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ARTICLE INFO ABSTRACT

Keywords: Four limestones were calcined in atmospheres containing moderate (~30%) and high (~100%) CO, levels,
CaO and the carbonation characteristics of the quicklimes during cooling in these atmospheres were studied using
Recarbonation thermogravimetric analysis. The carbonation rates, extents, and onset temperatures varied depending on the
Metamorphic limestone atmosphere and parent limestone type. Scanning electron microscopy showed that the quicklimes produced
Sedimentary limestone . . s . . e s
Cooling fr.om sedimentary limestones .exhl.blted larger pores and thicker s.tru.ctures, especu?ll.y after calcination in the
Carbon capture and storage high CO, atmosphere. The quicklimes produced from metamorphic limestones exhibited smaller pores among
finer structures, with no major observed differences due to the different calcination atmospheres. However, the
carbonation extents differed more in the quicklimes produced from metamorphic limestones after calcination
in the different atmospheres, and their carbonation rates were also generally higher. Pore filling was observed
in all carbonated quicklimes. Practically, the results indicate significant carbonation of all the tested quicklimes
when cooling is conducted in atmospheres containing moderate or high levels of CO,. This has ramifications
for processes where such conditions can occur, especially if excessive carbonation is unacceptable; e.g., in the
cooling zone of electrified lime-based production kilns.

1. Introduction and storage (CCS) system [4,5]. However, cooling the product and
recovering heat in a manner similar to the conventional process may
require a fraction of the CO, exhaust to be used as the coolant, so as
to preserve its purity for CCS (Fig. 1(b)). Alternative cooling solutions
may reduce the CO, level [6], but it is possible that a significant level
could remain as carryover from the kiln. This has the potential for rapid
and/or substantial carbonation of the lime-based product. Designing

and optimising an electrified lime kiln process requires consideration

Limestones are commonly heated on an industrial-scale to decom-
pose the main mineral, calcium carbonate (CaCO3), into lime (CaO),

which is the main mineral in the product known as quicklime. The
calcination

pertinent reaction, CaCOs) CaO;) + COyy), is reversible.

carbonation
This means that depending on the CO, partial pressure, thermodynam-

ics dictate that carbonation of the quicklime can occur under certain

temperatures. In cement clinker and quicklime production, carbonation
can occur during cooling of the products that jeopardises their quality.
Air is commonly used as the coolant that can subsequently be directed
into the kiln as heated combustion air for energy recovery (Fig. 1(a)) [1,
2]. The flue gas from a typical conventional process contains approx-
imately 30% CO, [3]. As part of efforts to eliminate CO, emissions,
electrification of the kiln process is being considered. This is intended to
produce a highly enriched CO, exhaust stream, originating solely from
the decomposition of the limestone, to integrate with a carbon capture

of carbonation characteristics under these distinct conditions.

The reversible nature of calcination and carbonation has been ex-
tensively studied in relation to applications including energy stor-
age [7], CO, separation in gasification [8], and, more recently, CCS
applications [9-13]. Such studies have mainly explored isothermal
calcination/isothermal carbonation cycles to evaluate the CO,-carrying
capacities of quicklimes. It has generally been observed that initial
carbonation occurs rapidly during a period that is understood to be
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Fig. 1. Simplified schemes depicting lime kiln processes, showing conventional fuel combustion vs. hypothetical electrified heating with CCS.

kinetically-controlled. The extent of this rapid stage of carbonation
is limited by the surface area that is readily accessible via gas dif-
fusion. Following this initial period, further carbonation proceeds at
a slower diffusion-controlled rate [14,15]. Calcination conditions can
have a major impact on subsequent carbonation characteristics [16].
For example, Valverde et al. [11] reported that a high-CO, calcination
atmosphere produced a quicklime with significantly lower first-time
carbonation as compared to a quicklime produced from calcination
in air. This was attributed to the sintering-induced surface area re-
duction that results from calcination in CO,-containing atmospheres.
The reduction in surface area of a quicklime CO, sorbent with re-
peated calcination/carbonation cycling was also shown by Donat et al.
[17], where it was accompanied by a reduction in small pores (<
100 nm). Both of these factors were attributed to the diminished CO,-
carrying capacity of the quicklime. The crystalline structure coherency
of the parent limestone has also been observed to affect the car-
bonation characteristics, but in seemingly different ways that depend
on the process conditions [18,19]. Biasin et al. [20,21] used syn-
chrotron X-ray diffraction (XRD) and found an inverse relationship
between the crystalline size of CaO and the critical crystalline size of
CaCOj3 during carbonation. Quicklimes derived from metamorphic and
sedimentary limestones have also been reported to exhibit distinctly
different carbonation behaviours, including stark differences in carbon-
ation atmospheres containing moisture [22]. The role of impurities,
e.g., Si, is an additional factor suggested to influence the carbonation
characteristics of quicklimes [23]. These findings provide a qualitative
understanding of carbonation and efforts have been made towards
modelling this process comprehensively [12,24].

