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Abstract Phase and morphology evolution of CaCOj
precipitated during carbonation of lime pastes via the reac-
tion Ca(OH), + CO, — CaCO3; + H,O has been investi-
gated under different conditions (pCO, ~ 107 atm at
60 % RH and 93 % RH; pCO, = 1 atm at 93 % RH) using
XRD, FTIR, TGA, and SEM. Simulations of the pore solu-
tion chemistry for different stages and conditions of car-
bonation were performed using the PHREEQC code to
investigate the evolution of the chemistry of the system.
Results indicate initial precipitation of amorphous calcium
carbonate (ACC) which in turn transforms into scalenohe-
dral calcite under excess Ca>" ions. Because of their polar
character, {2134} scalenohedral faces (type S) interact more
strongly with excess Ca>* than non-polar {1014} rhombo-
hedral faces (type F), an effect that ultimately favors the
stabilization of {2134} faces. Following the full consump-
tion of Ca®" ions and further dissolution of CO, leading to a
pH drop of the pore solution, {2134} scalenohedra are sub-
jected to dissolution. This eventually results in re-precipi-
tation of {1014} rhombohedra at close-to-neutral pH. This
crystallization sequence progresses through the carbonated
depth with a strong dependence on the degree of exposure to
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CO,, which is controlled by the carbonated pore structure
governing the diffusion of CO,. Both the carbonation pro-
cess and the scalenohedral-to-rhombohedral transformation
are kinetically favored under high RH and high pCO,.
Supersaturation plays a critical role on the nucleation density
and size of CaCOj crystals. These results have important
implications in understanding the behavior of ancient and
modern lime mortars for applications in architectural heri-
tage conservation.

Introduction

The reaction between CO, and Ca(OH), in an aqueous
medium, the so-called carbonation, results in the formation
of CaCOs [1, 2]. Carbonation is performed industrially by
bubbling CO, through a slaked lime slurry (i.e., Ca(OH),
aqueous suspension) and results in the formation of pre-
cipitated calcium carbonate (PCC) which is used as a filler
in industrial products [3-9]. Carbonation is also crucial in
the setting of traditional lime mortars that have been used
as a building material since the advent of pyrotechnology
ca. 12000 years ago [10-22]. It is also of importance in the
long-term durability of concrete, where Ca(OH),, i.e.,
portlandite, is one of the major phases formed during
cement hydration [23-26].

Industrial PCC production aims at controlling the phase,
morphology, and physical properties (i.e., particle size,
aspect ratio, and specific surface area) by adjusting the
reactants concentration (i.e., supersaturation) and [Ca2+]/
[CO32_] ratio, and/or using additives [4-9]. Conversely,
carbonation of lime mortars is a natural process that involves
the reaction between CO, in the atmosphere and Ca(OH),
(i-e., hydrated and/or slaked lime) in the pore water of the
mortar [10, 11]. The setting of traditional lime mortars starts
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with an initial step of drying and shrinkage, and is followed
by the carbonation reaction which proceeds from the surface
into the pore system following several steps: (i) diffusion of
gaseous CO, through the open pores, (ii) dissolution of
Ca(OH), in the pore water releasing Ca®* and OH™ ions,
(iii) absorption and dissolution of CO, in the alkaline pore
water forming carbonic acid (H,CO3), (iv) its dissociation
as bicarbonate (HCO;™) and carbonate (CO;>7) ions,
(v) reaction between Ca’" and CO5>~ ions forming CaCO;
through nucleation and subsequent crystal growth [10]. All
these processes are interrelated and altering the kinetics of
one process influences the others. The overall reaction of
lime carbonation can be synthesized as follows [10]:

Ca(OH),(s) + CO,(g) — CaCOs(s) + HyO(aq)
+ 74 kJ/mol (1)

The pore structure and the pore water content play an
important role in the progress of carbonation in lime
mortars by controlling the rate of CO, diffusion and the
reactants dissolution and concentration, as well as the
pore solution supersaturation [11, 17, 26-28]. The
supersaturation, in turn, determines the nucleation and
growth rates of CaCO3 which acts as a binding agent due to
its interconnected microstructure [20].

CaCOs; crystallizes as three polymorphs, calcite, aragonite,
and vaterite, depending on the reaction conditions (i.e., pH, T
and supersaturation), and the presence of impurities or addi-
tives [29, 30]. Calcite is the most stable phase at ambient 7and
P, and typically displays the {1014} rhombohedral habit.
However, {2134} and {2131} scalenohedra, {0112} acute
rhombohedron, {1010} prism, and {0001} tabular habits are
also observed in nature. In fact, natural calcite is extremely
rich in forms and habits, the number of forms exceeding 620
[31]. Aragonite, which typically appears as prisms or needle-
like crystals, and vaterite, which tends to form polycrystalline
spherulites, are metastable phases and, especially the latter,
may play arole as a precursor in calcite formation (Ostwald’s
rule of stages). Apart from these three polymorphs, metastable
amorphous calcium carbonate (ACC) appears as a hydrated
transient phase during the initial stages of carbonation at high
reactant concentrations [9, 32, 33]. This amorphous phase,
which typically appears as small spheres less than 1 pm in
diameter, transforms into calcite as the reaction progresses
[8, 32]. Some authors suggest that this transformation pro-
ceeds via coupled dissolution/precipitation (mass transport)
[34, 35], while others have pointed to a solid-state transfor-
mation following dehydration at room 7 [36].

