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In this paper is reported a novel method to synthesize nesquehonite, MgCO3-3H-O0, via reaction of a flux
of CO, with Mg chloride solution at 20 & 2 °C. The reaction rate is rapid, with carbonate deposition almost
complete in about 10 min. The full characterization of the product of synthesis has been performed to
investigate its potential role as a “CO,-sequestering medium” and a means of disposing Mg-rich wastew-
ater. We investigated the nesquehonite synthesized using SEM, XRD, FTIR and thermal analysis. The
thermodynamic and chemical stability of this low-temperature hydrated carbonate of Mg and its possi-
ble transformation products make our method a promising complementary solution to other methods of
CO, sequestration. Carbonation via magnesium chloride aqueous solutions at standard conditions rep-
resents a simple and permanent method of trapping CO,. It could be applied at point sources of CO,
emission and could involve rejected brine from desalination plants and other saline aqueous wastes (i.e.,
“produced water”). The likelihood of using the resulting nesquehonite and the by-products of the process
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in a large number of applications makes our method an even more attractive solution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

We are all bombarded daily by alarming news about the rising
levels of CO, in the atmosphere, caused largely by the combustion
of fossil fuels, and about the deleterious impact of such loadings
on our climate. According to the Intergovernmental Panel on Cli-
mate Change [1], new emissions for the period 2000-2005 were
about 6 Gt C/year (23.5 Gt CO;/year). With the continued growth of
emerging densely populated countries like China and India, there is
the prospect of tripling the loading of CO, to the atmosphere by the
end of the 21st century. Clearly, the scientific community must seek
to implement quickly the results of research on effective methods
of sequestering CO, [1,2]. All approaches to reduce the global CO,
emission must be examined carefully. Here, is presented a novel
approach involving the synthesis of nesquehonite, MgC0O3-3H;O0.

Numerous approaches to CO, sequestration, including ocean,
terrestrial, geological, biological and chemical options are currently
being studied [1,3-18]. As a substantial share of CO, emissions must
be stored, the retention or sequestration of CO, in geological reser-
voirs is currently the option being applied (e.g., Weyburn, Canada;
Sleipner, North Sea [14]). Deep aquifers and depleted reservoirs in
oil and gas fields offer possible sites of storage of CO,, with the
fraction retained exceeding 99% over 1000 years [1,7,8]. However,
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the behavior of CO, in such porous and permeable media, and the
physical and chemical changes that can be expected in rocks if CO,
is injected, still raise concerns in the scientific community [14,15].

Complementary technologies applied to CO, sequestration, such
as neoformation of minerals via reaction of CO, with Mg-Casilicate
rocks or of carbonate minerals in aqueous solutions, offer attractive
options for the permanent and safe storage of CO, in a solid form
[19,20]. The methods based on neoformation of carbonates or bicar-
bonates require cations to neutralize CO, [11-13,18]. If a supply of
the appropriate cations can be assured, such carbonation reactions
offer virtually unlimited capacity and the promise of safe, perma-
nent storage of CO,. This idea was first proposed by Seifritz [21]
in 1990. There is little risk of unexpected release of CO, back to
the atmosphere, because the resulting carbonates are thermody-
namically stable at ambient conditions [19,22]. The process occurs
naturally on a small scale during the weathering of rocks, and has
been shown to be important locally in ultrabasic complexes [23].
The source of the neutralizing ions could be silicates of Mg and
Ca such as olivine, serpentine-group minerals and clinopyroxene.
Unfortunately, the industrial extraction of Ca and Mg from silicate
minerals requires expensive pre-processing, which contributes to
the problem rather than to the solution [24]. Furthermore, this
option is not at all practical in many countries owing the paucity of
exposed basic and ultrabasic rocks.

An attractive alternative involves the interaction of ions in aque-
ous solution with CO,. In this case, the precipitation of carbonates
of Ca and Mg proceeds much more rapidly than if the cations are
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locked in a silicate structure. The source of such a process could be a
“brine” [15] or even seawater. There is an advantage in focusing on
Mg, because a greater weight proportion of CO, is found in Mg car-
bonates than in Ca carbonates. Moreover, Mg is readily available as
an important constituent of seawater (about 1.3 gL~1). The process,
a variant of the Solvay process [19], is based on carbonating alka-
line brines derived from deep saline aquifers, which would produce
carbonates from a chloride-rich reactant and hydrochloric acid as
a by-product [19]. It is a variant of this approach that we report in
what follows, with a focus on nesquehonite.

