introduction

Calcium looping is a promising technique to capture CO, from
point sources at high efficiency.' On a process level, CaO-based
sorbents react with CO, contained in flue gases from combus-
tion or other CO, emitting processes at temperatures between
600 and 700 °C (carbonation), removing up to 90% of the CO,.**
The resulting CaCOj; is decomposed subsequently at a high
temperature (>900 °C) to release CO, and recover the CaO-based
sorbent (calcination). The CO, obtained from the decomposi-
tion of CaCO; can be compressed and stored underground, or
used as a feedstock in chemical conversion processes.”® CaO-
based sorbents tend to lose their activity for fast CO, sorption
with increasing number of cycles of CO, sorption and release.
The high theoretical CO, uptake capacity of 0.78 g CO, per g
CaO is practically not achievable owing to sintering that reduces
surface area and pore volume.®* During carbonation, CO,
molecules need to diffuse through a network of narrow pores
within the sorbent particle, and as pores close due to the built-
up of the product CaCOj;, the rate of CO, sorption decreases;
some of the CaO contained in the sorbent particle is not even
accessible for CO, at all within typical residence times.
Interestingly, small quantities of steam (even <1 vol%)
present in the CO,-containing gas increase the rate of CO,
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sorption of CaO (viz., the rate of CaCO; formation).® The
increase is most significant when intraparticle diffusion
controls the rate of CO, sorption, indicating that steam influ-
ences the diffusional transport of CO, within the sorbent. Steam
is also known to accelerate the decomposition of CaCO; (ref.
10-13) and affect the structural and morphological properties of
the CaO formed,""**** resulting sometimes even in an increase
in mechanical strength.'®” It has been observed that the CO,
uptake of limestone-derived CaO was improved under dry
conditions when the decomposition of CaCO; in the previous
reaction step was performed in the presence of steam, because
the resulting pore structure of CaO was more favorable for fast
CO, sorption, offering less intraparticle diffusional resistance
for CO, molecules.”*®

Despite numerous studies, the mechanism of the enhancing
effect of steam during CO, sorption at high temperatures (>600
°C) is still not fully understood. An overview of relevant inves-
tigations concerning the effect of steam on the carbonation
reaction has been provided recently by Dunstan et al.,® building
up on earlier work by Zhang et al Several studies have
hypothesized that OH™ groups originating from the dissociative
adsorption of steam on the surface of CaO play an important
role,>*** but no experimental evidence has been provided yet;
note that the phase Ca(OH), is thermodynamically not stable at
ambient pressure at temperatures >550 °C, and is therefore not
expected to contribute as an intermediate species to the faster
CO, sorption. Coverage of the CaO surface with OH™ would not
explain why the enhancement of the rate of CO, sorption is
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most noticeable once a significant amount of CaO has been
converted into CaCO; already. Li et al.***® proposed a mecha-
nism that considers diffusional transport in the CaCO; product
layer: H,0 molecules dissociate on the CaCOj; surface (gas-solid
interface), forming H" and OH . Given the small radius of H', it
diffuses rapidly through the CaCO; product to the CaO-CaCOj;
interface, where it reacts with O*>~ to form OH . OH™ diffuses
outwards to the CaCO;-gas interface to react with CO,, forming
CO;>" that diffuses inwards through the CaCOj; product layer to
the CaO-CaCO; interface, where new CaCOj; is ultimately
formed. OH ™~ diffusion is faster than O®>" diffusion under dry
conditions and so is assumed to explain the increase in the rate
of CaCO; formation in the presence of steam; note that the
counter-current diffusion mechanism of CO;>~ and 0>~ under
dry conditions was experimentally demonstrated by Sun et al.**
through an inert marker experiment. Strictly speaking, it is not
the OH™ on the surface (which originates from the dissociation
of H,0) that participates in the formation of CaCOs, but the
OH™ formed following proton (H") diffusion and reaction with
0”". This is different from recent density functional theory
(DFT) results to understand the promotion of CO, sorption on
Li,SiO4-based sorbents with water vapor, which conclude that
surface OH™ contributes to the enhanced CO, uptake.”