CaCOj; precipitation appears to be dependent on the
properties of portlandite crystals and on the carbonation
conditions (i.e., pore water content, pH and speciation,
degree of supersaturation, and ion activity). The role of
carbonation conditions on industrially produced PCC have
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been thoroughly studied with the aim of tailoring PCC yield,
particle size and morphology, as well as degree of agglom-
eration [4-9]. The effects of portlandite crystal size, surface
area, and habit on the carbonation of lime mortars have been
studied mostly from a kinetic and physical-mechanical point
of view [12, 13, 19, 22]. However, little research has focused
on the study of the phase, morphology, and microstructure of
CaCOs precipitated during the carbonation of Ca(OH), in
mortars. Rodriguez-Navarro et al. [22] have shown that ACC
is a transient (precursor) phase during lime mortar carbon-
ation. These authors and Cultrone et al. [16] mentioned
the precipitation of scalenohedral calcite crystals, i.e., the
so-called dogtooth spar [37, 38] during normal (in air) and
accelerated (in 100 % CO, atmosphere) carbonation of lime
mortars, respectively. De Silva et al. [39] reported the pre-
cipitation of rhombohedral calcite crystals in compacted
lime binders carbonated in CO, atmosphere for 6 h. San-
chez-Moral et al. [15] pointed to the influence of 7' on the size
of calcite crystals formed in carbonated lime-based mortars.
These studies, however, did not offer a complete picture of
the evolution of CaCOj3 phase and morphology as the car-
bonation front proceeds from the surface into the mortar.
Moreover, they offered no mechanistic interpretation
regarding the observed variations in CaCO; phase and
morphology. It should be noted that the physical and
mechanical properties of lime mortars largely depend on the
phase and textural/microstructural features of the newly
formed CaCOj; and its evolution as carbonation progresses
[20, 22]. Therefore, the study of the phase and morphology
evolution of CaCOj in lime mortars will be crucial for the
evaluation of the behavior of these mortars that are gaining a
prominent status as compatible materials in the conservation
of the built heritage [12, 19, 21, 22].

The influence of physical properties (particle size and
surface area) of portlandite on the phase, size, and mor-
phology evolution of CaCO5; has been discussed in an
earlier study in which variations in the phase and mor-
phology CaCOs along the carbonation depth profile have
been established [40]. This article will further focus on the
influence of CO, concentration and relative humidity (RH)
which control the pore-water content and evaporation rate,
on the formation of CaCOj; on the exposed surface and
along the depth profiles of the carbonated lime paste. The
aim is to elucidate the mechanism responsible for observed
variations in the phase and morphology of CaCOs.

Experimental program

Materials

A commercial lime hydrate, i.e., dry Ca(OH), powder, was
used. This lime powder is characterized as high-calcium
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lime (>90 % Ca(OH),) with traces of CaCOj at 5 % by
mass. Its particle-size distribution, measured by laser
scattering technique with a Malvern Mastersizer using
ethanol as a dispersion agent, is in the range of <100 pm
with a mean diameter of 6.2 pum. This lime has a high BET-
specific surface area (Sggr = 36.2 m2/g), determined using
Micromeritics Gemini 2360 Surface Area Analyzer, due to
the abundance of primary particles with size <100 nm.

Sample preparation

Lime paste was prepared by mixing hydrated lime powder
with distilled water to reach 0.37 solid mass ratio. The lime
paste was thinly (<1 mm) smeared with a spatula over a
sample cup to form a disk of 2 cm in diameter. Such a flat
geometry was selected to minimize the diffusion path of
CO, through the sample thickness, and to insure the 1-D
advancement of the carbonation reaction front, i.e., from
the exposed upper surface down through the sample depth.

Carbonation

Carbonation in air was carried out under atmospheric
conditions (i.e., 20 °C; pCO, ~ 10733 atm, i.e., the stan-
dard concentration of CO, in air), and under dry (60 % RH)
and moist (93 % RH) conditions. Accelerated carbonation
was carried out using gaseous CO, at 100 % volume
concentration (pCO, = 1 atm) under moist conditions
(20 °C, 93 % RH). No attempt was done to perform
accelerated carbonation under dry conditions because the
heat evolved during such a fast reaction fully dries the lime
paste and hampers its carbonation [10]. Carbonation was
carried out in a RH-controlled chamber where either air or
CO; at the desired concentration was introduced. Samples
were exposed to carbonation in air for up to 60 days, while
the accelerated carbonation in CO, atmosphere lasted for
24 h.

Characterization

Precipitated CaCO3; was characterized on a powder X-ray
diffractometer (XRD; Philips Analytical) with CuKo radi-
ation generated at 45 kV and 30 mA, 10 and 70° 20
measuring range, 0.02° 20 step size and 1.25 s/step
counting time. Fourier transform infrared spectroscopy
(FTIR) analyses were also performed to identify CaCOj;
polymorphs. The analysis was carried out using a Perkin
Elmer 1725x spectrometer in the frequency range
400-4000 cm™" with 128 scans/sample and 4.0 cm™" res-
olution. The degree of carbonation was determined by
thermogravimetric analysis (TGA) using a Netzsch STA
409 PC DSC-TGA system in static N, atmosphere at a
T range of 20-1000 °C and at a controlled heating rate of

10 °C/min. The morphology of CaCOj; precipitated on the
exposed surfaces and along freshly broken cross-sections
(i.e., depth profiles) was investigated using a Philips XL
30S FEG scanning electron microscope (SEM) after coat-
ing the samples with gold. To avoid any artifacts resulting
from fast diffusion of CO, within drying cracks (which
were observed in samples carbonated in air at 60 % RH),
samples were collected from crack-free areas.

Modeling of the pore solution chemistry

Calculation of the lime paste pore solution chemical evolu-
tion, speciation, and saturation index SI (SI = log Q = log
(IAP/Ks); where Q is the saturation state of the system, IAP is
the ion activity product and Kj is the thermodynamic solu-
bility product of the relevant phase) with respect to the dif-
ferent CaCO5; phases formed during carbonation was
performed using the PHREEQC code, which calculates ion
activity coefficients using the extended Debye—Hiickel
equations [41]. In the CaCO;-H,O-CO, system, the
PRHEEQC code uses standard equation describing the dif-
ferent equilibria among the components (both ions in solu-
tion as well as solid precipitates). Phases considered (and K
at STP) are portlandite (log K, = —5.19), calcite
(log K = —8.48), and ACC (log K; = —6.40) [42].

