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Abstract: Synthetic nesquehonite with a Mg(HCO3)OH-2H;,O chemical formula is a solid product of
CO, mineralization with cementitious properties. It constitutes an “MHCH” (magnesium hydroxy-
carbonate hydrate) phase and, along with dypingite and hydromagnesite, is considered to be a
promising permanent and safe solution for CO, storage with potential utilization as a supplementary
material in “green” building materials. In this work, synthetic nesquehonite-based mortars were
evaluated in terms of their compressive strengths. Nesquehonite was synthesized by CO, mineral-
ization under ambient conditions (25 °C and 1 atm). A saturated Mg?* solution was used at a pH
of 9.3. The synthesized nesquehonite was subsequently studied by means of optical microscopy,
X-ray diffraction (XRD) and scanning electron microscopy (SEM). Impurity-free nesquehonite formed
elongated fibers, often around a centerpiece, creating a rosette-like structure. The synthesized nesque-
honite was mixed with reactive magnesia, natural pozzolan, standard aggregate sand and water to
create a mortar. The mortar was cast into 5 x 5 x 5 silicone mold and cured in water for 28 days.
A compressive strength of up to 22 MPa was achieved. An X-ray diffraction study of the cured
mortars revealed the formation of brucite as the main hydration crystalline phase. Carbon dioxide
mineralized nesquehonite is a very promising “green” building material with competitive properties
that might prove to be an essential part of the circular economy industrial approach.
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1. Introduction

Carbon emission reduction policies constitute a top priority, nowadays, to reduce the
environmental impact of the greenhouse effect. During the 2000-2014 period, the USA
had an 18% overall decline in carbon dioxide emissions, while many European countries
experienced declines from 20% to over 30%. However, at the same time, China’s CO,
emissions increased by 50% and India’s by 88%. For that reason, the development of
effective carbon capture and storage (CCS) methods that exploit CO, emissions from
industrial activities is of high interest [1-6].

As CCS becomes a key technology in the reduction in greenhouse gases, the utilization
of CO; for the synthesis of market-usable products is considered attractive from the market
point of view [7,8]. The most preferable option for Carbon Capture Utilization (CCU) is the
synthesis of construction/building materials because of the increased need for concrete in
the global market [8].

The synthesis of Mg-rich carbonate minerals is an effective method of CCS. It involves
the interaction of Mg?* ions with CO, in an aqueous solution, resulting in the rapid precip-
itation of hydrous Mg-carbonate minerals [9]. The source of this process could be several
types of by-products, wastes, brines or even seawater. Nesquehonite (MgCO3-3H,0) is the
most energy-efficient product of CO, mineralization, because its synthesis requires earth’s
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ambient conditions. Precipitation of nesquehonite takes place at temperatures lower than
50 °C and under alkaline conditions (pH ~ 9), according to the following reaction:

Mg?* + CO; (g) + 4H,0 -> Mg(OH)(HCO3) -2H,0 or MgCO;3-3H,0 (s) + 2H*

Nesquehonite exhibits excellent engineering properties for making construction ma-
terial [9-13] and can potentially be used for industrial purposes in acoustic or insulation
panels [11]. The cementitious characteristics of nesquehonite are a relatively recent discov-
ery [7,10].

High-energy consumption, costs and gas emissions (especially CO,) are the main
drawbacks of the production process of commercial cement. CO, emissions during the
cement production process are primarily due to the decomposition of calcium carbonate
(the basic reaction of the cement clinkerization), secondarily to the use of fuels for the
required energy production and finally to the electricity consumption and transportation.
Clinker’s production line also possesses many disadvantages, such as increased energy
requirements [14], costs and emissions of other gases (SO,, NOy), dust and particles [15]. It
is imperative that a more environmentally friendly and less costly solution should be found
for construction materials, while maintaining the same mechanical properties as common
cements. Eco-cements based on reactive MgO and CO, mineralization are a promising
solution with particular construction applications.

Reactive MgO Cements (RMCs) are alternative low-carbon cementing materials. The
magnesium oxide used in eco-cements replaces the clinker used in common cements.
Reactive magnesia can be produced synthetically from brine or seawater [16], or by cal-
cination of magnesia-based minerals, such as magnesite (MgCQOs, cryptocrystalline or
macrocrystalline) and dolomite [(Ca,Mg)COs]. Reactive MgO has high surface area and,
thus, reactivity [17]. In reactive MgO cement production, the most commonly used firing
apparatus is the vertical shaft kiln, in which preheating, calcination and cooling of materials
all take place at the same time. The calcination of magnesite occurs at temperatures below
800 °C, which is significantly lower than that of cement clinkerization (1450 °C) [18] and,
thus, less energy consuming. Nevertheless, reactive MgO gains its physical properties as a
result of carbonation processes. During synthesis, CO; is chemically absorbed, creating
carbonate phases [19]. The mineralization of CO, into thermodynamically stable carbonate
phases such as nesquehonite (stable at 2540 °C and 1 atm) leads to the sequestration
of large amounts of carbon dioxide emitted at previous stages of production. Carbon
capture and storage in such a way is both safe and sustainable, with the great advantage
of complete carbon utilization. As a result, the production process of reactive MgO based
eco-cements has a lower carbon footprint than the production of clinker.