Given the motivation to eliminate CO, emissions from the produc-
tion of quicklime-based products via electrification and CCS, it is of
interest to study carbonation under cooling conditions where a signif-
icant level of CO, is present. Chrissafis et al. [25] found differences
in the extent of carbonation of quicklimes and dolomitic quicklimes
under cooling conditions and suggested that impurities played a role.
However, further published studies where quicklime/CaO carbonation
was conducted under cooling conditions could not be found. Compari-
son of factors such as the onset temperature and extents of carbonation
of different quicklimes, including aspects of their microstructure, is
of practical interest [26,27]. Therefore, the primary objective of this
study was to characterise the carbonation behaviour of quicklimes
under cooling conditions in atmospheres containing moderate (~30%)
and high (~100%) CO, levels, including variations in calcination con-
ditions. Furthermore, metamorphic and sedimentary limestones were
selected in order to investigate the possible differences between the
quicklimes derived from them. Scanning electron microscopy (SEM)
analysis of the microstructural aspects of the quicklimes and their
carbonated products was also conducted.

2. Materials and methods
2.1. Limestones

Four limestones from quarries in the Nordic region were selected
as test materials: two metamorphic (LM1 and LM2) and two sedimen-
tary (LS1 and LS2). LM2 originated from Norway, while the others
originated from Sweden. Their chemical compositions were measured
with a PANalytical Axios X-ray fluorescence (XRF) spectrometer after
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Fig. 2. Particle size distribution of limestones.

fusion with lithium tetraborate. Loss on ignition (LOI) was carried
out using a LECO TGA 801 instrument that applied a heating rate of
50 °C/min up to 950 °C in O, atmosphere, holding for up to 90 min.
The specific surface area (SSA) of each limestone was measured using
the Brunauer-Emmet-Teller (BET) method based on multipoint N,
adsorption/desorption isotherms obtained from a Micromeritics ASAP
2020 Plus Adsorption Analyzer (Table 1). The measurement uncertain-
ties are given in Supplementary materials S1. Powder XRD patterns of
each powdered limestone were obtained from a Bruker D8 Advance
operated at 40 kV/40 mA to produce Cu K, radiation (1.5406 A) paired
in Bragg-Brentano 0—6 geometry with a LYNXEYE XE-T detector. 20
between 5-90° with step increments of 0.0046° with an accumulated
time of 96 s/step were scanned. Phase identification was performed
in DIFFRAC.EVA software using the Crystallography Open Database
(COD) [28] followed by Rietveld refinement phase quantification using
DIFFRAC.TOPAS software (Table 2).

For the thermogravimetric analysis (TGA), the limestones were
crushed and ball-milled to give similar particle size distributions (Fig.
2), which were measured with a Malvern Mastersizer 3000 laser diffrac-
tion instrument in ethanol with 5 g/L of sodium polyphosphate disper-
sion agent. Fig. 3 shows the polished and etched cross-sections of the
limestones. The metamorphic limestones (LM1 and LM2) generally had
much larger grains, often > 100 pm with very little porosity, in contrast
to the sedimentary limestones (LS1 and LS2), both of which had grains
< 10 pm that were regularly interspersed with porosities.