Results
Phase analysis
Irrespective of the carbonation conditions, calcite is the

only finally formed CaCOj3; polymorph identified by XRD
(Fig. 1). The presence of uncarbonated portlandite is only
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Fig. 1 XRD pattern of the lime hydrate powder (a) and the
corresponding lime paste carbonated in air (pCO, &~ 107> atm) at
60 % RH (b), in air at 93 % RH (c), and in a CO, atmosphere
(pCO, = 1 atm) at 93 % RH (d). P portlandite, C calcite
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evident in samples subjected to carbonation in air at 60 %
RH. These results have been confirmed by FTIR analyses
(Fig. 2) showing the characteristic bands of calcite at
711 em™" (vy; in-plane bending) and 873 cm™! (vo: O-C-0
out-of-plane bending) [43, 44]. The strong band at
~1423 cm™! (v3; asymmetric stretch) and the weak band at
~2508 cm™!' (2v5 + vy) correspond to CO;>~ ions. The
strong O-H stretching band at ~3640 cm™" and the H-O-H
bending vibration at ~ 1617 cm™" are due to the presence of
Ca(OH), which is only present in lime hydrate and lime
samples carbonated in air at 60 % RH (Fig. 2a—). In
agreement with the XRD analyses, aragonite (~ 854 and
~ 1082 cmfl) and vaterite (~745, ~876, ~ 1085, and
~ 1600 cm_l) [43, 45] are not observed in the FTIR spectra
of the carbonated limes. Interestingly, these spectra show the
presence of a broad and/or split band centered at 1423 cm™",
which is particularly broad in the case of the lime paste
carbonated in CO, atmosphere (Fig. 2e). Such a broad/split

3640 m'(e)
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Fig. 2 FTIR spectra of the lime hydrate powder (a) and the
corresponding lime paste carbonated in air (pCO, ~ 107> atm) at
60 % RH for 24 h (b) and for 60 days (c), in air at 93 % RH for
60 days (d), and in a CO, atmosphere (pCO, = 1 atm) at 93 % RH
for 24 h (e)
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v absorption peak is a typical IR feature of ACC [46], and
indicates a lack of symmetry in the environment around the
CO327 ions [47]. The presence of the characteristic ACC
absorption band at ~ 1074 cm™ !, which is attributed to the
symmetric C-O stretch (v;) in non-centrosymmetric struc-
tures [48], is observed in all carbonated lime pastes. This v,
band is rather distinctive of ACC [46, 49] and also appears
in non-centrosymmetric aragonite and vaterite. Due to its
centrosymmetric structure, the band at ~ 1076 cm~! of
calcite is not observed using FTIR; however, such a band
can be observed using Raman [47, 50]. FTIR bands corre-
sponding to ACC are stronger in early stages of carbonation
(24 h in air at 60 % RH) and after carbonation in CO,
atmosphere (Fig. 2b, e). Note also that the characteristic
bands of ACC are already present in the original hydrated
lime sample where some CaCOj; is already present due to
early carbonation during handling and storage.

TGA plots in Fig. 3 enable the quantification of port-
landite (weight loss due to dehydroxylation at 350-450 °C)
and CaCO; (weight loss associated to decarbonation at
650-850 °C) in lime samples carbonated under different
conditions. In agreement with the XRD and FTIR results,
portlandite is present at 49 wt% in the sample carbonated
for 24 h in air at 60 % RH (Fig. 3a). With further car-
bonation up to 60 days under same conditions, the degree
of conversion increases with residual portlandite fraction of
15.6 wt% (Fig. 3b). On the other hand, carbonation in air
at 93 % RH up to 60 days has led to complete conversion
of portlandite into CaCO; (Fig. 3c). This confirms the
crucial role of water playing in the carbonation reaction of
lime, and is in agreement with macroscale tests [10, 11, 17,
28] as well as nanoscale observations [51, 52]. A nearly
complete conversion was achieved after carbonation in
CO; atmosphere (Fig. 3d). In agreement with FTIR results,
TGA plots show weight loss shoulders between ~90 and
~ 165 °C, which are associated to the release of water
present in ACC and a shoulder at ~241 °C corresponding
to the transformation of metastable ACC into stable CaCOs
[53, 54]. These particular shoulders are most evident in the
lime sample subjected to carbonation in CO, atmosphere
(Fig. 3d).

Morphology of CaCO;3
Carbonation in air at 60 % RH

SEM observations during early stages (24 h) of carbon-
ation show the precipitation of scalenohedral calcite crys-
tals on the exposed surface (Fig. 4a). These crystals
typically grow from the {0001} basal surface and, to a
limited extent, from {1010} and {1120} prism faces of
portlandite crystals, which display highly porous and
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Fig. 3 TGA of lime pastes carbonated under different conditions:
apCO, ~ 107> atm at 60 % RH for 24 h; b pCO, ~ 107> atm at
60 % RH for 60 days; ¢ pCO, ~ 107> atm at 93 % RH for 60 days;
d pCO, = 1 atm at 93 % RH for 24 h

corroded surfaces indicative of dissolution (Fig. 4a). In the
depth profile, abundant portlandite crystals and localized
scalenohedral calcite crystals are observed. Interestingly,
some plate-like portlandite crystals show nanometer-sized

Fig. 4 SEM photomicrographs of lime paste after carbonation in air
at 60 % RH for 24 h: a exposed surface with scalenohedral calcite
crystals (Csc) growing from the surface and from the edges of plate-
like portlandite crystals (P); b ACC on the {1010} and {1120} prism
faces and ¢ on the basal {0001} face of portlandite crystals in the
depth profile

spherules on {1010} and {1120} prism faces (Fig. 4b) and
rough {0001} surfaces (Fig. 4c). Such surface features
have been observed at the nanoscale using atomic force
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microscope (AFM) and corresponds to the early precipi-
tation of spherulitic CaCO;5 [51]. This spherulitic mor-
phology has been associated to the formation of ACC
[9, 32, 33].

Further carbonation until 60 days at 60 % RH resulted
in full precipitation of micrometer-sized scalenohedral
calcite crystals on the exposed surface (Fig. 5a). This
scalenohedral calcite grows over the portlandite crystals
along the depth profile (Fig. 5b, c). As in the case of the
lime paste carbonated for 24 h, spherulitic morphologies
suggesting the presence of ACC are observed on the
portlandite faces in the depth profile (Fig. 5d). These
spherulites tend to form chain-like aggregates, similar to
the so-called chain-like calcite aggregates observed by
Garcia-Carmona et al. [32] in carbonated lime slurries. The
authors indicate that such a morphology results from the
transformation of ACC nanoparticles, aggregated on the
portlandite basal faces, into calcite. Such a transformation
is consistent with the FTIR spectra showing a sharpening
of the band at 1423 cm™' as carbonation time increased
from 24 h to 60 days (Fig. 2b, c).