In this context, we describe here encouraging results of our
experiments on the reaction of gaseous CO, with MgCl, solu-
tions through a kinetically rapid process, and the production of
nesquehonite, MgC0O3-3H,0. Nesquehonite is a low-temperature
carbonate encountered in alkaline soils, in cave deposits and as a
weathering product of ultramafic rocks. It generally forms euhedral
prismatic crystals, but also is found in fibroradial and botryoidal
arrays. Here, we present data on experimental synthesis of nesque-
honite, the full characterization of the solid product, necessary to
confirm that the synthetic nesquehonite obtained in our experi-
ments behaves in the same way as natural nesquehonite and the
synthetic analogue, as reported in previous papers, and finally, its
potential application to the problem. Various procedures for the
synthesis of nesquehonite have been documented over the last
century [25-31]. However, the differences between the methods
cited and the one described in this study involve the source of CO,,
as those methods generally make use of solid carbonates as the
source of carbon dioxide, or the source of Mg for the aqueous solu-
tion. Moreover, to our knowledge, the synthesis of nesquehonite
by flushing CO, in a magnesium chloride solution with a view to
investigate a possible role for this carbonate in a “CO,-sequestering
process” and disposing of Mg-rich wastewater has not been carried
out until now. The procedure described here is inspired by that of
Towe and Malone [32].

1.1. The properties of nesquehonite

Nesquehonite is a monoclinic hydrated carbonate of Mg, space
group P21/n, with unit-cell parameters: a 7.701A, b 5.365A, c
12.126 A, B 90°.41' as reported by Giester et al. [33]. Its structure
consists of infinite flat ribbons of corner-sharing MgOg octahedra
along the b axis of the crystal, which is the fiber axis, linked by
hydrogen bonds. Within the chains, CO3 groups link three MgOg
octahedra by one edge and two common corners. The Mg atoms
are in a distorted coordination, and each atom is coordinated by
two H;O0 ligands; one free H,O molecule is located between the
chains [33-35].

2. Experimental methods

We carried out experiments using both doubly distilled and
tap water from Rome (Italy), compressed CO, from SAPIO (Italy),
and analytical grade reagents (MgCl,-6H,0 and aqueous ammonia
(25%) NH3, Merck p.a.). In our syntheses MgCl,-6H,0 was used as
a source of magnesium. In thirty-two experiments, we synthesized
nesquehonite by sparging CO, for 15 min at a rate of ~100 mL/min
through 200mL of the Mg chloride solution (~7gL-! of Mg) at
20+2°C.

The pH, upon stopping the flow of CO,, ranged between 5.20 and
5.70. Because pH has a significant influence on the precipitation of
carbonates, it was measured continuously during the experiments.
The suitable range of pH for the formation of nesquehonite in our
experimental conditions was obtained by adding ammonia.

The kinetics of the formation of the solid products were followed
by sampling the solution at time intervals of 2 min within the first
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Fig. 1. Kinetics of the carbonation reaction.

20 min and then of 5 min, and measuring the concentration of Mg
in the solution. The suspension was filtered using 0.20 p.m Nucleo-
pore polycarbonate membrane filters, and the solid products were
washed with doubly distilled water and dried in air. The influence
of the duration of settling on the crystallinity of the solid prod-
ucts was investigated by filtering the suspension at the end of the
experiment, after 24 and 48 h.

The product of our synthesis was investigated morphologically
by scanning electron microscopy (SEM) using a FEI Quanta 400
operating at 30kV, equipped with X-ray energy-dispersive spec-
troscopy (EDS). X-ray powder-diffraction patterns were obtained
using a Seifert diffractometer operating at 40kV and 30 mA. The
XRD patterns were recorded from 5° to 60° 26 at a rate of 0.02°
per step and with a counting time of 8s per step using Cu Ko
radiation. For Fourier transform infrared (FTIR) analysis, powdered
samples were dispersed in KBr in excess without further manip-
ulation. The spectra were obtained in Diffuse Reflectance (DRIFT)
using an Equinox 55 Interferometer (Bruker) in the 7500-400 cm ™!
interval. The resolution was 2 cm~1.

