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a b s t r a c t

In order to gauge the appropriateness of CO2 reaction with Mg chloride solutions as a process for stor-
ing carbon dioxide, the thermal behaviour and structural stability of its solid product, nesquehonite
(MgCO3·3H2O), were investigated in situ using real-time laboratory parallel-beam X-ray powder diffrac-
tion. The results suggest that the nesquehonite structure remains substantially unaffected up to 373 K,
with the exception of a markedly anisotropic thermal expansion acting mainly along the c axis. In the
371–390 K range, the loss of one water molecule results in the nucleation of a phase of probable com-
esquehonite
hermal behaviour
-ray powder diffraction
ietveld method
O2 sequestration

position MgCO3·2H2O, which is characterized by significant structural disorder. At higher temperatures
(423–483 K), both magnesite and MgO·2MgCO3 coexist. Finally, at 603 K, periclase nucleation starts and
the disappearance of carbonate phases is completed at 683 K. Consequently, the structural stability of
nesquehonite at high temperatures suggests that it will remain stable under the temperature conditions
that prevail at the Earth’s surface. These results will help (a) to set constraints on the temperature con-
ditions under which nesquehonite may be safely stored and (b) to develop CO2 sequestration via the

e for
synthesis of nesquehonit

. Introduction

IPCC’s Third Assessment Report [1] states that to stabilize the
O2 concentration between 450 and 750 ppmv, cumulative emis-
ions ranging from 220 to 2200 GtCO2 (60–600 GtC) would need to
e captured during this century. In this view, numerous approaches
o CO2 sequestration, including ocean, terrestrial, geological, bio-
ogical and chemical options are currently being studied [2–10] and
he retention or sequestration of CO2 in geological reservoirs is cur-
ently the option being applied (e.g., Weyburn, Canada; Sleipner,
orth Sea [8]).

Technologies applied to CO2 sequestration in mineral form,
uch as synthesis of minerals via reaction of CO2 with Mg–Ca sil-
cate rocks or of hydrated Mg carbonates in aqueous solutions,
ffer attractive options for the permanent and safe storage of CO2
11–15]. CO2 sequestration by direct precipitation of carbonate

inerals from solution, which represents a variant of the Solvay

rocess [11], is based on carbonating alkaline brines to produce
arbonate minerals from a chloride-rich solution. Carbon-capture
echnologies must (a) preserve the biological ecosystem, (b) war-
ant the stable trapping of CO2, (c) be easily applicable also in

∗ Corresponding author. Tel.: +39 0649914836; fax: +39 064454729.
E-mail address: silvano.mignardi@uniroma1.it (S. Mignardi).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.01.113
industrial application.
© 2010 Elsevier B.V. All rights reserved.

developing countries and (d) ensure the formation of materials
whose disposal in surface or underground does not involve envi-
ronmental damage.

Recently, Ferrini et al. [16] described the reaction of gaseous
CO2 with MgCl2 solutions that involved the precipitation of a
low-temperature carbonate mineral, nesquehonite MgCO3·3H2O.
Various procedures for the synthesis of nesquehonite have been
documented over the last century [17–20]. However, the novel
method presented by Ferrini et al. [16] was aimed to be exploited
as a CO2 sequestering process and as a tool for disposing Mg-rich
wastewater. Potential magnesium sources include seawater, artifi-
cial saltpans, and evaporitic saline deposits, but most of them are
unsuitable for a cost-effective and energy-efficient process of CO2
sequestration at present. In addition, these sources are only locally
abundant to realistically be feed stock for the broad application
of the carbonation process. However, they locally can represent
feed stock for small-scale applications at industrial point sources.
A massive supply of magnesium could be provided by saline aque-
ous wastes produced as a by-product of oil and gas production (the
so-called “produced water” or “PW”), as well as reject brines from

desalination process [21,22].