The basal {0001} faces of the uncarbonated and par-
tially carbonated portlandite crystals in the depth profile
display triangular-shaped ridges or pyramids that are

typical growth features of portlandite (Fig. Sc) [55]. The
surface of both pyramidal/triangular ridges and the basal
faces of the portlandite crystals are rough and porous.
These observations point toward an initial transformation
into CaCO; via a coupled dissolution/precipitation
process, which may eventually lead to a pseudomorphic
replacement.

Carbonation in air at 93 % RH

After 60 days of exposure to carbonation in air at 93 %
RH, calcite crystals formed on the surface are nanometer-
sized rhombohedra (Fig. 6a). Such a crystal habit is dif-
ferent from the well-formed scalenohedra precipitated at
60 % RH in Fig. 5a. Interestingly, scaleno-rhombohedral
crystals at a depth of 20 um (Fig. 6b) and scalenohedra
with corroded/cracked surfaces at the deepest part of
~400 um are observed along the sample depth profile
(Fig. 6¢).

Carbonation in CO, atmosphere

Micrometer-sized calcite rhombohedra formed on the
sample surface directly exposed to the CO, atmosphere

Fig. 5 SEM photomicrographs of the depth profile after carbonation
in air at 60 % RH for 60 days: a scalenohedral calcite crystals on the
sample surface; b scalenohedral calcite crystals (Csc) growing over a
portlandite crystal (P) in a section normal to the surface; ¢ scaleno-
hedral calcite crystals growing from the surface and from the edges of
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plate-like portlandite crystals (P) showing pyramidal/triangular ridges
on their basal faces at ~20 um depth; d nanometer-sized calcite
spherulites forming chains (chain-like nanocalcite) on the faces of a
portlandite crystal (~340 um depth)
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Fig. 6 SEM photomicrograph of a nanometer-sized rhombohedra at
the exposed surface; b scaleno-rhombohedral crystals at a depth of
~20 um; ¢ scalenohedra with corroded/cracked surfaces at
the deepest part of ~400 um after 2-month carbonation in air at
93 % RH

(Fig. 7a). Some rhombohedra showed a hopper morphol-
ogy, similar to that observed by Tai and Chen [56] fol-
lowing calcite crystallization at room 7, pH 11, and a
relatively high supersaturation (SI = 1.9). The high-surface

area and reactivity of the lime hydrate seem to favor the
formation of calcite at a high supersaturation resulting in
hopper crystals [57].

Micrometer-sized rhombohedra formed a 1-2 um thick
surface layer (Fig. 7b). Beneath this surface layer, nano-
meter-sized rhombohedra forming compact aggregates
with stair-case morphology are observed to a depth of
~50 um (Fig. 7b, c). This second layer is followed by a
transition zone from nanometer-sized rhombohedra to
nanometer-sized scalenohedra. In the deepest part, only
scalenohedral calcite with cracked/corroded surfaces are
present (Fig. 7d).

Evolution of the pore solution chemistry

To gain an insight on the evolution of the pore-solution
chemistry as carbonation progressed, different simulations
were performed using PHREEQC. Simulation 1 considered
the case of carbonation in air (pCO, = 1073 atm) and in
a CO, atmosphere (pCO, = 1 atm) under excess Ca(OH),
maintaining the pH at 12.4 (i.e., the pH of a saturated
Ca(OH), solution). Simulation 1 thus corresponded to the
early stages of the carbonation process. Simulation 2
focused on the analysis of the saturated Ca(OH), solution
exposed to air and CO, atmosphere, once full consumption
of solid Ca(OH), had occurred. This simulation thus rep-
resented the final stage of the carbonation reaction. Simu-
lation 3 evaluated the evolution of the chemistry of the
pore water in contact with newly formed calcite crystals
and exposed to air and to CO, atmosphere. This last sim-
ulation strived to show that the chemistry of the system
continued to evolve once full carbonation had occurred. In
other words, this simulation aimed at explaining why
corroded scalenohedral calcite crystals appeared, and why
rhombohedral calcite crystals typically appeared at the
upper part of the samples.

Table 1 shows the pH, activities of Ca** and CO32_,
[Ca2+]/ [CO32_] activity ratio, and SI with respect to calcite
and ACC calculated for each simulation. In simulation 1
the system is supersaturated with respect to the two solid
phases. SI values with respect to ACC (SIacc) and calcite
(SIcarcite) are slightly higher in a CO, atmosphere. It has
been shown that under similar SI . Values, growth rates
are higher at higher pCO, [58]. This is in agreement with
the nearly full carbonation reached in our experiments after
24 h exposure to a CO, atmosphere. The biggest difference
in speciation between the solution equilibrated with
pCO, = 107> atm and that equilibrated with pCO, = 1
atm refers to the higher [Ca2+]/[CO32*] ratio in the former
case. Note that irrespectively of the type of atmosphere,
[Ca2+]/[CO32_] ratios are always higher than 1 due to the
excess Ca”" ions present in the pore solution.
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Fig. 7 Variation in calcite crystals morphology along a depth profile
after carbonation in CO, atmosphere at 93 % RH: a micrometer-sized
rhombohedra at the surface; b nanometer-sized rhombohedra (stair-
case morphology) beneath the surface; ¢ transition zone from

Simulation 2 shows that in the case of the solution
exposed to air, the pH drops from 12.4 to 9.4, while in the
case of a CO, atmosphere, the pH drops to 6.3. Such cal-
culated pH drops are consistent with experimental obser-
vations during carbonation [59, 60]. These final conditions
lead to contrasting SI values. The solution exposed to air
shows a SI > 0 (i.e., the solution is supersaturated) with
respect to all solid phases considered. Conversely, the
solution exposed to a CO, atmosphere is slightly supersat-
urated with respect to calcite, but undersaturated with
respect to ACC. The latter means that CaCO; formed as
ACC during the initial stages of carbonation should dis-
solve, and eventually re-precipitate as calcite. This con-
tributes to explaining why little ACC was observed once
carbonation was completed upon exposure to a CO, atmo-
sphere. Simulation 2 also shows that the [Ca2+]/[CO32_]
ratio increased by a factor of ca. 750 in the solution equil-
ibrated with a CO, atmosphere if compared with the solu-
tion equilibrated with air. This is mainly due to a shift in the
carbonate/bicarbonate equilibrium as the pH drops.