An interesting body of literature deals with the diffusion of
oxygen, hydrogen and carbon in minerals (including the calcite
polymorph of CaCOj3), relevant to many geological processes
such as fluid-rock interactions or the growth of minerals.*
Using isotope tracers such as '®0 or '*C and ion microprobes, it
was found that volume/lattice diffusion of oxygen is improved
substantially (by at least 1-2 orders of magnitude) in the pres-
ence of water, whereas carbon and cations diffusion are hardly
affected by the presence of water (400-800 °C, total pressure
0.1-350 MPa).>”*® In many types of minerals such as quartz,
feldspars and calcite, molecular H,O rather than OH™ was
identified as the dominant diffusing species bearing oxygen
under hydrothermal conditions, as oxygen transport depended
linearly on water fugacity.>**' The rate of diffusion of oxygen is
believed to be controlled by reactions at the surface of
calcite,**** which may be relevant also for typical calcium
looping conditions. Specifically, adsorption of H,O and the
creation of vacancy defects at the surface explain the depen-
dence of the diffusivity of oxygen on the fugacity of water. The
dissociation of water on the calcite surface supplies protons
that hydrolyze and weaken C-O bonds in calcite akin to Si-O
bonds in silicates, and thus makes oxygen exchange between
H,0 and structurally bound oxygens energetically favorable.****
Carbonate ion (CO;>") was identified as the dominant carbon-
containing diffusing species in calcite from measurements of
the oxygen/carbon exchange rate ratio.** Furthermore, there has
been little evidence that hydrogen itself diffuses into calcite,
and it has been concluded that hydrogen cannot be responsible
for the increased diffusivity of oxygen in calcite.**

In this work, we investigate whether oxygen contained in
steam (or OH™ groups originating from steam) is involved
directly in the formation of the CaCO; product. Such involve-
ment (or non-involvement) would shed light on the sequence of
reactions that lead to CaCO; formation, and help understand
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whether steam contributes to the increased rate of CO, uptake
as a carrier of oxygen. Thus, we co-feed steam containing the
oxygen isotope "®0 (i.e., H,'®0) during the carbonation reaction,
use Raman spectroscopy to detect 0 in the CaCO; formed, and
mass spectrometry to detect 180 in the CO, released from the
CaCoOs;.

If, as proposed by Li et al.,”> OH ™ groups originating from the
reaction of H* (from the dissociation of H,'®0) with O*>~ at the
Ca0O-CaCO; interface interact with CO, molecules and form
CO,*7, then any CO, released during the decomposition of
CaCO; should not contain '®0 because the origin of O*~ is not
the H,'®0 molecule. If, however, oxygen or OH ™ groups from
H,'®0 on the surface of Ca0/CaCO; (the solid-gas interface)
participate in the formation of CO;>~, then the CO, released
during the decomposition of CaCOj; should indeed contain 180,
e.g., as C'°0"®0 or C'*0”. Generally, any indication of *®0 in the
CO, released from the sorbent (beyond their natural abun-
dance) would imply that steam participates actively in the
formation of CaCO; rather than acting as a catalyst or func-
tioning by other means; this would also disprove the mecha-
nism proposed by Li et al. as the only pathway by which steam
enhances the rate of CO, sorption/CaCO; formation. Not
detecting '®0 in the CO, released from the decomposition of
CaCO; would not directly prove the mechanism proposed by Li
et al. but demonstrate that oxygen or OH™ groups originating
from steam do not contribute to the formation of CO,>~ and
CaCos.

2. Experimental materials and
methods
2.1 CaO-based sorbent

Natural limestone (Rheinkalk, >98 wt% CaCO3, surface area ~1
m” g~') was used in all experiments as the precursor for CaO.
Prior to the experiments using a thermogravimetric analyzer
(TGA), limestone particles were calcined at 900 °C in N, for
30 min, followed by cooling to room temperature. The sorbent
particles were then sieved to 150-212 pm to ensure that in the
TGA experiments their packing inside the crucible had no
influence on the CO, transport that would otherwise affect the
observed rate of CO, uptake.*

2.2 Material characterization

Raman spectroscopy on powdery, partially carbonated samples
was performed using a Thermo Scientific DXR Raman micro-
scope (laser wavelength 455 nm). The crystalline phases of the
powdery samples were analyzed via X-ray diffraction (XRD)
using a PANalytical Empyrean X-ray diffractometer (Cu Ko
radiation, 45 kv and 40 mA) equipped with a X'Celerator
Scientific ultrafast line detector and Bragg-Brentano HD inci-
dent beam optics.