In order to model CO2 mineral trapping within this mineral,
it is essential to have a thorough understanding of the thermal
behaviour of nesquehonite, the temperature range under which it
is structurally stable, and the intermediate and final products of its

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:silvano.mignardi@uniroma1.it
dx.doi.org/10.1016/j.jhazmat.2010.01.113
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Fig. 1. Magnified view (10–55◦ 2�) of the full data set of the heating cycle of
nesquehonite shown as a 3D plot. Black arrows indicate background modification
detectable as steps. The black star indicates the occurrence of an extra peak at 17◦
P. Ballirano et al. / Journal of Haz

ecomposition which may have lower CO2:Mg ratios (i.e., due to
artial loss of CO2) [23,24].

Nesquehonite dissociation has been investigated mainly by
hermal analysis [25–31]. Suzuki and Ito [32] monitored decom-
osition of nesquehonite coupling thermal analysis and X-ray
iffraction and suggested that the structure of nesquehonite may
e stable at least up to 343–353 K. The results by Ferrini et al. [16]
xtended the thermal stability of this carbonate up to 373 K.

A main feature of the differential thermal analysis (DTA) curve
or nesquehonite is the presence of a sharp exothermic peak at
bout 500 ◦C, which has been attributed to the crystallization of
agnesite (MgCO3) or periclase (MgO) [28]. Ex situ X-ray powder

iffraction patterns, collected after the quenching to room temper-
ture (RT) of the samples (heated at temperatures corresponding to
he discontinuities found in thermograms), lead to different inter-

ediate and final products of nesquehonite decomposition. For a
ample showing the strong exothermic peak, Hladky [28] reported
he presence of amorphous material at 573 K and the occurrence of
phase of composition MgO·2MgCO3 at 743 K. Moreover, at 753 K,

elatively well-crystallized magnesite was found, and at 873 K,
ell-crystallized periclase was found. On the contrary, in the case of
sample lacking the DTA exothermic peak, crystallization of per-

clase was observed to start at 743 K. Neither MgO·2MgCO3, nor
agnesite was detected.
Therefore, there is a lack of detailed knowledge of the behaviour

f nesquehonite structure at non-ambient conditions as this infor-
ation can be acquired only by using in situ measurements.
In our first paper [16], we described the synthesis and the

oom temperature characterization of nesquehonite, whereas the
resent work represents the second part of this study and is devoted
o investigate the thermal behaviour of nesquehonite and to char-
cterize its decomposition process in situ real-time by non-ambient
-ray powder diffraction. These data provide new information that
re of use in developing CO2 storage within nesquehonite as an
ndustrial process and may be used to facilitate modelling the stor-
ge of CO2 within hydrated Mg-carbonate minerals.

. Experimental methods

Nesquehonite was prepared following the procedure described
n Ferrini et al. [16]. The experiments were carried out using
oth doubly distilled and tap water, high purity compressed CO2
rom SAPIO (Italy), and analytical grade reagents (MgCl2·6H2O and
queous ammonia (25%) NH3, Merck p.a.). Nesquehonite was syn-
hesized by sparging CO2 at about 100 mL/min through 200 mL of

gCl2·6H2O solution (about 7 g L−1 of Mg) at 20 ± 2 ◦C.
Ferrini et al. [16] provide more details concerning the exper-

mental conditions and the full characterization of the synthetic
esquehonite by SEM, XRD, FTIR and thermal analyses.

For the in situ X-ray powder diffraction analysis, a 0.7 mm diam-
ter SiO2-glass capillary was filled with the nesquehonite powder
nd subsequently closed. The capillary was glued to a 1.2 mm
iameter Al2O3 tube by means of a high-purity alumina ceramic
Resbond 989). The capillary/tube assembly was aligned onto a
tandard goniometer head and diffraction data were collected on a
arallel-beam Bruker AXS D8 Advance, operating in transmission

n �–� geometry. The instrument is fitted with an incident-beam
öbel mirror, a “position-sensitive detector” (PSD) VÅNTEC-1 set to
6◦ 2� aperture, and with a prototype of capillary heating chamber
escribed by Ballirano and Melis [33–35].
The data were collected in step-scan mode over the 5–145◦ 2�
ngular range (CuK�), using a step size 0.0219◦ 2� and counting
ime of 1 s. A total of 101 isothermal measurements were carried
ut over the 303–803 K thermal range with a temperature step of
K. A magnified view of the complete data set is shown in Fig. 1.
2� simultaneously to the smearing of all nesquehonite peaks except for 0 2 1 at 34◦

2�. Empty circles indicate peaks of the MgO·2MgCO3 phase. Peaks of magnesite are
labeled with m and those of periclase with p.