The thermal measurements, thermogravimetry (TG), derivative
thermogravimetry (DTG), and differential thermal analysis (DTA),
were carried out using a Thermal Analyst model 2920 instrument.
The heating rate was 10°Cmin~! with samples of 5-10 mg, with
a modulation amplitude +0.5°C every 60s in temperature range
between 25 and 1000°C. The Mg content in the residual solu-
tion was measured by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) using a Varian Vista RL CCD simultaneous
spectrometer. The detection limit was 0.01 mgL~!, and the analyt-
ical error was estimated to be in the order of 3%.

3. Results of the syntheses

Information on the kinetics of the reaction is summarized in
Fig. 1. The reaction rate is rapid, with carbonate deposition almost
complete in about 10 min. The solid product that formed shows
a variable grain size and degree of crystallinity as a function of
time taken for settling. Samples obtained after 24 or 48 h exhibit
well-formed needles up to 0.5 mm in length and 30 wm in diameter
under the optical and electron microscope (Fig. 2).

Fig. 3 shows a typical XRD pattern; narrow peaks reflect the
high degree of crystallinity of the precipitate. All patterns are in
agreement with those reported in JCPDS card 20-669 for nesque-
honite. In our experiments the formation of nesquehonite occurred
in a range of pH 7.8-8.2. The above pH conditions were obtained
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1 mm

Fig. 2. Images of nesquehonite. (a) Optical micrograph exhibits clusters showing the typical elongate habit; (b) SEM image of nesquehonite at high magnification.
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Fig. 3. XRD pattern of synthetic nesquehonite compared with the strongest lines
recorded in JCPDS card 20-669.

adding an amount of ammonia solution representing about 2% of
the total volume of the Mg chloride solution. The pH range that
we determined partially overlaps that reported in the literature
[36].

Infrared spectra recorded for our synthetic nesquehonite are
in agreement with those reported in the literature [28,37-39].
Fig. 4a illustrates the internal modes of nesquehonite in which the
internal vibrations v; (symmetric stretching) and v, (bending) of
C032- appear as sharp bands. The three bands near 1425, 1471 and
1519 cm~! are ascribed to the split v3 (antisymmetric stretching),
characteristic of nesquehonite [28,35,37]. The 1648 cm~! band can
be ascribed to an OH-bending mode of H,O [39]. The broad absorp-
tion band around 972 cm~!, not observed in every case [28,38], has
been explained as the characteristic absorption band of O-H---O
out-of-plane bending mode in the bicarbonate ion [39] (Fig. 4a);
however, the results of Giester et al. [33] and Coleyshaw et al. [35]
do not confirm the presence of bicarbonate groups in the struc-
ture of nesquehonite. The stretching of the hydroxyl group and
the H,O molecule gives rise to broad bands in the region near
3000-3600cm~! (Fig. 4b).

The TG-DTG curves givenin Fig. 5 document the thermal decom-
position of nesquehonite during gradual heating, proceeding via
dehydration at a low-temperature (below 350°C) and, above that
threshold, complete loss of CO, (427 °C). By comparing the curves
(Fig.5), we can conclude that dehydration of the mineral takes place
at the following endothermic steps: 98, 117, 144 and 220°C. The
total amount of H,O liberated is ~34wt.% (see tangent lines on
the TG plot). On the basis of stoichiometry, we infer that the mass
loss over the interval 100-200 °C marks the loss of two molecules
of H,O from nesquehonite (Fig. 5, DTG curve). The loss of OH
groups occurs at a temperature above 250°C, and it is partially
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Fig. 4. FTIR spectra of nesquehonite. (a) Internal modes of the CO3~2 (v, mode occurs at 852 cm~'; v; mode at 1099 cm~'; v3 mode at 1519, 1471, and 1425 cm~! adsorption
bands), and the O-H bending mode of H,0 at 1648 cm~'; (b) the hydroxyl group and H,0 molecules stretch in the region near 3600 cm-".
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Fig. 5. TG-DTG curves of nesquehonite. The loss of H,O molecules starts at about
110°C; whereas the decarbonation process takes place above 350°C, and mostly at
427°C. The green line represents the profile of TG analysis, blue line DTG and mass
percent losses calculated as tangent lines on the TG curve are shown in black. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

hidden by the endothermic reaction due to the release of CO,. The
decarbonation process takes place mainly in the endothermic step
at 427 °C, with a pronounced loss in mass (Fig. 5, DTG curve). The
total amount of carbon dioxide liberated is ~32 wt.% (see tangent
lines on the TG curve).