2.2. Thermogravimetric analysis

The calcination and carbonation tests were conducted using a TA
Instruments TGA 5500. Each test consisted of approximately 10 mg
(9.98 + 0.07 mg) of powderised limestone sample spread evenly onto
circular high temperature 28 mm x 1 mm edge height platinum pans
that were hung from a microbalance and positioned inside a furnace
heated with infrared lamps. A calibrated thermocouple' placed closely
beneath the pan was used to measure and control the temperature.
Binary gas mixtures to purge across the sample were delivered by a gas
blending device connected to the TGA 5500. A sample purge gas flow
rate of 100 + 0.02 mL/min at ambient conditions was used for all tests.
The compositions of the sample purge gas during the calcination and
carbonation of each limestone are listed in Table 3. Purge atmospheres

1 Calibration method in Supplementary material S2
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Table 1
Limestone type, chemical composition, specific surface area, and corresponding quicklime designations.
CaO MgO Na,O K,0 Al,O4 Sio, Fe,04 Mn, Oy CO, SO, L.O.L* SSA
Limestone Type [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [m?/g] Quicklime
LM1 Metamorphic 48.9 4.56 0.07 0.06 1.03 4.63 0.65 0.16 40.6 0.02 39.5 1.22 M1
LM2 Metamorphic 54.7 0.47 0.05 0.03 0.16 0.4 0.06 0.02 45.7 0.04 43.8 1.47 M2
LS1 Sedimentary 54.2 0.67 0.04 0.11 0.42 1.3 0.19 0.12 45.6 0.09 43.1 1.33 S1
LS2 Sedimentary 52.1 1.27 0.01 0.2 0.76 1.72 0.36 0.02 43.4 0.13 42.7 1.89 S2
2 Loss on ignition at 950 °C in O, atmosphere.
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Fig. 3. SEM-BSE images showing typical microstructures of the limestones.

Table 2
Phase composition of the limestones according to XRD Rietveld refinement.

Chemical phase Limestone
Name COD ID LM1 LM2 LS1 LS2
Calcite 9016706 [wt%] 49.1 99.9 98.5 96.1
Magnesium calcite 7214217 [wt%] 41.3 - - -
Dolomite 9016706 [wt%] 2 - 0.8 2.9
Diopside 9000797 [wt%] 3.4 - - -
Quartz 1011097 [wt%] - 0.1 0.3 0.1
Muscovite 9001956 [wt%] - - 0.4 0.9
Albite 9016773 [wt%] 0.6 - - -
Annite 9002310 [wt%] 0.7 - - -
Brucite 9002310 [wt%] 0.6 - - -
Clinochlore 9013852 [wt%] 1.1 - - -
Forsterite 9000166 [wt%] 0.9 - - -
Hornblende 9001 227 [wt%] 0.4 - - -

Table 3

Compositions of the sample purge gases and their labels.
Case label Calcination Carbonation
1.0C-0.3C 100% CO, 30% CO,/70% N,
0.3C-0.3C 30% CO,/70% N, 30% CO,/70% N,
1.0C-1.0C 100% CO, 100% CO,
0.3C-1.0C 30% CO,/70% N, 100% CO,
1.0C-1.0A 100% CO, 100% Air
0.3C-1.0A 30% CO,/70% N, 100% Air
1.0C-1.0N 100% CO, 100% N,
0.3C-1.0N 30% CO,/70% N, 100% N,

CO, purity > 99.7 vol%, H,0 < 0.02 vol%
N, purity >99.999 vol%
Instrument air: H,O < 0.005 vol%, ambient CO, approx. 430 ppm.

containing moderate (30%) and high (100%) CO,, contents were chosen
to simulate conventional and electrified calcination scenarios, respec-
tively, in order to compare their effects on sintering. These atmospheres
were also used during cooling to investigate their effects on the sub-
sequent carbonation behaviour. Note that a protective 10 mL/min N,
purge through the balance unit of the TGA was necessary, which meant
a slight constant dilution of the sample purge gas composition within
the sample chamber. Hence, the compositions should only be regarded
as semi-quantitative.

The samples were rapidly heated to 120 °C and held for 5 min to
evaporate any superficial moisture. Thereafter, the calcination stage
was started by applying a heating rate of 10 °C/min up to 1000 °C,
holding for 10 min. The sample purge gas blend was then changed,

if necessary, to the carbonation test atmosphere and the carbonation
stage was started by cooling at an approximate rate of —25 °C/min
down to 100 °C. The total cooling time was comparable to that of
conventional coolers used in clinker rotary kilns (~30 min) [2]. Car-
bonation with 100% air (compressed dry) and 100% N, sample purge
gases were also conducted as additional comparisons. Every case was
tested twice.

2.3. Scanning electron microscopy analysis

A Carl Zeiss EVO LS15 SEM instrument with a backscattered elec-
tron (BSE) detector was operated in low vacuum mode (50 Pa N,)
at an accelerating voltage of 15 kV to image the microstructure of
the limestones, quicklimes, and some of the carbonated quicklimes.
Local elemental analyses were facilitated by an accompanying Oxford
Instruments energy-dispersive X-ray (EDX) spectrometer. All data were
processed using the AZtec 3.3 SP1 software.