Careful scrutiny of the RT pattern indicates the presence of traces
of poorly crystallized hydromagnesite as can be seen from the pres-
ence of two clusters of reflections. These occur at about 15.2 (0 1 1,
1̄ 1 1) and 30.8◦ 2� (0 2 2, 3 1 0) as broad, low intensity, peaks.

The data were evaluated by the Rietveld method by using the
GSAS suite of programs [36] coupled with the EXPGUI graphical
user interface [37]. Peaks shape was modelled by a Pseudo-Voigt
function [38] modified to incorporate asymmetry [39]. Due to
the presence of hydromagnesite peaks, regions 15 ≤ ◦2� ≤ 15.5 and
30.6 ≤ 2� ≤ 31.3 were excluded from structure refinements as no
other intense peaks are overlapping with those of nesquehonite.
Full Rietveld refinements were carried out for 55 diffraction pat-
terns over the 303–373 and 608–803 K thermal ranges.

Preliminary scrutiny of the peak shape clearly indicated the
occurrence of significant anisotropic peak broadening to be related
to both the reported needle- or platelet-like morphology of nesque-
honite [16,40] as well as to an anisotropic microstrain. However, a
series of classic Williamson–Hall plots (scatter plots of (� 2�/cos �)
vs sin �) allowed identification of microstrain as the cause of the
anisotropic broadening that was modelled using the Stephens
approach [41]. Refined terms included S4 0 0, S0 4 0, S0 0 4, S2 2 0, S2 0 2,
S0 2 2, and S1 0 3.

The starting structure parameters were those reported by
Giester et al. [40], space group P21/n, Z = 4, a = 7.701 Å, b = 5.365 Å,
c = 12.126 Å, ˇ = 90.41◦. The structure refinements were carried out
by imposing the following constraints derived from the refer-
ence RT structure investigations: C–O 1.285(10) Å, O–O 2.225(50) Å,
Mg–O 2.075(40) Å, O–H 0.95(2) Å, H–H 1.515(30) Å, O· · ·O 2.78(5) Å,
except for the bifurcated O6· · ·O1 and O6· · ·O2, which were set to
3.075(100) Å. The statistical weight associated with those observa-
tions was reduced at each last refinement cycle leading to a final
restraints contribution to the �2 never exceeding 2.4%. The isotropic
displacement parameters were refined with those for O1 and O2
and O3, O4, and O5 constrained to be equal. The peak cut-off was set
to 0.3% of the intensity of the strongest reflection of nesquehonite
and background was fit with a 36-terms Chebyshev polynomial of
the first kind. Following a well established procedure, such a large
number of terms are required to properly model the broad bumps
arising from the borosilicate-glass capillary. An absorption correc-
tion for cylindrical samples, including the contribution from the
aluminium heating chamber windows, was determined at 303 K

and kept fixed at that value for the non-ambient data. The eval-
uation of texture by means of a generalized spherical-harmonic
description [42] was carried out according to a cylindrical sample
symmetry using three parameters, 2 0 2̄, 2 0 0, and 2 0 2. Refine-
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Table 1
Miscellaneous data of refinements. Statistic indicators as defined in Young [53].

�2 1.293–1.433
Rwp% 5.27–5.52
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Table 2
Fractional coordinates and isotropic displacement parameters (Uiso: Å2) of non-
hydrogen atoms of nesquehonite at selected temperatures. * constrained to be equal,
** constrained to be equal.