Our thermal data on the field of stability of nesquehonite are in
good agreement with those reported in the literature [27,38,40-43];
minor discrepancies in the temperature of the endothermic steps
can be ascribed to differences in the experimental conditions.
Vagvolgyi et al. [44] showed that better resolution and a more
detailed interpretation of the decomposition processes of magne-
sium carbonates could be obtained using controlled rate thermal
analysis (CRTA).

The efficiency of the CO, mineralization process has been
tested by measuring the amount of synthesized nesquehonite and
the concentration of Mg in the residual solutions. The amount
of nesquehonite produced in our 32 experiments ranged from
486 to 5.15g. On the basis of these experimental data, about
81.7 £0.7% of the sparged CO, was captured to form nesquehonite.
Only ~350mgL-! of Mg are left in the solution after the car-
bonate formation, representing ~5% of the starting concentration
of Mg.

4. Discussion
4.1. Sources of magnesium available

Potential magnesium sources involve seawater, artificial salt-
pans, and evaporitic saline deposits. Currently, most of them are
unsuitable for a cost-effective and energy-efficient process of CO,
sequestration; to transport these sources of magnesium to indus-
trial sites emitting CO, for the application of the carbonation
process is, in general, too costly. In addition, these sources are
abundant only locally to realistically be feedstock for the broad
application of the carbonation process. However, they locally can
represent point sources for small-scale industrial applications of
the proposed method of carbonation.

A massive supply of magnesium could be provided by saline
aqueous wastes produced as a by-product of oil and gas production,
the so-called produced water (PW), as well as rejected brines from

the desalination process. Approximately 70 billion barrels of PW are
generated worldwide each year [45]. About 65% of PW is re-injected
into wells to enhance oil recovery, whereas the remaining water is
managed by treatment followed by surface discharge. However, the
re-injection process and methods of treatment are costly. Currently,
in many countries, the regulatory standards for the discharge of PW
are becoming very stringent [46,47]. The amount and quality of PW
depend mainly on the geological conditions, the method of extrac-
tion, and the chemical process used for the treatment. The average
composition of PW, as reported by Kanagy et al. [48], includes 6% Mg
chloride. Our experimental work was performed using Mg chloride
solution having a concentration factor about 1/10 of PW to verify
the efficiency of the method even at this low concentration. There-
fore, PW after treatment for the abatement of residue hydrocarbons,
metals, and treatment chemicals could be a suitable source of mag-
nesium for the proposed method, contributing to abatement of their
discharge in massive quantities.

4.2. The stability of nesquehonite in an acidic environment

Although nesquehonite is thermodynamically stable under
ambient conditions [19,31], possible leakage of CO, could occur if
itis exposed to rain. Teir et al. [22] reported stability of magnesium
and calcium carbonate minerals in nitric acid solutions at various
conditions of acidity. They demonstrated that no appreciable CO,
release will occur if a mixture of Mg hydrate + anhydrous carbonate
is leached in solution of pH > 2. Their results also showed a higher
stability of Mg carbonate than Ca carbonate in order to dispose CO,.
Because the pH of acid rain is unlikely to be below ~2.5 [49], the
possible release of CO, from sites of nesquehonite storage due to
acid rain should be unimportant.

4.3. Possible uses for the nesquehonite and recycling of the
by-products of the process

The sequestration of CO, via carbonation produces a solid mate-
rial that can be utilized as aggregate in bricks, blocks, mortars, and
other building materials. This mineral can be used in the produc-
tion of eco-cement concretes [50,51]. Nesquehonite contributes to
strength of the concrete, most likely because growth of fibrous and
acicular crystals improves microstructural strength by about 50%
compared to rounded or tabular crystals such as calcite [52]; parti-
cle size does not seem to be significant in this respect. However,
the use of nesquehonite is obviously unsuitable for the produc-
tion of materials that will be submitted to a thermal treatment
above 100°C, because structural changes caused by dehydration
process could result in variations in mechanical strength. Nesque-
honite storage in suitable sites below 350 °C presents limited risk
with respect to the possible release of CO,. However, nesquehonite
in arid conditions or at temperature above 50 °C transforms in other
hydrated Mg carbonate minerals thermodynamically more stable
(e.g., dypingite and hydromagnesite) [53-55] that have a CO,:Mg
ratio lower than that of nesquehonite. The sequence of transfor-
mation of hydrated Mg carbonates at higher temperature could
ultimately produce magnesite, resulting in a CO, storage stable for
millions of years.