Additionally, the high porosity of MgO cements is a crucial factor for the carbonation
processes. CO; is diffused in the pores of the MgO cement mix and, after a chain of
chemical reactions, amounts of hydrated magnesium carbonate, as brucite, nesquehonite,
hydromagnesite, dypingite and artinite, are created. The carbonates” morphology also
plays a significant role, as fibrous and needle-like crystals grown in hydrated magnesium
carbonates are beneficial for the mechanical performance of reactive MgO cements [16].
With appropriate curing conditions, reactive magnesia-based cements demonstrate better
mechanical properties than Portland Cements [20].

The advantages of eco-cements based on reactive MgO not only affect the production
and mechanical properties of these cements, but also the potential of utilizing wastes and
industrial by-products. Moreover, when the lifecycle of reactive MgO cement is completed,
it may be recycled to produce magnesia for other uses [17].

The goal of this study was to investigate the mechanical and chemical characteristics
of a new eco-cement building material produced by mixing nesquehonite with reactive
magnesia. Through the synthesis of nesquehonite-based cements, we investigated the
synthesis of a new “green” building material. A detailed microscopy study was carried
out to fully characterize the new magnesium-hydroxy-carbonate-hydrate (MHCH) phases.
Toward this goal, we synthesized multiple mortars and tested their compressive strength.
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2. Materials and Methods

X-ray Diffraction patterns were obtained with a Bruker D8 Focus diffractometer in a
6-0 configuration employing CuK« radiation (A = 1.5406 A) with a fixed divergence slit size
of 0.5° and a rotating sample stage. The samples were scanned between 4 and 70° 26. The
step size and time per step were set to 0.017° 20 and 80 s, respectively. Stereoscopic study
was carried out under a Leica MZ8 binocular stereoscope. Scanning Electron Microscopy
(SEM) was performed using a JEOL 6380LV-SEM equipped with an Oxford EDS-WDS.
The thermal-gravimetric study of nesquehonite was carried out in a thermogravimetry
instrument produced by Mettler under flowing nitrogen atmosphere with a heating rate of
10 °C/min in the temperature range of 25-1100 °C. STARSW software was used to evaluate
the results. A static compression test was carried out using an MTS-E45.305 electronic
universal testing machine with reference to the ASTM C109. The load-displacement (L-D)
curve data were recorded in a computer using sensors installed at the load cell.

2.1. Synthesis of Nesquehonite

Nesquehonite, a hydrous Mg-carbonate, is a thermodynamically and chemically stable
solid product. A simple, fast and environmentally friendly synthesis of nesquehonite was
achieved by reaction of gaseous CO, with a Mg-chloride solution under low pressure
conditions, as follows:

MgClz'?)HzO + COQ(g) + H,O — MgCO3'3HZO(S) + 2HCI

A saturated Mg?* solution was used for nesquehonite synthesis, at a temperature of
25 °C and pH 9.3. During the reaction, since the pH tended to reduce, a continuous input of
high concentration (35%) NHj solution was required to keep the pH at alkaline values [9].
The NHj solution reacted with HCI to form NH4Cl and was easily separated from the solid
product (nesquehonite) using a vacuum pump.

2.2. Synthesis of the New “Green” Building Material

To synthesize the new “green” mortar, reactive magnesia with pozzolan was blended
with nesquehonite, a carbon sequestration product that was formed in vitro herein. Stan-
dard aggregate sand and water were added together in the mix to cast a mortar. The new
mortar was cast into a5 x 5 x 5 silicone mold and cured in water for 28 days. The binder
consisted of 40% MgQO (reactive magnesia) + 50% Pozzolan + 10% nesquehonite. The binder
was 40% mortar; the other 60% was standard aggregate sand.

3. Results

Synthesized nesquehonite was studied by means of X-ray Diffraction, optical mi-
croscopy (Figure 1) and scanning electron microscopy (Figure 1). Synthesized nesquehonite
forms elongated fibers, exhibiting transparent to translucent diaphaneity and vitreous
luster. Nesquehonite’s chemical composition is characterized by the presence of OH- and
CO3% in the crystal structure (Mg (HCO3)(OH)-2H,0 describes it better [21]).