Site T (K) x y z Uiso

Mg 308 0.2517(5) 0.0895(3) 0.14977(11) 0.0179(3)
328 0.2526(6) 0.0914(3) 0.15003(11) 0.0184(3)
348 0.2526(7) 0.0925(3) 0.15031(11) 0.0201(3)
368 0.2537(6) 0.0948(3) 0.15047(11) 0.0207(3)

C 308 0.2505(11) 0.1393(5) 0.4079(2) 0.0264(14)
328 0.2508(14) 0.1403(5) 0.4078(2) 0.0262(13)
348 0.2503(15) 0.1404(5) 0.4077(2) 0.0282(14)
368 0.2529(15) 0.1419(5) 0.4073(2) 0.0311(15)

O1 308 0.5208(3) 0.0900(5) 0.1518(2) 0.0331(5)*
328 0.5221(3) 0.0884(5) 0.1509(2) 0.0356(5)*
348 0.5212(3) 0.0865(5) 0.1504(2) 0.0374(5)*
368 0.5219(3) 0.0874(6) 0.1501(3) 0.0396(5)*

O2 308 0.9816(3) 0.0964(6) 0.1476(2) 0.0331(5)*
328 0.9824(3) 0.1020(6) 0.1494(2) 0.0356(5)*
348 0.9817(3) 0.1087(6) 0.1505(3) 0.0374(5)*
368 0.9823(3) 0.1126(6) 0.1508(3) 0.0396(5)*

O3 308 0.2653(6) 0.4093(4) 0.06276(16) 0.0168(3)**
328 0.2705(6) 0.4109(4) 0.06300(16) 0.0164(3)**
348 0.2710(7) 0.4113(4) 0.06324(16) 0.0177(3)**
368 0.2729(6) 0.4141(4) 0.06367(16) 0.0188(3)**

O4 308 0.2484(7) 0.2053(4) 0.30587(16) 0.0168(3)**
328 0.2516(9) 0.2079(4) 0.30589(15) 0.0164(3)**
348 0.2514(9) 0.2090(4) 0.30585(15) 0.0177(3)**
368 0.2464(9) 0.2114(4) 0.30589(16) 0.0188(3)**

O5 308 0.2526(6) 0.8164(3) 0.01962(16) 0.0168(3)**
328 0.2550(8) 0.8176(3) 0.01988(15) 0.0164(3)**
348 0.2584(8) 0.8185(3) 0.02080(15) 0.0177(3)**
368 0.2576(9) 0.8209(3) 0.02129(16) 0.0188(3)**

O6 308 0.2735(5) 0.3517(4) 0.83842(17) 0.0356(9)
Rp% 4.00–4.19
RBragg% 4.29–4.82
J 1.025–1.033
Refined parameters 104–105

ents confirmed the very limited presence of preferred orientation
s a result of calculated texture indices J ranging from 1.025 to
.033. As no modification of texture as a function of temperature
as observed, an average value for each term was finally calcu-

ated and kept fixed at each temperature. The ranges of refinement
tatistics are listed in Table 1.

. Results and discussion

.1. Thermal decomposition of nesquehonite

The 3D plot (Fig. 1) clearly indicates the occurrence of a series
f processes that will be described in detail in the following para-
raphs and that may be summarized as follows:

a) the diffraction pattern of nesquehonite remains relatively unaf-
fected up to a T of 373 K. The pattern is virtually unchanged
except for minor peak displacement arising from expansion of
the unit cell;

b) at 378 K, all peaks start to decrease in intensity except for
0 2 1, located at about 34◦ 2�, which remains substantially
unchanged;

(c) as temperature increases to 388 K, a broad extra peak (indicated
by a black star in Fig. 1) starts to grow at about 17◦ 2�. The
occurrence of this peak is associated with a broadening of all
peaks, except for the 0 2 1 peak of nesquehonite, and coupled
with a marked increase in the intensity of the background;

d) at 393 K, all peaks, except for 0 2 1, are replaced by broad
bands. The background intensity reaches a maximum value. The
intensity of all reflections start to decrease at 423 K until they
disappear at 483 K;

e) at 483 K, there is simultaneous growth of a new set of reflections
that is followed by periclase nucleation at 603 K;

(f) at 653 K, periclase growth is associated with a marked reduction
in the intensity of the background and a simultaneous reduction
in the intensities of the remaining reflections;

g) at temperatures higher than 683 K, only periclase reflections
are present.