2.3 Thermogravimetric analyzer (TGA) setup

CO, sorption experiments were carried out using a TGA (Mettler
Toledo, TGA/DSC1, volume of the high-temperature reaction
chamber: 16 ml) following the same principal protocol: sorbent
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particles (15-20 mg) were loaded into a shallow, 30 pl crucible
made of aluminum oxide and heated to 900 °C in N,. After
15 min, the temperature was reduced to 650 °C (CO, sorption
temperature). The gas atmosphere was changed from pure N, to
15 vol% CO,/N, for 20 min for CO, sorption in the presence or
absence of steam. 15 vol% CO,/N, was used to reflect typical
CO, concentrations in post-combustion CO, capture, and
enable comparison with previous works. Subsequently, the gas
atmosphere was changed back to N, and the temperature was
increased to 950 °C (CO, release temperature). After holding at
950 °C for 10 min, the temperature was decreased to 650 °C for
a new reaction cycle to begin. Note that only the CO, sorption
stage was performed in the presence of steam, but not the
heating, cooling and CO, release stages. Heating and cooling
rates were 30 °C min~ ' and the total flow rate was always 100
ml min~" (incl. 25 ml min~" of dry N, purge over the micro-
balance), as measured and controlled at normal temperature
and pressure by mass flow controllers (Bronkhorst, EL-FLOW).

Steam was generated by flowing 60 ml min~" of N, (or 60 ml
per min N, and 15 ml per min CO,, see details below) through
a small gas washing bottle (volume 5 ml) filled with deionized
water or water containing the isotope '°0 (labeled water, H,"%0,
97 atom% %0, Sigma-Aldrich) at ambient temperature, as
shown in Fig. 1. Separate measurements using a humidity probe
(Sensirion, SHT31) showed ~90% saturation of the gas stream
with water. The temperature of the laboratory (and the water in
the gas washing bottle) varied between 22 and 24 °C, and hence
the steam concentration in the reaction chamber of the TGA
was ~1.5-2.0 vol% (a larger flow rate through the saturator and
a higher ambient temperature result in a higher steam
concentration). A solenoid valve synchronized with the
temperature program of the TGA enabled the sharp separation
of dry and humid gas environments. In addition to the two types
of water used (deionized water or water containing the isotope
'80), two options for mixing CO, and steam/water prior to
entering the TGA reaction chamber were investigated (Fig. 1).
The first option aimed at mixing CO, and steam in the gas
phase; thus, pure N, flowed through the saturator and was
mixed with the CO, stream after the saturator just before
entering the reaction chamber of the TGA. For the second
option, a mixture of N, and CO, flowed through the saturator,
such that also CO, was mixed with liquid water to generate
steam; this option was always used when deionized water was
used.

The gas outlet from the TGA was connected directly to a mass
spectrometer (MS, MKS Cirrus 3) through a heated transfer line

20 mg

TGA 650 °C
MS .
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Table1 Relative intensities of the different mass-to-charge ratios (m/
z) for the relevant gas species®®

Species

Mass-to-charge ratio

(m/z) H,'°0 H,**0 '°0, c' 0, c'™0™0 c*o,
18 100 n/a 0 0 n/a n/a
20 0.3 100 0 o0 n/a n/a
32 0 0 100 O n/a n/a
44 0 0 0 100 n/a n/a
46 0 0 0 04 100 n/a
48 0 0 0 o0 n/a 100

to analyze the composition of the product gases, and to detect
0 in CO, and H,O (see Table 1). When changing the atmo-
sphere from 15 vol% CO,/N, to pure N, after the CO, sorption
stage, the release of CO, from the sample did not occur
immediately, but required higher temperatures (>700 °C) for
kinetic reasons. The MS was sufficiently fast to resolve the two
events of (i) a decreasing CO, signal due to the change in
atmosphere from 15 vol% CO,/N, to pure N,, and (ii) an
increasing CO, signal due to the release of CO, from the sample
during the decomposition reaction when heating to 950 °C.

3. Results

3.1 TGA cyclic performance and MS signals

Fig. 2a and b compare the normalized sample mass of the
limestone-based sorbent under dry and humid conditions over
five cycles of CO, sorption and release. A value of one implies
that the sorbent is calcined completely, and any increase in
normalized sample mass is due to the sorption of CO, when the
material transitions from CaO to CaCO;. The difference
between the normalized sample mass and one is thus equiva-
lent to the CO, uptake in g CO, per g sorbent, and it can reach
a maximum value of ~0.77 for this particular sorbent for the
case that all CaO is converted into CaCO; (the normalized
sample mass would then show a value of 1.77).