Simulation 3 shows that exposure of the pore water in
contact with calcite to air has resulted in SI values slightly
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rhombohedral to scalenohedral morphology (~50 um depth); d sca-
lenohedral calcite crystals with cracked/corroded surface features at
the bottom of the sample (~ 600 pm depth)

<0 for all phases considered. In this case, the pH has
dropped to 7.7. The level of undersaturation is much higher
at pCO, = 1 atm, because the pH has dropped to 4.3. This
simulation clearly shows that once carbonation is com-
pleted, further exposure to air or CO, atmosphere will lead
to the dissolution of newly formed CaCO; in order to
neutralize the pore solution. Considering that the kinetics
of dissolution of calcite is highly pH-dependent [61] it is
expected that a faster and more complete dissolution will
take place in a CO, atmosphere once carbonation is com-
plete, provided that pore water is still available. Such a
dissolution effect will eventually revert to a re-growth
process once the pH rises and sufficient Ca®>" and CO5>~
ions are present in the solution. New calcite crystals will
then precipitate and/or the remaining calcite crystals will
re-grow with a morphology in equilibrium with the new
pore-solution chemistry (i.e., a pH lower than the original
pH 12.4 existing at the initial stages of carbonation). The
calculated equilibrium pH values for solutions exposed to
air and CO, atmosphere, once saturation is reached with
respect to calcite (Slegcie = 0), are 9.8 and 6.1,
respectively.
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Table 1 PHREEQC simulations of the evolution of pore solution chemistry under different carbonation conditions

Simulation 1 Simulation 2 Simulation 3
pCO, (atm) 10733 1 10733 1 10733 1
Final pH 12.4 12.4 9.387 6.306 7.696 4.284
[Ca>"] (mM) 8.37 9.75 478 7.5 0.11 0.11
[CO5>7] (mM) 1.71 4.00 1.34 0.003 5.55 x 107* 2.63 x 1077
[Ca®*)/[CO5>7] 4.89 2.44 3.58 2.68 x 10° 2.02 x 10? 424 x 10°
Slatcite 3.64 4.07 3.29 0.83 —1.73 —5.05
SIacc 1.56 1.99 1.21 —1.26 —3.81 —7.13

An additional experiment was performed to evaluate the
validity of the third simulation: calcite scalenohedra was
exposed to a 100 % CO, atmosphere at 93 % RH for 24 h.
A drastic morphology change was observed from scale-
nohedra to scalenohedra showing corroded surface features
(Fig. 8a) and their transformation to aggregates of compact

Fig. 8 SEM photomicrographs of scalenohedral calcite crystals after
exposure to 100 % CO, atmosphere at 93 % RH: a scalenohedra
showing corroded surface features; b their transformation (via a
dissolution/precipitation process) into nanometer-sized rhombohedra
with stair-case morphology

nanometer-sized rhomboedral calcite crystals with stair-
case habit, similar to that observed in Fig. 7b, c (Fig. 8b).

Discussion
Phase evolution

Earlier studies have shown that the crystallization of
CaCO;s; in solution typically follows the Ostwald’s step rule
[62]. In the absence of additives and at room 7, ACC ini-
tially precipitates and readily transforms into vaterite and/
or calcite [63-67]. The presence of metastable phases
preceding the crystallization of calcite is favored by high-
supersaturation conditions [65]. High pCO, and alkaline
pH (8.5-10.5) favor the formation of vaterite, which may
eventually transform into stable calcite [56, 68—70]. Con-
versely, at room 7 and low pCO,, pH close to neutrality as
well as pH > 11 favor the development of calcite crystals
[56, 71, 72]. Under the typical high-pH conditions existing
during the carbonation of lime pastes, vaterite formation
does not seem to be favored. This may be due to the fact
that this pH is much higher than 8.5-10.5 which favors the
formation of vaterite [56]. It has also been suggested that
excess [Ca*] favors the rapid transformation of vaterite
into calcite [59, 73]. Thus, it is plausible that vaterite
formed initially and rapidly transformed into calcite in our
carbonation experiments due to the high [Ca2+]/[CO327]
ratios. However, this is not fully consistent with our FTIR
and XRD results showing no vaterite at early and later
stages of the carbonation. It is also inconsistent with our
observation of spherical nanocrystals and aggregates of
ACC formed on the surface of plate-like portlandite crys-
tals. Our results indicate that ACC is the first CaCO5 phase
formed in the system as spherical (or hemispherical)
nanoparticles which typically precipitate heterogeneously
on Ca(OH), plates [51]. Following ACC precipitation, the
solution supersaturation drops to the solubility of this
amorphous phase, and, eventually, this newly formed
unstable phase dissolves. Under these conditions the solu-
tion will be supersaturated with respect to less soluble
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calcite [73]. As a result, calcite will nucleate and grow at
the expenses of dissolving ACC. Interestingly, the chain-
like aggregates of calcite nanocrystals observed in partially
carbonated lime paste in Fig. 5d suggest that in some cases
the conversion of ACC to calcite can be a coupled dis-
solution/precipitation  reaction (i.e., pseudomorphic
replacement) where morphological aspects of the replaced
phase can be preserved in the product phase [74].
Following the formation of calcite after ACC, further
dissolution of Ca(OH), and CO, in the pore water will lead
to further calcite growth under high-pH conditions (simu-
lation 1). Once all Ca(OH), is consumed (simulation 2), the
supply of Ca** and OH™ will be discontinued. This in turn
will result in a pH drop as CO, continues to dissolve into
the pore water, thus reducing the amount of CO5>~ and
increasing the amount of HCO;  until a point where
growth of calcite should stop. As CO, continues to be
dissolved in the pore water, the pH will be further reduced
and undersaturation with respect to calcite will occur
(simulation 3). Dissolution of calcite will thus take place
until the pH raises and the concentration of Ca®' and
CO5”™ in the pore-water reaches the solubility product of
calcite. Eventually, precipitation of newly formed calcite
crystals and/or re-growth of the remaining (partially cor-
roded/dissolved) calcite crystals in the pore walls will
occur. The dissolution of calcite is strongly dependent on
pCO, as shown by simulation 3, where final undersatura-
tions of —1.73 (pH 7.69) and -5.05 (pH 4.28) with respect
to calcite are reached in air and CO, atmosphere, respec-
tively (Table 1). Because the dissolution rate of calcite is
proportional to the undersaturation in the system [61],
larger quantities of calcite will be dissolved and at a faster
rate in the case of the lime paste carbonated in a CO,
atmosphere if compared with those carbonated in air.