.2. Rietveld refinements

Fractional coordinates and isotropic displacement parameters
f non-hydrogen atoms at selected temperatures are reported in
able 2; the evolution of unit cell parameters and unit cell volume
ith increasing temperature is reported in Fig. 2; the thermal evo-

ution of relevant bond distances and contacts is given in Fig. 3 and
alues for isotropic displacement parameters are given in Fig. 4.

Comparison of RT structural data with those reported in the lit-
rature [40] indicates an excellent agreement. However, unit cell
arameters at elevated temperatures deviate from expected values.

n fact, despite a regular increase of volume, they show a markedly
nisotropic behaviour. The a cell parameter decreases slightly up

o 323 K and subsequently shows a very limited increase, whereas
he b cell parameter decreases regularly with increasing temper-
ture. In both cases, the maximum variation is minimal, being of
bout 0.01 Å. Over the same temperature range, the c cell parameter
hows a regular increase an order of magnitude greater with respect
328 0.2686(6) 0.3529(4) 0.83894(17) 0.0403(9)
348 0.2675(6) 0.3524(4) 0.83969(17) 0.0428(9)
368 0.2665(6) 0.3548(5) 0.84058(18) 0.0480(9)

to the other cell parameters and the ˇ angle decreases exponen-
tially toward 90◦. The maximum volume expansion, reached at the
decomposition temperature is of ca. 0.6%. This anisotropic expan-
sion is related to the structural features of nesquehonite, which
consists of infinite ribbons running along the b axis. Each ribbon
consists of MgO6 octahedra linked to three CO3 groups by two cor-
ners (O3 and O4) and one edge (O4′ and O5). Two water molecules,
namely O1 and O2, complete the octahedral coordination. The adja-
cent ribbons are interconnected by hydrogen bonding. Such bonds
are prevalently aligned along the c axis that, therefore, represents
the “softest” direction of the structure.

The evaluation of the temperature dependence of bond dis-
tances (Fig. 4) indicates that Mg–O4 is the only one to show a regular
increase. Analysis of the MgO6 coordination polyhedra was carried
out to calculate several geometrical parameters connected with the
centroid of coordination [43]. Among those, only the volume dis-
tortion, defined as � = (Vi − Vp)/Vi [44] where Vi and Vp are ideal and
observed polyhedral volume, slightly increases with temperature
from about 0.036 at 303 to 0.039 at 373 K. These parameters were
calculated using the IVTON2 software (last version of the IVTON
program of Balić-Žunic and Vickovic [43]). As expected, C–O bond
distances are unaffected, at the 3� level, within this limited thermal
range.

The behaviour of the O· · ·O contacts is more complex. Two
of the seven O· · ·O show a significant and regular increase in

bond length. They are one of the two bifurcated O6–H5· · ·O2 and
O2–H3· · ·O5 hydrogen bonds. On the contrary, the O1–H1· · ·O5
hydrogen bond shortens. The remaining O· · ·O contacts are sub-
stantially unchanged. Therefore, as expected, the mobility of the
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ig. 2. Evolution of cell parameters and volume with temperature: (a) a cell param
nd prediction intervals are also reported.

free water molecule” O6 plays a central role in the thermal
ehaviour of nesquehonite as confirmed by the more relevant

ncrease of the corresponding Uiso isotropic displacement parame-
er as compared to the remaining atoms (Fig. 4).
Analysis of the temperature dependence of the strain-related
eak broadening indicates only an increase of the S4 0 0 term,
hereas the remaining terms show marginal variations.