Portions of the samples produced from the 1.0C-1.0N and 0.3C-1.0N
cases were collected for SEM analysis within 5 min after completion of
each TGA test. These were transported within small jars filled with N,
to prevent the formation of Ca(OH), and CaCO3, and were assumed
to be representative of the uncarbonated quicklimes. A selection of
carbonated quicklime samples were analysed by SEM within 9 hr of the
completion of the TGA tests. Portions of these samples were reheated
to 800 °C in the TGA in a N, sample purge to confirm the absence
of any Ca(OH), that may have formed during the period between test
completion and analysis.

3. Results and discussion

Note that the quicklimes produced by the calcination of limestones
LM1, LM2, LS1, and LS2 are referred to as M1, M2, S1, and S2,
respectively.

Fig. 4 shows a typical TGA run; the onsets of calcination and car-
bonation that are marked were based on threshold values of the rate of
weight rate (i.e., second derivative of the weight curves). Some weight
loss prior to the calcination of the limestone, visible in Fig. 4(a), are
attributable to the decomposition of impurities such as dolomite, clay
minerals, and/or minor amounts of organic matter that were present in
some of the limestones. The formation of belite due to the presence of
quartz inclusions (CaCO3 + SiO, — CaSiO3 + CO, 1) could also have
contributed to pre-calcination weight loss. Note that the rates of these
losses were much lower (<« 1 wt%/min) than those during calcination
and carbonation. The calcination onset of the limestones varied among
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one another, between 839-855 °C and 922-930 °C in 30% and 100%
CO,, respectively. They were all above—and therefore in accordance
with—the thermodynamic decomposition temperature of CaCO5 under
these CO, conditions (823 °C and 890 °C, respectively) as given by
Silcox et al. [29]:

Peq [atm] = exp (17.74 = 0.00108 X Tpq + 0.332In(Teq) — 22020/T,q)

The small spike in the weight rate curve at approximately 105 min,
visible in Fig. 4(b), was due to the change in gas feed prior to cooling.
The cooling rate, although not constant, was near-identical for each
test.

The carbonation of the quicklimes are shown in Fig. 5, where they
are grouped according to the parent limestone type. The carbonation
extent of each quicklime (Eq. (1)) was evaluated based on the measured
weight increase during carbonation, relative to the weight loss from
calcination of the parent limestone (i.e., CO, gain + CO, loss):

Weight gain during carbonation
Weight loss from calcination

Carbonation [%] = x 100 (@D)]
Broadly overall, there are similarities and significant differences be-
tween each type pair that can be concisely characterised by using the

following metrics.
3.1. Carbonation onset temperature and final carbonation extent

The mean temperatures at which carbonation started in the 30%
CO, and 100% CO, atmospheres were 796 °C and 880 °C, respectively.
However, Fig. 6(a) shows that the carbonation onset temperatures dif-
fered, with M1 < M2 =~ S1 < S2 in almost all cases. M2, S1, and S2 were

similar in certain cases but M1 was consistently significantly lower.
In contrast to experiments where carbonation is initiated by switching
gas atmospheres, the current tests had a CO,-laden atmosphere that
surrounded the quicklime particles with a period of time to diffuse
into pore networks. Temperature was the initiator for carbonation as
it dropped below that necessary according to thermodynamics. From
the perspective of thermal stability, one explanation for the differ-
ent onset temperatures could be related to the crystallinity of the
quicklimes, where lower crystallinity has been reported to facilitate
carbonation capacity [19]. Another reason could be related to the
compositions of the calcite within the limestones. Based on spot and
small area EDX analyses, the calcite in LM1 was estimated to contain
Ca:Mg ~ 25:1 [mol:mol]. This was notably lower in the calcite of
the other limestones, which were estimated to contain approximately
Ca:Mg ~ 99:1 [mol:mol]. These Ca:Mg ratios were also reflected in the
quicklimes and carbonated samples. This is in agreement with the XRD
results (Table 2) that indicated LM1 had an additional calcite phase
with possibly 6 mol% of its Ca substituted by Mg. The presence of the
two different calcite phases is highlighted in Supplementary materials
S4.