The CO, mineralization process leaves behind two moles of
hydrochloric acid for every mole of CO, captured. As adjusting the
pH of the solution involves adding of 2% ammonia solution (aque-
ous ammonia 25%), recycling the solution several times means that
the final by-product will be an NH4CI-H,0 mixture. Two different
approaches are possible in order to regenerate or recover the by-
products. Firstly, the ammonium chloride-H, O mixture can be used
to prepare crystalline ammonium chloride, which has specific fields
of application such as electrolyte in dry cell batteries, pharmaceu-
ticals, fertilizers, mordant, dye, soldering flux, melting snow, etc.
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Ammonium chloride crystallization from aqueous solutions can be
obtained by different methods according to the way which is used
to create supersaturation [56,57].

An alternative approach is the regeneration of ammonia using
activated carbon (AC) [58]. These authors found that AC can decom-
pose NH4Cl and separate it into NH3 and HCl at 25 °C following the
equation

NH4Cl + AC < NHs 4+ AC-HCI

The resulting ammonia can be recycled for the carbonation pro-
cess, whereas the activated carbon can be regenerated by water
extraction from the adsorbed HCI [58]. The hydrochloric acid pro-
duced is sought for a large number of applications, such as leather
processing, building construction, and household cleaning.

Indications on costs, including energy, for producing nesque-
honite will be evaluated when we apply the method to a pilot plant
whose production is in progress.

4.4. Advantages of CO, sequestration in synthetic nesquehonite

While awaiting alternative carbon-free sources of energy, the
scientific community must propose and develop carbon-capture
technologies [17,18,59] necessary to mitigate the amount of carbon
dioxide in the atmosphere [60-62], which must be reduced with
some urgency in the short term. The application of the nesque-
honite approach as a complementary solution to point source
CO,-emitting plants could contribute to compliance with the Kyoto
Protocol, which would help industrialized countries satisfy part of
their obligations to reduce their emission of greenhouse gases.

Several advantages make the application of the nesquehonite
approach attractive: (i) the process is kinetically favored and sim-
ple; (ii) nesquehonite formation occurs in a very short time; (iii) it is
a thermodynamically and chemically stable solid product, allowing
for long-term storage of CO,; (iv) the starting reactants are locally
abundant, and there is the prospect that our method can occupy a
cost-effective niche in the sequestration of CO, via a mineral phase;
(v) nesquehonite can potentially be used for industrial purposes,
and its disposal near the surface or underground involves limited
environmental risks.

Our method, which requires Mg in aqueous solution in large
quantities, could use Mg from evaporitic saline deposits, seawa-
ter, rejected brine from desalination plants, and saline wastewater
produced as a by-product of oil and gas production as the main
source. Even if our method should be considered a complementary
method of CO, sequestration, it could become a main approach for
CO, abatement locally, in countries where these sources of Mg are
significant.

Acknowledgements

The experimental data were collected using the facilities of the
Departments of Earth Sciences, Chemistry, and Chemical Engineer-
ing of the University of Rome “La Sapienza”, Italy, and those made
available at IGG-CNR, U.O.-Rome (Italy). We thank Prof. Robert F.
Martin (McGill University, Montreal, Canada) for insightful sugges-
tions and stimulating discussions, which helped focus our research.
We are grateful to ENEL S.p.A. (Italian National Electricity Board)
for partial funding provided for the initial research project, and
in particular to Dr. Monia Politi. Additional funding was provided
by the Ministry of Education, University and Research (MIUR)
through a National Research Program (PRIN 2006045331_001). The
manuscript benefited considerably from the insightful and con-
structive reviews of Siobhan A. Wilson and other three anonymous
reviewers. Merv Fingas is thanked for his editorial handling of this
manuscript. All authors took part in the experimental work, the col-

lection and analysis of the data, the interpretation of results and the
preparation of this paper.

References

[1] B.Metz, O.Davidson, H.de Coninck, M. Loos, L. Meyer (Eds.), Carbon dioxide cap-
ture and storage, IPCC Special Report, Cambridge University Press, Cambridge,
UK, 2005, pp. 1-433.

[2] K.S. Lackner, A guide to CO, sequestration, Science 300 (2003) 1677-1678.

[3] P. Freund, W.G. Ormerod, Progress toward storage of carbon dioxide, Energy
Convers. Manage. 38 (1997) 199-204.