Morphology evolution of calcite crystals

Earlier studies on CaCOj; produced by carbonation routes
indicate that supersaturation and [Ca2+]/[CO32_] ratio in
the solution have a great influence on the habit and poly-
morph selection [6, 7]. Stoichiometry between Ca’" and
CO;>~ jons appears to favor the development of the
{1014} calcite rhombohedron irrespectively of the super-
saturation during calcite crystallization [6, 71]. Conversely,
non-stoichiometric conditions with [Ca®T)/ [CO32_]>>1
seems to favor the growth of the {2134} scalenohedral
form under high-pH conditions [6-8]. However, Han et al.
[59] report the formation of rhombohedral calcite under
excess of Ca" ions. Note that several researchers [7-9]
refer to the {2134} scalenohedral form as {2131} due to
the inconsistent usage of Miller-Bravais indices in terms of
the hexagonal structural unit cell (a = 5 Aic=17 A) and
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due to the confusion with the hexagonal morphological unit
cell (a =10 ;\; c=285 A), which was traditionally used
to describe calcite twinning, cleavage, and crystal forms
[75].

Garcia-Carmona et al. [7, 8] explain the preferential
development of scalenohedral calcite crystals during car-
bonation of lime slurries. On the one hand, the authors state
that the rate-limiting step in calcite growth is the dehy-
dration of strongly hydrated Ca®" prior to its incorporation
into an active growth site (a kink). Lippman [29] states that
a sufficient supply of CO5” ions should be the most likely
way to overcome this dehydration barrier. In fact, dehy-
dration of metal cations is facilitated by the formation of
ion pairs with carbonate groups. Therefore, the formation
of CaCOj neutral ion pairs at the calcite/solution interface
is considered as a necessary step in calcite growth. This is
in agreement with the recent growth model proposed by
Nilsson and Sternbeck [76] indicating that calcite growth
rate is controlled by the incorporation of CaCO5 at less
abundant >CaCOj3 and >CaHCO; ™" surface sites on {1014}
faces, although the direct incorporation of Ca®' under
special conditions is not ruled out. On the other hand,
Garcia-Carmona et al. [7, 8] suggest that the smaller
Langmurian absorption coefficient of Ca®" (Kcp =
10° cm® mol™") if compared to CO5> Koz =3 %
107 cm?® molfl) does not favor the stoichiometric incor-
poration of these two ions into the {1014} faces of calcite
at [Ca2+]/[CO32‘] ratios equal to unity. Thus, the slow
growth normal to these faces contributes to the develop-
ment of the rhombohedral form. Conversely, at [Ca2+]/
[CO32*] > 1.2 equal amounts of Ca** (as neutral CaCO;
ion pair) and CO5> ions could be incorporated into {1014}
faces, thus favoring their growth and disappearance in the
final calcite morphology which is now the scalenohedral
form [7, 8]. Although this model provides some insights
into the growth of calcite under non-stoichiometric condi-
tions, it shows several shortcomings. For instance, the
authors do not explain why of all possible calcite forms, the
scalenohedron is the one formed during carbonation of
lime slurries by CO, bubbling (i.e., conditions where
[Ca*")/[CO5>7] > 1). Note that Nehrke et al. [77] and Tai
et al. [78] have shown that the growth rate of calcite is
significantly reduced as the growth solution departs from
stoichiometry, while in situ AFM observations by Per-
dikouri et al. [79] show that the rate of step propagation
across {1014} calcite faces is strongly reduced when
[Ca2+]/[CO32*] > 1. These studies demonstrate that the
growth rate of {1014} calcite faces is not increased when
the [Ca®"]/[CO5>7] ratio is higher than unity as suggested
by Garcia-Carmona et al. [7, 8]; actually, the opposite
occurs. Interestingly Perdikouri et al. [79] show that the
morphology of growth hillocks formed on the {1014}
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calcite face changes from the typical rhombohedral
geometry observed at [Ca2+]/[CO32_] ratios close to unity,
to a nearly rounded (polygonal) geometry of the obtuse
[441], and [481], steps at [Ca®T]/[CO5>] ratios higher (or
lower) than one (see Paquette and Reader [80] for a full
description of the different growth steps of {1014} calcite
faces). Note also that these effects are observed at pH > 9.
These results suggest that the stabilization of faces other
than {1014}, for instance the {2134} faces, may occur via
interaction of excess (charged) species (here we also
include OH™) with specific growth steps (obtuse steps). In
this respect, it has been shown that the alteration in the rate
of step propagation along specific directions has a direct
impact on the morphology of macroscopic crystals [81].
We suggest that under the typical high-pH conditions
existing at the early stages of calcite growth during car-
bonation of lime pastes, excess Ca®" ions can be adsorbed
at the obtuse [441], and [481], steps of {1014} calcite
faces. Such an adsorption has been proved by Cicerone
et al. [82]. The authors observe that: (i) Ca** and CO32‘ are
the only potential determining ions in the case of calcite;
and (ii) under excess Ca>", the zeta potential is positive at
pH > 8.5 (i.e., the isoelectric point of calcite in a saturated
solution). This latter result demonstrates that excess Ca’™
can in fact be adsorbed on the calcite surface. Such a metal
adsorption can be fostered by the presence of abundant
OH"™ that are strongly hydrated and, hence, can compete
for water molecules in the inner sphere hydration shell of
Ca’t ions, as it has been described for the case of KCI
crystallization at high pH [83]. The presence of abundant
OH™ at high pH will favor the dehydration of Ca®" ions
and, in turn, their direct adsorption and incorporation at the
calcite surface [76].