Fig. 6(b) shows that all quicklimes had the lowest extent of car-
bonation in the 1.0C-0.3C case, and the highest extent of carbonation
in the 0.3C-1.0C case. This was expected because the 1.0C-0.3C case
would have induced more sintering prior to carbonation in a mod-
erate CO, atmosphere while the 0.3C-1.0C case would have induced
less sintering prior to carbonation in the 100% CO, atmosphere. Fig.
6(b) also shows that the final carbonation extents of S1 and S2 were
higher in the 1.0C-1.0C case than in the 0.3C-0.3C case. This indicates
that carbonation in the 100% CO, atmosphere was more effective,
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despite the 100% CO, atmosphere inducing greater sintering during
calcination. In fact, the differences in final carbonation extents caused
by the different calcination atmospheres were slightly greater when
the carbonation atmosphere contained 30% CO,, for both S1 and S2.
These trends were not apparent for M1 and M2. The carbonation
extent in these quicklimes for the 1.0C-1.0C case was lower than for
the 0.3C-0.3C case. This suggests that the impact of sintering during
calcination in the 100% CO, atmosphere was more significant for the
metamorphic limestones. Furthermore, the difference in calcination
atmosphere created approximately the same differences in the extent
of carbonation in both 30% and 100% CO, atmospheres for these
quicklimes.

M1 and M2 also exhibited higher final carbonation extents than S1
and S2 in all cases except for M1 in the 1.0C-1.0C case. Because the
carbonation test time was relatively short, it is likely that the bulk
of the carbonation took place in the kinetic-controlled regime. This
implies that the quicklimes produced from the metamorphic limestones
generally had higher surface areas, particularly M2, compared to their
sedimentary counterparts. The amount of impurities in each of sample
was not easily correlated overall to the final extent of carbonation.
However, the limestone of each type with the lower amount of impu-
rities, i.e., M2 and S1, carbonated to higher final extents than M1 and
S2, respectively.

Some minor carbonation was observed for the 0.3C-1.0N and
1.0C-1.0N cases, despite the intended 100% N, sample purge. This was
attributed to residual CO, from the calcination stage contaminating
the sample purge gas stream after changeover to N,. For context,
an overnight N, purge is usually needed to restore nominal purity
throughout the sample chamber. For M1, S1, and S2, a carbonation
extent of ~0.5% beginning at around 500 °C was measured, regardless

of the preceding calcination atmosphere. For M2, carbonation extents
of ~0.8% and ~1.1% were observed after calcination in 30% and 100%
CO,, respectively. Very similar carbonation extents were measured
for the quicklimes when air was used as the carbonation atmosphere
(i.e., 0.3C-1.0 A and 1.0C-1.0 A cases). It is therefore surmised that
cooling in the air atmosphere caused minimal, if any, carbonation; the
dryness of the supplied air possibly hindered this occurrence.

3.2. Carbonation rates

Fig. 7 compares the rates of carbonation, grouped according to
the calcination atmosphere. Peak carbonation rates in 100% CO, were
2-3 times more rapid than in 30% CO,, likely because of the higher
CO, concentration and faster reaction kinetics at higher temperature
as permitted by thermodynamics. Carbonation essentially ceased by
approximately 650-700 °C in all cases.

The peaks are convoluted in shape, visibly most prominent for S1
and S2 carbonated in 30% CO,. In principle, carbonation can begin
once the temperature dips below the equilibrium point for the prevail-
ing CO, levels. However, it has been reported that if the temperature
is only slightly below this point, initial carbonation proceeds relatively
slowly, exhibiting prominent acceleration and deceleration phases [10].
Higher carbonation rates are reached with decreasing temperature,
until such a temperature at which carbonation occurs at a maximum
rate for the prevailing CO, level. This temperature can be substantially
lower than the equilibrium point. Because the onset temperature was
not necessarily coincident with the temperature at which the maxi-
mum rate of carbonation occurs, carbonation may have proceeded in
a somewhat irregularly-paced manner, being affected by the amount
of carbonation that took place once the onset temperature had been
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reached. The exothermic nature of the carbonation reaction and heat
dissipation characteristics of the particles may also have had an impact,
all of which could have caused the convoluted peak shapes in Fig. 7.

The highest carbonation rates (N.B., not necessarily the maximum
carbonation rate for the prevailing CO, conditions) reached in these
experiments were 10-17 °C below the onset temperatures for carbon-
ation in 100% CO,, while this was 17-32 °C for carbonation in 30%
CO,, with the quicklimes from the sedimentary limestones reaching
their maximum rates at lower temperatures.