[4] E.A. Parson, D.W. Keith, Fossil fuels without CO, emissions, Science 282 (1998)
1053-1054.

[5] K.S. Lackner, D.P. Butt, C.H. Wendt, H.J. Ziock, Mineral carbonates as carbon
dioxide sinks, LANL Internal Report, LA-UR-98-4530, 1998.

[6] R.Conrad, M. Klose, Anaerobic conversion of carbon dioxide to methane, acetate
and propionate on washed rice roots, FEMS Microbiol. Ecol. 30 (1999) 147-155.

[7] W.D. Gunter, B. Wiwchar, E.H. Perkins, Aquifer disposal of CO,-rich greenhouse
gases: extension of the time scale of experiment for CO,-sequestering reactions
by geochemical modelling, Mineral. Petrol. 59 (1997) 121-140.

[8] S.Holloway, An overview of the underground disposal of carbon dioxide, Energy
Convers. Manage. 38 (1997) 193-198.

[9] T. Xu, J.A. Apps, K. Pruess, Numerical simulation of CO, disposal by mineral
trapping in deep aquifers, Appl. Geochem. 19 (2004) 917-936.

[10] S.J. Friedmann, Geological carbon dioxide sequestration, Elements 3 (2007)
179-184.

[11] K.S.Lackner, C.H. Wendt, D.P.Butt, E.L. Joyce, D.H. Sharp, Carbon dioxide disposal
in carbonate minerals, Energy 20 (1995) 1153-1170.

[12] W.K. O’Connor, D.C. Dahlin, G.E. Rush, C.L. Dahlin, W.K. Collins, Carbon dioxide
sequestration by direct mineral carbonation: process mineralogy of feed and
products, Miner. Metall. Proc. 19 (2002) 95-101.

[13] WJ]J. Huijgen, G.J. Witkamp, R.NJ. Comans, Mechanisms of aqueous wollas-
tonite carbonation as a possible CO, sequestration process, Chem. Eng. Sci. 61
(2006) 4242-4251.

[14] S. Holloway, J.M. Pearce, V.L. Hards, T. Ohsumi, J. Gale, Natural emissions of
CO, from the geosphere and their bearing on the geological storage of carbon
dioxide, Energy 32 (2007) 1194-1201.

[15] Y. Soong, D.L. Fauth, B.H. Howard, J.R. Jones, D.K. Harrison, A.L. Goodman, M.L.
Gray, CO, sequestration with brine solution and fly ashes, Energy Convers.
Manage. 47 (2006) 1676-1685.

[16] M. Fernandez Bertos, S.J.R. Simons, C.D. Hills, PJ. Carey, A review of acceler-
ated carbonation technology in the treatment of cement-based materials and
sequestration of CO,, J. Hazard. Mater. 112 (2004) 193-205.

[17] D. Georgiou, P.D. Petrolekas, S. Hatzixanthis, A. Aivasidis, Absorption of carbon
dioxide by raw and treated dye-bath effluents, ]J. Hazard. Mater. 144 (2007)
369-376.

[18] E. Rendek, G. Ducom, P. Germain, Carbon dioxide sequestration in municipal
solid waste incinerator (MSWI) bottom ash, J. Hazard. Mater. 128 (2006) 73-79.

[19] K.S. Lackner, Carbonate chemistry for sequestering fossil carbon, Annu. Rev.
Energy Environ. 27 (2002) 193-232.

[20] WJJ. Huijgen, R.NJ. Comans, Carbonation of steel slag for CO, sequestration:
leaching of products and reaction mechanisms, Environ. Sci. Technol. 40 (2006)
2790-2796.

[21] W. Seifritz, CO, disposal by means of silicates, Nature 345 (1990) 486.

[22] S. Teir, S. Eloneva, C.-]. Fogelholm, R. Zevenhoven, Stability of calcium carbon-
ate and magnesium carbonate in rainwater and nitric acid solutions, Energy
Convers. Manage. 47 (2006) 3059-3068.

[23] L.D. Hansen, G.M. Dipple, T.M. Gordon, D.A. Kellett, Carbonated serpentinite
(listwanite) at Atlin, British Columbia: a geological analogue to carbon dioxide
sequestration, Can. Mineral. 43 (2005) 225-239.

[24] KS. Lackner, D.P. Butt, C.H. Wendt, Progress on binding CO, in mineral sub-
strates, Energy Convers. Manage. 38 (1997) 259-264.