However, the following question remains unanswered:
Why of all possible faces, scalenohedral faces are the ones
present in the final growth morphology? There are two
plausible, not mutually excluding, explanations. First, one
should consider that according to the Hartman and Perdock
[84] periodic bond chain (PBC) theory, the faces of a
crystal can be classified into three types: (i) F or flat faces,
which include at least two PBCs. They grow according to a
layer mechanism and growth steps are parallel to PBC
directions. F faces are the most stable (less energetic) and
typically appear in the growth form of a crystal; (ii) S or
stepped faces, which include only one PBC and are less
stable than F faces; and (iii) K or kinked faces, which do
not contain any PBCs. They grow continuously and do not
tend to appear in the growth form of a crystal. The calcite
cleavage rhombohedral {1014} faces are F faces, while the
{2134} scalenohedral faces are S faces [72]. The latter
faces should not develop as habit-controlling forms [85].
However, if the layer-by-layer growth of {1014} faces is

hampered by excess Ca®" adsorption at [441], and [481]
obtuse steps, the next most stable faces would be the S
faces, that is, the {2134} scalenohedral faces. These latter
faces can therefore be present in the final calcite growth
morphology. On the other hand, to explain the growth of
the different calcite forms, one needs to consider the polar
or non-polar character of the different calcite faces [86].
The rhombohedral {1014} faces are non-polar because
they include equal amounts of Ca’" and CO;*" ions
(Fig. 9a, b). Conversely, calcite {0001} faces are polar as
they have a dipole moment in the repeating unit perpen-
dicular to the surface (i.e., there is a staking of alternating
layers of Ca®* and CO5>" ions). The scalenohedral {2134}
faces are also polar, thus having alternating layer with a
negative or a positive charge due to the fact that they
include non-stoichiometric amounts of Ca*t and CO;*
ions (Fig. 9¢c, d). As a consequence, excess counter ions,
that is Ca®" (as well as OH ™), will preferentially attach to
these charged faces, poisoning their growth, and leading to
their development in the final growth form. It could be
argued that if an excess ion is present, it should preferen-
tially attach to the highly polar {0001} faces, leading to
tabular calcite crystals. However, Lahann [87] suggests

(a) (1014) (b)
C © «Ca ©
.ﬁ ©—O0 .ﬁa.
C C O

I ® e‘._ C .“.
cl © © o
(©) 3 (d)
(2134) o ®
e0e® ‘e
C (®)
(X R L% ®
© © o
© 0
000 w,
c 0 o
Fig. 9 Structure of calcite (1014) plane (a) and its view along the

[010] direction (b), and the structure of calcite (2134) plane (c), and
its view along [210] (d)
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that the development of calcite crystals elongated along the
c axis is favored under excess Ca”, because the adsorption
of this cation on (0001) planes will render a net positive
charging promoting the incorporation of carbonates and
resulting in an overdevelopment along the ¢ axis. There-
fore, a balance is necessary between surface charging and
adsorption of excess counter ions, which can only take
place in polar faces such as the scalenohedral {2134} faces
where the dipole moment is not as high as in the {0001}
faces. This enables the stabilization of these faces and their
overdevelopment in the final calcite growth morphology.
Owing to the highly polar character of {0001} calcite
faces, their stabilization is only observed following crys-
tallization in the presence of organic molecules with
charged headgroups such as sulphonate [60].

A high supersaturation has been claimed as a kinetic
factor that may contribute to the stabilization of the sca-
lenohedral form during calcite crystallization [85]. How-
ever, while there is a consensus on the fact that
rhombohedral morphologies typically develop at a low
supersaturation, there are contrasting views as to the role of
supersaturation in the development of scalenohedral forms.
Jung et al. [6] indicate that the formation of scalenohedral
or thombohedral faces during carbonation of lime is not
dependent on the supersaturation. Jung et al. [88] also show
that the morphology of calcite crystals is not affected by
supersaturation. Conversely, Gonzalez et al. [89] report
that rhombohedral calcite crystals develop at a low
(0 < SI < 1) or high (1 < SI < 1.3) supersaturation, while
scalenohedral forms develop at a medium/low supersatu-
ration (SI ~ 1). Note that, however, these authors report
observations in a natural environment (calcite formed in a
cave pool) where several effects may affect the morphol-
ogy of precipitates in an unpredicted way. Interestingly,
Tai and Chen [56] show that calcite rhombohedra with
hopper faces develop at pH 11 and a SI of 1.9, while at pH
11.5 and a lower SI of 1.6 scalenohedral and rhombo-
scalenohedral (football-shaped) calcite crystals form. It
follows that supersaturation does not seem to play a critical
role in the development of any specific calcite morphology
during carbonation of lime pastes. Nevertheless, our results
show that the supersaturation plays a critical role on the
nucleation density and size of CaCO; crystals.