The decay in carbonation rates were more drawn out for carbon-
ation in 30% CO, than in 100% CO, for M1 and M2, regardless of
the calcination atmosphere. For example, the decrease in tempera-
ture between the onset of carbonation and until the carbonation rate
dropped to 1 wt%/min was around 95-115 °C in 30% CO,, while the
equivalent drop was around 70-90 °C in 100% CO,. This indicates
that carbonation was able to proceed at a substantial rate for longer
in 30% CO, despite the slower kinetics at lower temperature and the
lower CO, concentration. The faster decay in carbonation rates in the
100% CO, atmosphere, despite the higher temperatures to facilitate
faster kinetics, may therefore have been caused by hindrances that
arose during the relatively rapid carbonation; e.g., the formation of an
enveloping carbonate layer or pore blockages, both of which can hinder
the diffusion of CO, towards unreacted CaO [15,30]. For S1 and S2,
the decays of carbonation rates were more similar regardless whether
carbonation was in 30% or 100% CO,. The decrease in temperature be-
tween the onset of carbonation and until the carbonation rate dropped
to 1 wt%/min was around 90-110 °C in 30% CO,, while the equivalent
drop was around 100-120 °C in 100% CO,. Accordingly, the growth
of hindrances against carbonation in 100% CO, were lower for these
quicklimes.

3.3. Microstructures of quicklimes and carbonated quicklimes

Fig. 8 shows the microstructures of the quicklimes and a selection
of carbonated quicklimes, as characterised using SEM. The carbonated
samples selected for analysis were from the cases with the lowest and
highest final extents of carbonation; i.e., 1.0C-0.3C and 0.3C-1.0C, re-
spectively. At the magnification/resolution level of the presented SEM-
BSE analyses, a number of notable differences between the samples
were observed.

The microstructures of the quicklimes produced from each lime-
stone type, as represented by the samples from the 0.3C-1.0N and
1.0C-1.0N cases, showed similarities between each pair. M1 and M2
contained relatively small pores that did not appear to be significantly
affected by the calcination atmosphere (cf. Fig. 8(a) vs. 8(i), and Fig.
8(b) vs. 8(j)). On the other hand, S1 and S2 possessed larger pores
that were also significantly larger when calcination occurred in the
100% CO, atmosphere (cf. Fig. 8(c) vs. 8(k), and Fig. 8(d) vs. 8(1)).
A meander-patterned network of relatively thick nodules characterised
S1 and S2. This appears to be consistent with reported pore sizes of
calcined metamorphic limestones being smaller than those of calcined
non-metamorphosed limestones [22,31]. While this suggests that the
calcination atmosphere had a greater impact on the morphology of
sedimentary limestones than that of the metamorphic limestones, this
was not reflected in the difference in final extents of carbonation, where
the difference was larger for M1 and M2, as described earlier.

For M1 and M2, the carbonated samples for the 0.3C-1.0C cases
(Fig. 8(e) and 8(f), respectively) had fewer porous structures than
their respective quicklimes; i.e., the pores in the quicklimes appeared
to have been filled during carbonation. This was also evident in the
carbonated S1 and S2 samples (Fig. 8(g) and 8(h), respectively), and
in the latter case, appearances of larger pores were common. This
suggests that carbonate growth was substantial enough to manifest into
seemingly larger pores, which can occur as a result of uneven carbonate
formations [32].
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The carbonated samples for the 1.0C-0.3C cases also experienced
the same reductions in porosity and pore-filling as compared to their
respective quicklimes. In addition, the carbonated S2 sample (Fig. 8(p))
possessed a thicker and smoother meander-patterned nodular structure
than the non-carbonated quicklime (Fig. 8(1)).

The formation of a critical CaCOj3 layer with a thickness in the order
of 10-100 nm has long been proposed as a reason for the transition of
carbonation from a fast kinetically-controlled process to a slow solid
diffusion-controlled process [15,30,33]. Sun et al. [34] also reported
on the inward growth of CaCO5 during the bulk of carbonation. While
these are not directly contradicted by our results, substantial outwards
growth appears to have occurred in all the carbonated quicklimes,
as evidenced by the filling of pores and thickening of structures in
the quicklimes. This is most discernible in the quicklimes produced
from the sedimentary limestones, especially S2, where the surface
morphologies were significantly altered.