Under dry conditions, the CO, uptake observed at the end of
the CO, sorption stage decreased gradually with cycle number,
as is commonly observed for limestone-based sorbents.?” Under
humid conditions, the CO, uptake was significantly higher and
even increased slightly with cycle number. Whether deionized
water, labeled water, or a mixture of deionized and labeled
water was used during carbonation did not affect the observed
rate and extent of the CO, uptake during the five cycles of CO,

|J_:—<:| N,
—<co,

water

Fig. 1 Schematic illustration of the experimental setup using TGA and MS, and the steam injection system.
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Fig.2 Results from the TGA experiments over five cycles of CO, sorption and release using a limestone-based sorbent. (a) CO, sorption in a dry
CO,-containing atmosphere. (b) CO; sorption in a humid CO,-containing atmosphere using deionized water. (c) and (d) Show the MS signals
corresponding to the TGA measurements shown in (a) and (b) for the fifth carbonation cycle. (e) and (f) Show the MS signals that correspond to
the same cycling experiment shown in (b), but using steam derived from labeled water (H,*80) instead of deionized water; in (e) both N, and CO,
flowed through the saturator, whereas in (f) only N, flowed through the saturator.

sorption and release (supplementary plots in Fig. 4a and b).
Also, small variations in the steam concentration (due to minor
temperature variations in the laboratory, the different flow rates
of gas through the saturator, or the water level in the saturator)
had no noticeable effect on the observed CO, uptake. Adding
steam to the CO,-containing atmosphere during the CO, sorp-
tion stage increased the rate of CO, sorption even after
a substantial amount of CaCO; had been formed already under
dry conditions (shown below in Fig. 4c). From Fig. 2a and b it is
apparent that CO, was released from the sorbent before the CO,
release temperature of 950 °C was reached, but whether steam
was present during the CO, sorption stage or not did not affect
the rate of the subsequent decomposition of CaCOj; noticeably.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 2c and d plot the MS signals under dry and humid
conditions, respectively, recorded during the fifth reaction
cycle, whereas Fig. 2e and f show the MS signals recorded
during the fifth reaction cycle when labeled water (H,'®0)
instead of deionized water (H,'°0O) was used to generate steam;
note that the MS signals are plotted on a linear scale and that
the intensity of some signals (e.g., m/z 20 or m/z 46) was
magnified for illustration purposes. Under dry conditions
(Fig. 2c) signals due to CO, (m/z 44 and 46) were observed,
whereas in the presence of unlabeled steam (containing only
%0, Fig. 2d) also signals due to H,O (m/z 18 and 20) were
observed. When changing the atmosphere from (dry or humid)
15 vol% CO,/N, to pure N, at the end of the carbonation stage,

RSC Adv, 2025, 15, 40188-40198 | 40191
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(a)—(d) Raman spectroscopy measurements of partially carbonated sorbents after five reaction cycles plus an extended carbonation for

4 h. The order of the plots is the same as in Fig. 2c—f, corresponding to the different atmospheres during the carbonation stage (dry, humid
(H,%0), humid (H,*80) with N, and CO, flowing through the saturator, and humid (H,*20) with only N, flowing through the saturator). (e) XRD
measurement of a partially carbonated sorbent (using labeled water H,*®0). (f) Example of a TGA experiment (here using deionized water H,0)

to produce the samples for the subsequent analyses shown in (a)—(e).

there was a rapid decrease in the signal due to CO, (m/z 44 and
46, seen in all of the Fig. 2c-f), followed by a slight, short
increase due to the release of CO, from the material when the
temperature approached ~700 °C. Under humid conditions
(Fig. 2d-f), the CO, uptake was greater, and so it took slightly
longer to release all CO, captured during the subsequent
heating step in dry N, (this is seen also from the mass changes
in Fig. 2a and b). Interestingly, when steam was present during
the CO, sorption stage at 650 °C, the MS signals due to steam
(m/z 18 and 20) did not return to zero immediately after the
atmosphere had been changed back to dry N,, and even
increased slightly with increasing temperature (this is seen best
in the inset of Fig. 2d for m/z 18 or in Fig. 2f for m/z 20). Blank