[25] EA. Genth, S.L. Penfield, On Lansfordite, Nesquehonite, a new mineral, and
pseudomorphs of Nesquehonite after Lansfordite, Am. J. Sci. 39 (1890) 121-137.

[26] R.A. Robie, B.S. Hemingway, The heat capacities at low-temperatures and
entropies at 298.15 K of nesquehonite, MgCO3-3H, 0, and hydromagnesite, Am.
Mineral. 57 (1972) 1768-1781.

[27] A. Botha, C.A. Strydom, Preparation of a magnesium hydroxy carbonate from
magnesium hydroxide, Hydrometallurgy 62 (2001) 175-183.

[28] ].T. Kloprogge, W.N. Martens, L. Nothdurft, L.V. Duong, G.E. Webb, Low tem-
perature synthesis and characterisation of nesquehonite, J. Mater. Sci. Lett. 22
(2003) 825-829.

[29] M. Hénchen, V. Prigiobbe, R. Baciocchi, M. Mazzotti, Precipitation in the Mg-
carbonate system-effects of temperature and CO, pressure, Chem. Eng. Sci. 63
(2008) 1012-1028.

[30] Y. Wang, Z. Li, G.P. Demopoulos, Controlled precipitation of nesquehonite
(MgC0s3-3H,0) by the reaction of MgCl, with (NH4),COs, J. Cryst. Growth 310
(2008) 1220-1227.

[31] Y. Xiong, A.S. Lord, Experimental investigations of the reaction path in the
MgO-CO,-H;0 system in solutions with various ionic strengths, and their
applications to nuclear waste isolation, Appl. Geochem. 23 (2008) 1634-1659.

[32] K.M. Towe, P.G. Malone, Precipitation of metastable carbonate phases from
seawater, Nature 226 (1970) 348-349.

[33] G. Giester, C.L. Lengauer, B. Rieck, The crystal structure of nesquehonite,
Mg(CO3)-3H,0, from Lavrion, Greece, Mineral. Petrol. 70 (2000) 153-163.



V. Ferrini et al. / Journal of Hazardous Materials 168 (2009) 832-837 837

[34] G.W. Stephan, C.H. MacGillavry, The crystal structure of nesquehonite,
MgCOs3-3H,0, Acta Cryst. B28 (1972) 1031-1033.

[35] E.E. Coleyshaw, G. Crump, W.P. Griffith, Vibrational spectra of the hydrated
carbonate minerals ikaite, monohydrocalcite, lansfordite and nesquehonite,
Spectrochim. Acta A 59 (2003) 2231-2239.

[36] H.C.B. Hansen, R.M. Taylor, Formation of synthetic analogues of double metal-
hydroxy carbonate minerals under controlled pH conditions: II. The synthesis
of desautelsite, Clay Miner. 26 (1991) 505-527.

[37] W.B. White, The carbonate minerals, in: V.C. Farmer (Ed.), The Infrared Spectra
of Minerals, Mineralogical Society, London, 1974, pp. 227-284.

[38] J. Lanas, ]J.I. Alvarez, Dolomitic lime: thermal decomposition of nesquehonite,
Thermochim. Acta 421 (2004) 123-132.

[39] Z. Zhang, Y. Zheng, Y. Ni, Z. Liu, ]J. Chen, X. Liang, Temperature- and pH-
dependent morphology and FT-IR analysis of magnesium carbonate hydrates,
J. Phys. Chem. B 110 (2006) 12969-12973.

[40] M.C. Hales, R.L. Frost, W.N. Martens, Thermo-Raman spectroscopy of synthetic
nesquehonite—implication for the geosequestration of greenhouse gases, J.
Raman Spectrosc. 39 (2008) 1141-1149.

[41] PJ.Davies, B. Bubela, The transformation of nesquehonite into hydromagnesite,
Chem. Geol. 12 (1973) 289-300.

[42] 1. Suzuki, M. Ito, Nesquehonite from Yoshikawa, Aichi Prefecture, Japan:
occurence and thermal behaviour, J. Jpn. Assoc. Miner. Petrol. Econ. Geol. 69
(1974) 275-284.

[43] RJ. Hill, J.H. Canterford, F.J. Moyle, New data for lansfordite, Mineral. Mag. 46
(1982) 453-457.

[44] V.Vagvolgyi, R.L. Frost, M. Hales, A. Locke, . Krist6f, E. Horvath, Controlled ther-
mal analysis of hydromagnesite, ]. Therm. Anal. Calorim. 92 (2008) 893-897.