4. Implications and outlook

The carbonation during cooling in atmospheres containing moder-
ate and high levels of CO, was extensive in all the tested quicklimes.
In practice, the feedstock/product sizes used in, e.g., rotary lime and
cement clinker kilns, are usually 5-80 mm [2,35]. It is possible that
pore blockages can cause carbonation to be largely limited to the
readily accessible surfaces, which are smaller relative to the volume of
such particles. This implies that carbonation in an actual kiln cooler
operated under such conditions may not be as extensive as in our
experiments, which used powderised samples. Moreover, calcination is
usually conducted at well above 1300 °C in such kilns, which results
in quicklimes with higher degrees of sintering and less favourable
properties for carbonation. Even so, it is likely that the carbonation
extents of all the quicklimes would be in excess of the acceptable
level in practice (~3 wt%). This is especially contrasted by the lack of
substantial carbonation for the tests conducted in the air atmosphere,
which is used as the coolant industrially. Unless cooling can be carried
out more rapidly, the cooling scheme depicted in Fig. 1(b) would likely
not be feasible, and alternative cooling methods with more intricate
features will need to be investigated.

The differences in carbonation onset temperatures observed in this
study suggest that impurities in the calcite may influence the temper-
ature at which the maximum carbonation rate occurs. The thermal
stability of the quicklimes and the relationship between incorporated
impurities and crystalline coherency within calcite crystals should be
further studied. This can be helpful when optimising cooling profiles
for different quicklimes. The similarities in terms of the carbonation
behaviour and microstructures between the metamorphic and sedimen-
tary limestone pairs also suggest the possibility of behaviours inherent
to each type. This basic geological classification is not commonly
stated in calcination/carbonation studies of limestones and it would
be of interest to investigate whether other limestones of these types
exhibit similar behaviours during these thermal processes [22,31,36].
Such knowledge would also benefit applications where high levels of
carbonation are desirable, e.g., Ca-looping processes.

Limestone feedstocks also often contain significant moisture, which
can affect the calcination and cooling processes. It has been shown
that steam can enhance carbonation during the diffusion-controlled
stage [17,37], although there are conflicting results [38]. It has also
been reported that steam had no catalytic effect during the kinetic-
controlled stage of carbonation [39], which was likely the dominant
regime during the carbonation in this study. It is therefore of interest
to conduct similar cooling experiments in the presence of water vapour
to observe the effects on the different quicklimes.
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(a) M1: 0.3C—1.0N (b) M2: 0.3C—1.0N

(6) M1: 0.3C—1.0C (f) M2: 0.3C—1.0C

(i) M1: 1.0C—1.0N

(i) M2: 1.0C—1.0N

(m) M1: 1.0C—-0.3C (n) M2: 1.0C—0.3C

(d) S2: 0.3C—1.0N

(k) S1: 1.0C—1.0N

(0) S1: 1.0C—-0.3C (p) S2: 1.0C—0.3C

Fig. 8. SEM-BSE images showing the typical microstructures of the quicklimes from limestones calcined in 30% CO, (first row) and subsequent carbonation in 100% CO, (second
row), and; the quicklimes from limestones calcined in 100% CO, (third row) and subsequent carbonation in 30% CO, (fourth row). The scale is identical in all images.

5. Conclusions

Two metamorphic and two sedimentary limestones were calcined in
atmospheres containing ~30% and ~100% CO,, and the carbonation
behaviours of the produced quicklimes were studied during cooling in
these atmospheres. The final carbonation extents varied between 20%
and 50%, and the carbonation rates and onset temperatures also dif-
fered between the quicklimes. In microstructural terms, the quicklimes
produced from sedimentary limestones exhibited larger pores among
thicker, meander-patterned nodular structures, particularly following
calcination in the 100% CO, atmosphere. The quicklimes produced
from metamorphic limestones exhibited smaller pores among finer
structures, with no major observed differences caused by the different
atmospheres. Despite this, the carbonation extent differed more for

the quicklimes produced from metamorphic limestones in the different
calcination atmospheres, and their carbonation rates and final extents
were also generally higher. However, the decay in carbonation rate
was more protracted for the quicklimes derived from sedimentary
limestones in 100% CO,. Pore structure filling was observed in all the
carbonated quicklimes, especially for the quicklimes derived from sed-
imentary limestones, where carbonate growth also significantly altered
the surface morphologies.
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