40192 | RSC Adv, 2025, 15, 40188-40198

measurements without any sample in the crucible show similar
trends (Fig. 5a and b), implying that the slow decrease of the MS
signals due to steam (m/z 18 and 20) when changing the
atmosphere back to dry N, was related to the experimental
setup rather than any material-related effects. Importantly, the
MS signals in Fig. 2e and f show the release of CO, containing
80 during the CO, release stage (C'°0'®0, m/z 46), indicating
that a substantial amount of CaCO; containing one *0 had
formed during the previous carbonation stage in the presence
of H,"0O (note the difference in magnification of m/z 46
compared to Fig. 2d). At first sight, this observation would
confirm that steam indeed participates actively in the formation
of CaCOj3, as discussed in the introduction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Results from TGA experiments of CO, sorption and release using a limestone-based sorbent. (a) CO, sorption in a humid CO,-containing
atmosphere using steam derived labeled water (H,*¥0) with both N, and CO, flowing through the saturator. (b) CO, sorption in a humid CO,-
containing atmosphere using labeled water (H,*80) with only N, flowing through the saturator, two cycles only. (c) Long CO, sorption under dry
conditions at 650 °C; after 10 h CO, sorption continued using steam derived from labeled water (H»'%0), showing an increase in the rate of CO,
uptake. (d) Raman spectroscopy measurements of the sample shown in (c).

3.2 Oxygen exchange between steam and carbon dioxide at
elevated temperature

However, the release of CO, containing **0 (C*°0'%0, m/z 46) is
not sufficient to confirm the participation of steam in the
formation of calcium carbonate, because the origin of 0 is not
clear yet. From control experiments (Fig. 6) and literature
reports for CaCOs (ref. 38) and MgCO3;,* there is no indication
that oxygen of crystalline CaCO; would be exchanged with 0
contained in gas-phase H,O or CO, that would have resulted in
the formation CaC'®0'®0,. However, although almost pure
labeled water (>97 atom% '®0) was used in the measurements
shown in Fig. 2e and f, the intensity of m/z 18 (due to H,"°0) was
significantly greater than the intensity of m/z 20 (due to H,'®0).
Similarly, the intensity of m/z 46 (due to C*°0'®0) relative to m/z
44 (due to C'°0,, for simplicity written as CO,) during the CO,
sorption stage was greater than expected from Table 1 or Fig. 2c
and d, suggesting that "0 was exchanged between the H,'*0
and CO, in the reaction chamber of the TGA before interacting
with the sorbent. A comparison of the MS signals (in particular
the ratio m/z 46/20) in Fig. 2e (mixing of CO, and H,"®0 in the
saturator) and Fig. 2f (mixing of CO, and H,"®0 in the gas phase
downstream of the saturator just before entering the reaction
chamber of the TGA) hints that the mixing of CO, and H,'®0 in
the gas phase led to a slightly stronger oxygen exchange/
scrambling (m/z 46/20 = 26, compared to m/z 46/20 = 20 for

© 2025 The Author(s). Published by the Royal Society of Chemistry

the mixing of CO, and H,"®0 in the saturator). The ratio m/z 44/
46 was ~10 and agreed reasonably well with the ratio of the
nominal concentrations of CO, (15 vol%) and H,'®0
(~1.6 vol%) in these experiments when most of the *®0 has been
exchanged between H,"0 and CO,. The initial peak of m/z 44
when switching from pure N, to 15 vol% CO,/N, at the begin-
ning of the CO, sorption stage was due to a short overshoot of
the CO, flow rate when activating the mass flow controller
(Fig. 2c—f). A corresponding spike in m/z 46 due to oxygen
exchange (not due to the natural appearance of m/z 46 in CO,, as
seen in Fig. 2¢, d and Table 1) was observed only when CO, and
H,"®%0 mixed in the saturator, because slightly more H,'®0 was
taken up by the larger flow of gas (Fig. 2e), but not when CO,
and H,"'®0 mixed in the gas phase (Fig. 2f).