At 378 K, all peaks of nesquehonite start to decrease in intensity
xcept for 0 2 1, located at about 34◦ 2�, that remains substantially
(b) b cell parameter; (c) c cell parameter; (d) ˇ angle; (e) volume; 95% confidence

unchanged. As temperature increases to 388 K a broad extra peak
starts to grow at about 17◦ 2�. This process is associated with a
broadening of all peaks except for 0 2 1 and coupled with a marked
increase in the intensity of the background. At 393 K, all peaks,

except for 0 2 1, are replaced by broad bands, many of them at posi-
tions common to those of nesquehonite reflections. Fig. 5 compares
the diffraction patterns collected at 373 and 418 K.

It is worth noting that Ferrini et al. [16] report endothermic steps
at 371, 390, 417, and 493 K in their DTA measurements, according
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phosgenite (PbCl2·PbCO3) (a = 8.130(4) Å; c = 8.883(6) Å). Structural
similarities could be hypothesized in the case of an MgO·MgCO3
composition instead of MgO·2MgCO3. Structural work on this
nesquehonite decomposition product is currently in progress.
ig. 3. Evolution of relevant bond distances and contacts with temperature: (a)
g–O; (b) C–O; (c) O· · ·O. Symmetry code: 1/2 − x, −1/2 + y, 1/2 − z.

o the results of previous studies [25–28,32]; slight discrepancies
n the temperature of the endothermic steps can be ascribed to
ifferences in experimental conditions. The first step is consistent
ith the start of the water loss process and the second to a total
eight loss of about 14%, i.e., a single water molecule, based on the

toichiometry of nesquehonite. Coupling both X-ray and thermo-

ravimetric data, it is possible to speculate that the modification of
he diffraction pattern is related to the nucleation of a phase of pos-
ible composition MgCO3·2H2O. Partial structural similarity seems
o be assured by the presence of many common reflections, though
Fig. 4. Evolution of isotropic displacement parameters (Uiso: Å2) with temperature.
O1–5 refers to all oxygen atoms except for O6 (“free water molecule”).

broadened. The presence of the narrow 0 2 1 reflection indicates
that at least along such direction a regular structural coherency is
preserved, whereas the broad bands and the increased background
indicate the occurrence of a significant overall disorder. It is rea-
sonable to speculate that the ribbon consisting of MgO6 octahedra
linked to three CO3 groups, running along b, represents the pre-
served structural unit. However, it should be pointed out that there
is no similarity with the d-spacings of barringtonite, MgCO3·2H2O,
reported by Nashar [45].

These peaks start to decrease in intensity at 423 K until com-
plete disappearance at 483 K. They are simultaneously replaced
by a new set of reflections involving those pertaining to magne-
site (marked by an “m” in Fig. 1) and peaks located approximately
at the same positions reported by Hladky [28] for MgO·2MgCO3
(identified in the same figure by an empty circle). However, this
latter phase occurs at a temperature significantly lower than that
reported in reference data [28]. This may be related to the different
experimental set-up used as well as to differences in grain size. At
623 K, following Hladky [28] and hypothesizing a cubic structure,
a cell parameter a of 8.56 Å was obtained from single-peak fit-
ting. This cell parameter bears similarities with those of tetragonal
Fig. 5. Comparison of diffraction patterns collected at 373 and 418 K in the 10–65◦

2� range. A few common reflections persist albeit broadened whereas a few band
appear at new 2� positions.
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ig. 6. Evolution of the periclase a cell parameter and crystallite size with tempera-
ure. For comparison purposes, the evolution within the same thermal range of the
cell parameter of a standard periclase sample has been reported.

At 603 K, periclase nucleation starts (peaks indicated by a “p”
n Fig. 1). At 653 K, periclase becomes better crystallized (identi-
ed from peak sharpening) and the intensity of the background
ecreases abruptly (marked by an arrow in Fig. 1). The intensities
f both magnesite and MgO·2MgCO3 reflections decrease until they
isappear completely at 683 K.