For a better understanding of the evolution of phase and
morphology of CaCO; in carbonating lime paste, one
should consider the complex nature of this exothermic
reaction taking place in a porous system in two main steps:
(i) diffusion of the CO, gas into the pore structure of the
paste and (ii) chemical reaction between the dissolved CO,
and Ca(OH),. The presence of water is essential for both
reactants dissolution and the progress of the carbonation
reaction. However water, which is initially present in the
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lime paste and is also released during the carbonation
reaction (see Eq. (1)), will hamper the CO, diffusion within
the porous system as the diffusion rate of CO, in water is a
few orders of magnitude lower than in air. Van Balen [17]
has reported that the CO, diffusion coefficient increases
almost linearly from capillary water content at fresh state,
where the water system is continuous enough to hinder the
diffusion of CO,, toward dry mortar state depending on the
nature of the pore system and RH conditions. Therefore,
the carbonation rate will depend on the drying (evapora-
tion) rate, capillary transport regime and capillary con-
densation [11, 17, 90]. During the early stages the
carbonation reaction only takes place on the surface of the
fresh lime paste due to the strong resistance against CO,
diffusion by the capillary water. This is consistent with
observations of scalenohedral calcite crystals appearing
only at the exposed surface but not in the sample depth
after 24 h of carbonation in air at 60 % RH (Fig. 4). The
chemical reaction will advance from the surface inside the
paste as water evaporates due to drying, which is fostered
by the exothermic nature of the carbonation reaction,
leaving a network of unsaturated pores behind for CO, to
diffuse. Note that evaporation of water is also facilitated by
the hydrophobic character of CaCOj crystals, implying that
water will tend to leave the reaction site once CaCO;
precipitates even at high-RH conditions [20, 52]. There-
fore, evaporation of the pore water takes place during the
carbonation of the lime paste, the rate of which depends on
RH and T conditions and on the characteristics of the pore
network. Evaporation occurs much faster at 60 than at
93 % RH; thus, a faster evaporation rate in the former
conditions has led to the observed incomplete conversion
of portlandite (Figs. 1b, 2c, and 3b). This evaporation
behavior will induce two phenomena that might play a role
in the phase and morphology evolution of CaCOs. The first
one is the development of shrinkage microcracks due to the
fast evaporation during carbonation of the lime paste at
60 % RH. This implies that CO, can diffuse into the
structure through these microcracks without following
the 1-D advancing reaction front. This probably influenced
the overall carbonation reaction kinetics which is not the
scope of this study. Conversely, crack formation has a
negligible effect on the phase and morphology of CaCOj.
Calcite crystals precipitating both at the surface and in the
sample depth profile at 60 % RH (carbonation in air) show
the same scalenohedral morphology (Fig. 5). Since
shrinkage microcracks were not observed in the lime pastes
carbonated at 93 % RH in air and in CO, atmosphere, we
can rely on the 1-D diffusion path of CO, from the surface
into the structure in these two cases.

The second phenomenon induced by the evaporation is
the flux of the water vapor from the bottom toward the
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surface of the lime paste. This will influence the amount of
liquid water phase remaining in the depth profile and,
therefore, the amount of dissolved CO, which can reduce
the pH of the pore water once the carbonation reaction is
completed. This last effect is at the core of the observed
phase and morphology variation of calcite. Taking this into
account we can deduce that following the early precipita-
tion of ACC, scalenohedral calcite precipitates at high pH
as the reaction front penetrates within the lime paste. As
CO, continues to diffuse into the structure from the surface
at 93 % RH, which assures the presence of liquid water
phase, less stable and more soluble scalenohedral calcite
will be subjected to dissolution due to the reduced pH. This
will favor the transition from scalenohedral-to-rhombohe-
dral calcite via a dissolution/precipitation process at the
surface and near-to-surface areas which are exposed com-
pletely and for longer periods of time to CO, (Figs. 6a,
7a—c). As a consequence, the less exposed deeper parts
only show scalenohedral calcite with cracked/corroded
surface features due to the CO, diffusion/dissolution con-
trolled mechanism (Fig. 6b, c, 7d). For the same reason,
rhombohedral calcite predominates in samples carbonated
in a CO, atmosphere than in those carbonated in air. These
results clearly suggest that the scalenohedral-to-rhombo-
hedral transformation is kinetically favored under high RH
and high pCO,.

It is well established that lime mortars prepared using
lime with a high surface area develops Liesegang patterns
as periodic layers of precipitated CaCO5 with the initial
precipitation of ACC followed by its transformation into
calcite [3, 22]. The phase, morphological, and textural
evolution of CaCO; observed here may have strong
implications on the Liesegang pattern development in
carbonating lime mortars as compatible materials for the
repair and conservation of historic masonry. In addition,
the fact that forced carbonation, artificially intensified
carbonation process at high pCO,, has significant impacts
on the phase and morphological features of CaCO;3 should
be taken into account when mechanical properties, pore
structure and microstructure of lime mortars and calcium-
silicate systems (such as cement mortar and concrete)
cured under such conditions are investigated. This is par-
ticularly relevant in the case of carbonation of cement
wells during underground CO, injection and sequestration
[91].

Conclusions

RH conditions and pCO, have a significant effect on the
phase, morphology, habit, and size of CaCO; formed
during carbonation of lime paste, as well as in their phase
evolution. Formation of ACC on Ca(OH), crystals occurs

at the initial phase of carbonation, followed by its disso-
lution and re-precipitation as {2134} scalenohedra under
excess Ca®" ions and at high pH. The formation of the non-
equilibrium scalenohedral morphology is explained con-
sidering the role of (excess) Ca®>" and OH™ ions present in
the pore solution in contact with solid Ca(OH), (pH 12.4).
OH™ ions contribute to the dehydration of Ca®" ions thus
favoring their adsorption at the calcite/solution interface.
Owing to their polar character, {2134} faces (type S)
interact more strongly with excess Ca’" than (lowest
energy) non-polar {1014} faces (type F), an effect that
ultimately favors the stabilization of {2134} faces in the
growth morphology of calcite crystals first formed.

Calcite morphology has been found to vary with the
carbonation depth and, therefore, with the exposure time to
CO,, from rhombohedra at the exposed surface (longer
CO, exposure time), scalenohedra with cracked/corroded
surface features along the carbonated depth profile, and
scalenohedra with smooth faces in the deepest part (shorter
CO, exposure time). {2134} scalenohedra transforms into
{1014} rhombohedra via a dissolution/precipitation pro-
cess associated with the pH drop taking place upon
Ca(OH), consumption and further CO, dissolution into the
pore water. Both the carbonation process and the scale-
nohedral-to-rhombohedral transformation are kinetically
favored under high RH and pCO,. Carbonation can also
take place via coupled dissolution/precipitation replace-
ment of Ca(OH), crystals by calcite pseudomorphs. These
results indicate that phase and morphological evolution of
CaCOs may have strong implications in the ultimate per-
formance of lime mortars and other technological pro-
cesses such as CO, sequestration.
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