Interestingly, there was hardly any signal due to m/z 48 in any
of the experiments shown in Fig. 2a-f, suggesting that the 0 in
H,"%0 was exchanged with only one of the two '°O atoms in
CO,; for C*®0, to form through exchange reactions with H,'%0,
multiple collisions of the same CO, molecule with H,"®0 would
have been required that are unlikely given the plug flow-type gas
flow pattern in the reaction chamber of the TGA (Fig. 1). This is
reflected also in the Raman spectra of the carbonated samples
in Fig. 3 (collected after 5 cycles plus an additional carbonation
for 4 h to enhance the signal intensity due to CO;>~ species,
shown exemplarily in Fig. 3f). The samples carbonated under
dry or humid (H,'°0) conditions showed the most dominant

RSC Adv, 2025, 15, 40188-40198 | 40193
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Fig. 5 Blank measurements (empty crucible) using the TGA-MS. (a) and (b) Show the MS signals corresponding to the experimental conditions in
Fig. 2; in (a) both N, and CO, flowed through the saturator filled with labeled water (H,*%0), whereas in (b) only N, flowed through the saturator.
(c) and (d) MS signals showing the influence of temperature on the exchange of oxygen between H,O and CO, when feeding a mixture of steam
derived from labeled water (H,20) and CO; in (c) the MS signals are plotted on a linear scale, whereas in (d) the MS signals are plotted on
a logarithmic scale. (e) Influence of temperature on the stability of the MS signals due to water (m/z 18 and m/z 20) in the absence of CO;; here,
pure N, flowed through the saturator filled with a mixture of deionized water and labeled water (H,*20).

bands due to the »; (~1087 ecm™), v, (~713 cm™"), vy;
(~281 cm™ ') and »y4 (~153 cm™ ') vibrational modes of CO;>~
species (Fig. 3a and b). The corresponding bands for the
samples carbonated under humid conditions using H,"®0 were
red shifted slightly, and an additional peak due to '®0 replacing
one of the three '°0 atoms in the carbonate group was observed
(v, vibration, ~1063 cm ™', Fig. 3¢ and d). Additional peaks near
~1050 cm™ " and ~1030 cm™" would have been observed had
more than one *®0 in the carbonate group been replaced;* the
absence (or presence below the detection limit) of these peaks
agrees well with the insignificance of the MS signal m/z 48 (see

40194 | RSC Adv, 2025, 15, 40188-40198

control experiments in Fig. 5¢c and d). The XRD pattern in Fig. 3e
confirms that the partially carbonated samples consisted of
unconverted CaO and the calcite phase of CaCO; only, but not
any other polymorph of CaCO; (e.g., aragonite or vaterite),
which might have produced similar additional v, vibrations as
the '®0 in the carbonate group. **Considering that the sorbent
was exposed to no more than ~1.5-2 vol% C'®0'®0 (assuming
an extreme case in which all 0 of H,'®0 was exchanged with
'®0 in CO,) and ~13-13.5 vol% C'°0,, it is interesting to note
that the ratio of the peak areas due to CaCO; with zero **0
(CaC'™ 05 at ~1087 cm™ ') to CaCOj; with one **0 (CaC'*0'°0, at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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~1063 cm™ ') was ~four, i.e., much lower than expected from
the CO, isotope composition in the gas stream.

3.3 Implications for the goal of this study to understand the
role of steam

The exchange of oxygen between H,'®0 and CO, in the reaction
chamber of the TGA is a problem for the examination of the
promotional mechanism of steam for the carbonation reaction,
because the presence of 0 in the CaCO; formed (or the release
of ®*0-containing CO, from the material upon decomposition)
cannot be attributed solely to a reaction mechanism that
involves steam (or its oxygen component); in fact, it is much
more likely that the presence of "0 in CaCOj; (as observed by
Raman spectroscopy in Fig. 3c and d) originated from C'®0'®0
rather than the remaining small quantity of H,'®0 in the gas
stream. Fig. 5c shows that the exchange of oxygen between
H,"'®0 (here only ~0.1 vol% due to the dilution of H,'%0 with
H,"®0 (5:95) in the saturator) and CO, (15 vol%) is
temperature-dependent, and with increasing temperature,
more oxygen was exchanged between the two.*> Above ~500 °C
the ratios of the MS signals due to steam (m/z 18 and 20) and
CO, (m/z 44, 46 and 48) remained constant. From Fig. 5e it is
apparent that in the absence of '°O-containing gas species there
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was no significant change in the intensity of the MS signal due
to m/z 20. Traces of O, present in N, (~80 ppm, m/z 32) appear to
have exchanged "°0 with H,"®0, but m/z 34 or m/z 36 were not
measured in this experiment to confirm this observation.