[45] J.A.Veil, M.G. Puder, Regulatory Considerations in the Management of Produced
Water—A US Perspective, Produced Water Management-Gas TIPS, 2005, pp.
25-28.

[46] J.A. Veil, M.G. Puder, D. Elcock, R]. Redweik Jr, A White Paper Describ-
ing Produced Water from Production of Crude Oil, Natural Gas, and Coal
Bed Methane, United States Department of Energy, National Energy Tech-
nology Laboratory, 2004, on-line at http://www.netl.doe.gov/publications/
oil_pubs/prodwaterpaper.pdf (Contract W-31-109-Eng-8).

[47] ]. Lu, X. Wang, B. Shan, X. Li, W. Wang, Analysis of chemical compositions
contributable to chemical oxygen demand (COD) of oilfield produced water,
Chemosphere 62 (2006) 322-331.

[48] L.E. Kanagy, B.M. Johnson, J.W. Castle, ].H. Rodgers Jr., Design and performance
of a pilot-scale constructed wetland treatment system for natural gas storage
produced water, Bioresour. Technol. 99 (2008) 1877-1885.

[49] A.H. Brownlow, Geochemistry, 2nd ed., Prentice-Hall, New Jersey, 1996.

[50] F. Pearce, Green Foundations, New Scientist 175 (2002) 39-40.

[51] J. Harrison, Tececo eco-cement masonry product update, www.tececo.com.

[52] J. Lanas, J.L. Pérez Bernal, M.A. Bello, ]J.I. Alvarez, Mechanical properties of
masonry repair dolomitic lime-based mortars, Cem. Concr. Res. 36 (2006)
951-960.

[53] D. Langmuir, Stability of carbonates in the system MgO-CO,-H,0, ]J. Geol. 73
(1965) 730-754.

[54] J.H. Canterford, G. Tsambourakis, B. Lambert, Some observations on the prop-
erties of dypingite, Mgs(CO3)4(OH),-5H,0, and related minerals, Mineral. Mag.
48 (1984) 437-442.

[55] S.A. Wilson, M. Raudsepp, G.M. Dipple, Verifying and quantifying carbon fixa-
tion in minerals from serpentine-rich mine tailings using the Rietveld method
with X-ray powder diffraction data, Am. Mineral. 91 (2006) 1331-1341.

[56] KA. Blackmore, K.M. Beatty, MJ. Hui, KA. Jackson, Growth behavior of
NH4CI-H;0 mixtures, ]. Cryst. Growth 174 (1997) 76-81.

[57] P. Sessiecq, F. Gruy, M. Cournil, Study of ammonium chloride crystallization in
a mixed vessel, ]. Cryst. Growth 208 (2000) 555-568.

[58] H.P.Huang, Y. Shi, W. Li, S.G. Chang, Dual alkali approaches for the capture and
separation of CO,, Energy Fuels 15 (2001) 263-268.

[59] S.J. Gerdemann, W.K. O’Connor, D.C. Dahlin, L.R. Penner, H. Rush, Ex situ aqueous
mineral carbonation, Environ. Sci. Technol. 41 (2007) 2587-2593.

[60] IEA, International Energy Agency, The reduction of greenhouse gas emissions
from the cement industry, Report No. PH3/7, 1999.

[61] L. Szabd, 1. Hidalgo, J.C. Ciscar, A. Soria, CO, emission trading within the Euro-
pean Union and Annex B countries: the cement industry case, Energy Policy 34
(2006) 72-87.

[62] IEA, International Energy Agency, Tracking Industrial Energy Efficiency and CO,
Emissions, Report, ISBN 978-92-64-03016-9, 2007, p. 324.


http://www.netl.doe.gov/publications/oil_pubs/prodwaterpaper.pdf
http://www.netl.doe.gov/publications/oil_pubs/prodwaterpaper.pdf
http://www.tececo.com/

	Synthesis of nesquehonite by reaction of gaseous CO2 with Mg chloride solution: Its potential role in the sequestration of carbon dioxide
	Introduction
	The properties of nesquehonite

	Experimental methods
	Results of the syntheses
	Discussion
	Sources of magnesium available
	The stability of nesquehonite in an acidic environment
	Possible uses for the nesquehonite and recycling of the by-products of the process
	Advantages of CO2 sequestration in synthetic nesquehonite

	Acknowledgements
	References