Evaluation of the periclase a parameter (Fig. 6) and compari-
on with the evolution of the 1/cos �-dependent LX (Lorentzian
rystallite size) profile parameter suggests a significant correlation.
or comparison purposes, the a cell parameter of a periclase stan-
ard, used for thermocouple calibration, is also reported in Fig. 6.
he a cell parameter of periclase obtained by the decomposition of
esquehonite is significantly larger than that of the standard and
he differences increase as a function of LX. This implies that as the
rystallite size of periclase decreases, approaching the nanoscale,
he a cell parameter will increase beyond the value expected for
ell-crystallized periclase. This is in general agreement with the
ndings on nanosized iron oxides [46,47]. It is worth noting that the
mallest refined crystallite size (∼7 nm) (Fig. 6) is reached in corre-
pondence of the digestion of both magnesite and MgO·2MgCO3.

.3. Stability of nesquehonite in terms of temperature and
olubility

The results of our study show that nesquehonite appears to
e stable up to 373 K suggesting that its storage as “sequestering
edium of CO2” remains stable under the temperature conditions

hat prevail at the Earth’s surface. Nevertheless, considering previ-
us dated studies [27,32,48] which reported that nesquehonite may
e structurally stable at least up to 70 or 80 ◦C, we consider safe

ts storage in suitable sites below this threshold. At temperature
bove 373 K the process of thermal decomposition of nesquehonite
via intermediate hydrated magnesium carbonate phases) ulti-

ately produces magnesite in the range 423–483 K. This sequence
nvolves the formation of carbonate minerals thermodynamically

ore stable than nesquehonite, resulting in a CO2 storage stable for
illions of years. Therefore, if the decomposition of nesquehonite
ould occur into underground storage facilities, this process fur-

her on would increase the safety of CO disposal. The potential
2
rawbacks of nesquehonite storage in underground could be rep-
esented by possible infiltration of water into the storage site as
revious theoretical and experimental studies [27,48–52] showed
hat in solution the transformation of nesquehonite to hydromag-
s Materials 178 (2010) 522–528 527

nesite may occur at lower temperature than 373 K, depending on
experiment duration. However, these experiments were performed
imposing solid-to-solution mass ratio ranging from 4 × 10−2 to
9 × 10−2 [50], conditions which will not be reasonably reached
when the location of the storage facility is carefully selected.
Moreover, it is worth noting that some nesquehonite samples
investigated in this study were synthesized by Ferrini et al. [16]
and although stored at ambient conditions, they did not decom-
pose within about three years. The same technical solutions in
terms of thermal stability and solubility will be carefully consid-
ered when nesquehonite will be used for the production of building
materials (e.g., aggregate in bricks, blocks, mortars and eco-cement
concretes).

4. Conclusions

The thermal behaviour of nesquehonite and its dissociation
process investigated in situ using real-time by non-ambient X-ray
powder diffraction suggest the following conclusions:

(1) the appearance of the diffraction pattern of nesquehonite
remains relatively unaffected up to 373 K;

(2) the thermal expansion of nesquehonite is markedly anisotropic
because it occurs largely along the c axis of the crystal. This is
due to the weak linkages between adjacent ribbons, built by
MgO6 octahedra and CO3 groups, acting via hydrogen bonds
prevalently aligned along this direction;

(3) in the range 371–390 K, one water molecule is lost and an
unknown phase of possible composition MgCO3·2H2O nucle-
ates;

(4) in the range 423–483 K, the peaks of the unknown phase
decrease in intensity and are simultaneously replaced by a new
set of reflections attributed to magnesite MgCO3 and to a phase
of possible composition MgO·2MgCO3;

(5) at 603 K, periclase nucleation starts and the reflections of both
magnesite and MgO·2MgCO3 decrease in intensity until com-
plete disappearance at 683 K.

These results clearly demonstrate that the nesquehonite storage
requires no monitoring up to 373 K due to its thermal and structural
stability as well as for the production of building materials. Finally,
the evolution of the thermal treatment leads to the formation of
magnesite, a carbonate thermally stable up to ∼600 K, assuring the
CO2 stable storage for millions of years.
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