Interestingly, the ratio m/z 18/20 = 22 above 500 °C (Fig. 5¢)
was an order of magnitude lower than ~330 expected from
Table 1 when assuming that *®0 from H,'®0 is exchanged to the
level of its natural abundance in water; the short residence time
(a few seconds) of the gas molecules in the high-temperature
reaction chamber of the TGA may possibly have prevented an
even higher degree of oxygen exchange to reach isotopic equi-
librium. The lack of significant back-mixing in the reaction
chamber of the TGA (as opposed to a closed system such as an
autoclave), the fast rate of oxygen exchange above 500 °C, and
the short gas residence time may have resulted in the exchange
of only one '°0 in the CO, molecule by H,'®0. The MS signal
due to m/z 48 followed the same trend as m/z 46 (this is seen best
when Fig. 5c is plotted on a logarithmic scale, Fig. 5d), indi-
cating that indeed for a small fraction of CO, molecules
entering the reaction chamber of the TGA both '°0 atoms in the
CO, molecule were exchanged by two different H,"*0 mole-
cules; however, the high ratio m/z 46/48 = 42 shows that the
exchange of only one oxygen atom in the CO, molecule with
H,'®0 was dominant.
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Fig. 6 Raman spectroscopy measurements of partially carbonated sorbents following a temperature-programmed (TP) treatment in a larger
TGA under different conditions. (a) The partially carbonated sorbent was prepared by calcining CaCO3z powder at 900 °C, followed by exposure
to 5 vol% CO, and 2 vol% steam derived from labeled water (H,'80) at 700 °C for 12 h. The CO, uptake was 0.75 g CO, per g sorbent. (b) The
material prepared in (a) was heated from room temperature to 600 °C in 5 vol% CO, and 2 vol% steam derived from deionized water. (c) The
material prepared in (a) was heated from room temperature to 600 °C in 5 vol% CO,. (d) The material prepared in (a) was heated from room
temperature to 600 °C in 2 vol% steam derived from deionized water. Ratio of peak areas (CaC*®Os at 1090 cm ™t and CaC'®0°0, at 1069 cm™Y):
1.4 (a), 1.3 (b), 1.3 (c) and 1.3 (d).
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For completeness, we performed an additional series of
experiments using a TGA with a larger reaction chamber (~46
ml) to facilitate back-mixing of the reaction gas, and thereby
enhance the probability of oxygen exchange between H,O and
CO, molecules. Commercial CaCO; powder (extra pure, Fisher
Scientific) was calcined at 900 °C in N,, followed by carbonation
at 700 °C in steam (~2 vol%, derived from labeled water) and
CO, (~5 vol%) for 12 h. Indeed, Raman spectroscopy revealed
additional features of the v, vibration (Fig. 6a), indicating that
the partially carbonated sorbent contained, in addition to the
experiments performed in the smaller TGA, two and three **0 in
the carbonate group.*® Upon further treatment of the material
in atmospheres without 0, there was no noticeable change in
the ratio of peak areas in the », region (CaC'°0O; at 1090 cm ™"
and CaC'®0"°0, at 1069 cm™ '), Fig. 6a—c. Thus, no measurable
oxygen exchange occurred between gaseous CO, and, or, H,O
and the solid CaCO; over the timescale and conditions of our
experiments (for comparison see e.g., the work by Rosenbaum**
who has reported carbon and oxygen isotope exchange for CO,
and CaCOj; at 900 °C). The material treated in H,O/N, decom-
posed slightly, explaining an additional Raman band due to
Ca(OH), in Fig. 6d. Interestingly, the small peak at 1029 cm ™" in
Fig. 6a-c originated from CaCO; containing three '%0
(CaC'®0;). Since oxygen exchange between H,'®0 and CO, in
the high-temperature reaction chamber of the larger TGA yiel-
ded, at best, C*®0,, a mixture of CaC'®0,'°0, CaC'®*0'°0, and
CaC'®0; would be expected upon reaction with CaO. Thus, the
results from Raman spectroscopy indicate that there must have
been additional oxygen exchange between '®0O-containing H,O
or CO, and the solid phases CaO or CaCO;. With CO;*~
diffusing through the CaCO; product layer toward the CaO-
CaCoO; interface,* oxygen (and carbon) exchange would be ex-
pected as part of the volume/lattice diffusion mechanism
(involving possibly recrystallization or Ostwald ripening),>****
but this was not observed in our experiments (Fig. 6a—c) and
therefore ruled out as an explanation for the formation of
CaC'®0;. Given the relatively fast rates of carbonation under
both dry and humid conditions (Fig. 2a and b), it is unlikely that
volume/lattice diffusion was rate-controlling in our experi-
ments.*> Instead, diffusion along grain boundaries or narrow
pores (note that CaCO; crystals formed during carbonation are
far from perfect*) may have dominated mass transport,*”
decreasing the likelihood of oxygen exchange between CO,/
CO5*>” and CaCOj;.%° It is thus possible that the presence of three
80 in CaCO; originates from oxygen exchange with CaO. CO,
would immediately form CaCO; when in contact with CaO,
implying that H,O is responsible for the exchange of oxygen
with CaO that results in the formation of CaC'®0; upon further
reaction with C'®0,. Similar results have been reported previ-
ously, suggesting that steam can interact with CaO above the
decomposition temperature of Ca(OH),.>® Whether the oxygen
exchange between steam and CaO under reaction conditions
contributes to the accelerated rates of CO, uptake remains,
however, uncertain but may motivate future research activities.
The presence of steam alters the dominant transport mecha-
nism of species required to form CaCO; (viz. carbon and
oxygen),*® but its identification and quantification is difficult
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due to the challenging reaction conditions and the relatively
short timescale of the carbonation reaction. From the absence
of measurable oxygen exchange between H,O or CO, and CaCO;
we conclude that volume/lattice diffusion appears to play
a negligible role in the carbonation reaction using limestone-
derived particles, and therefore many mechanisms discussed
in the literature such as the hydrolyzation and weakening of
C-O bonds in CaCOj; through protons, or the faster OH™
diffusion over O*" diffusion through CaCO; may not apply
under relevant reaction conditions.

Investigations of oxygen isotope exchange may not be suited
to unveil the enhancement effect of steam during the carbon-
ation of CaO at high temperatures, as there will always be
oxygen exchange between the gaseous oxygen-containing reac-
tants. The intrinsic properties of steam causing the acceleration
of CO, uptake cannot be linked with the oxygen or hydrogen
components, and oxygen atoms originating from the water
molecule will inevitably end up in the CaCO; product through
different sequences of oxygen exchange. However, our experi-
ments did provide insights into the presence or absence of
oxygen exchange between the gas and solid components
involved in the carbonation reaction, from which information
on the relevant transport processes can be obtained.

4. Conclusions

In calcium looping, the presence of steam is known to accel-
erate the rate of CO, uptake. We designed experiments in which
steam derived from labeled water (H,"'®0) was used to promote
CO, sorption in a TGA, and tracked "®0 in gaseous and solid
products through mass spectrometry and Raman spectroscopy
to obtain mechanistic insights into the enhancement effect, for
example whether oxygen contained in steam contributes
directly to carbonate formation. While we indeed observed the
incorporation of '®0 into the calcite structure (and the release of
80-containing CO, in the subsequent decomposition step), we
found that most of '®0 contained in labelled water was
exchanged with '°O contained in CO, in the high-temperature
reaction chamber of the TGA before reaching the sorbent.
Thus, the CO, contained a substantial fraction of **0 before
reacting with CaO to form CaCOj; that contained 0. The
degree of oxygen exchange between H,O and CO, depended
greatly on temperature, but also the contact time and the gas
flow pattern in the high-temperature reaction chamber of the
TGA. With the given reaction conditions and our experimental
setup, it was not possible to eliminate oxygen exchange between
H,0 and CO, completely. Using a larger TGA furnace facilitated
back-mixing of gas and increased its residence time in the TGA,
which in turn enhanced the degree of oxygen exchange such
that not only C'*0"®0 but also C'®0, was formed. Consequently,
Raman spectroscopy revealed the formation of CaCO; with zero,
one, two and three "0 atoms in the carbonate group.
Although the use of labelled water/steam was not suitable
under the given reaction conditions to obtain unequivocal
insight into why steam accelerates CO, uptake, oxygen inter-
actions between solid and gas phases could be probed. Our
results indicate that there is no oxygen exchange between solid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CaCO; and H,0O/CO, under reaction conditions relevant to calcium
looping. However, oxygen exchange appears to occur between solid
CaO and H,0, which may contribute to the enhancement effect of
steam, and motivate further investigations.
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