XRD analysis of the nesquehonite showed characteristic peaks at d = 6.52, 3.86, 3.04,
2.62,2.51 and 1.92 A, which correspond to Miller indices of {101}, {200}, {211}, {021}, {301}
and {400} [22].

Scanning Electron Microscopy (SEM) showed that the nesquehonite fibers were devel-
oped around a centerpiece, creating a structure called rosettes (Figure 1).

A typical compressive test was performed to study the engineering properties of the
mortar. The sample achieved a compressive strength of 22 MPa after 28 days (Figure 2).
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Figure 1. (Left) Stereoscopic view of the synthesized nesquehonite. (Right) Secondary electron (SE) image of nesquehonite
showing prismatic crystals in the form of rosettes.
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Figure 2. (Left) Comprehensive strength of the sample achieved herein. (Right) Photomacrograph of the mortar sample

after the comprehensive strength test.

The sample’s matrix broke into pieces after the loading reached the maximum value.

XRD analysis was only performed in the binder of the sample to identify the new
phases formed after the 28 days of curing in water. According to the results, there was a
high concentration of the magnesium hydrated phase, indicating that caustic magnesia
reacted during the curing period. Mineralogical examination of the binder showed the
existence of brucite, quartz, cristobalite, orthoclase, calcite, muscovite and stilbite.

In addition to the main crystalline phase, the binder also contained amorphous phases,
as indicated by the characteristic hump between 15 and 35° degrees (Figure 3).

Thermal gravimetric analysis of the binder (Figure 4) showed a total mass loss on
ignition of about 20%. The mass loss between 25 and 120 °C was 3%. In the DTA curve,
two endothermic reactions above 200 °C were observed, of which one corresponded to the
dehydroxylation and the other to decarbonation in the binder. The dehydroxylation of the
sample started at about 300 °C and ended 460 °C. The sample lost about 10% of its total
mass. Decarbonation occurred in two steps. The first decarbonation peak occurred between
about 450 and 510 °C and corresponded to a mass loss of 1%. The second decarbonation
peak occurred between about 630 and 680 °C and corresponded to a mass loss of 2%.



Mater. Proc. 2021, 5, 60 50f7

o (%] Brucite

N [#] Quartz

o | Cristobalite

» [A] K-Feldspar (orthoclase)
il [v] calcite

2 2| Muscovite/lllite

i © [ stilbite
m 2
o
20 3
pid 2
2
ol
n i 8
o el
w o
1 5
B ] ~
1@ 3 @ 2 g
o g 3 g 8
o b b 8 3
it ° i - e
©| o @ 1 '
12 2 8 © 2
2 8
8 b4 g
m =1 S =
& o
™ ke W 2 @
o © b 3 I
8

- E_
d=
d:

! il “
yl“ﬁm ir iof ot Frd a\f.-f:ﬂﬁiﬁ-ﬂ%-ﬁnl@&& I‘mu,f:'

2-Theta - Scale

Figure 3. XRD pattern of the mortar’s binder synthesized herein.
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Figure 4. Thermogravimetry (TG)/differential thermal analysis (DTA)/derivative thermogravimetric (DTG) curves of the
mortar’s binder synthesized in this study.

SEM analysis indicated the presence of the CO3 2 in the amorphous phase formed dur-
ing mortar curing (Figure 5) and showed that a reaction between nesquehonite, pozzolan
and caustic magnesia took place.
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Figure 5. (Left) Amorphous Mg-phase containing CO3 2. (Right) Amorphous Mg-Si-phase *.

4. Discussion

It was found that sequestering CO, through carbonization produces a solid material
called nesquehonite that can be used for eco-friendly building materials. During the
synthesis of nesquehonite, the carbon dioxide mineralization process left two moles of
hydrochloric acid for every mole of carbon dioxide captured. Since ammonia aqueous
solution (32% concentration) needed to be added to adjust the pH value of the solution,
multiple circulation of the solution meant that the final by-product was a mixture of NH4CI-
H;0 and MgCOj3-3H,0. The ammonium chloride was removed from the aqueous solutions
following a filtration process with distilled water under vacuum conditions to separate the
solid nesquehonite from the solution. The ammonium chloride could be then recycled to
produce NH; and HCI [9].

The new eco-friendly mortar synthesized in this work proved to have competitive
comprehensive strength in comparison with magnesium cements existing already in the
market [23]. The new mortar achieved 22MPa, which shows its high potential.

The blended mix with Pozzolan and reactive magnesia achieved a compressive mortar
strength of 22 MPa. The hydration of MgO in the presence of water produced a Mg(OH);
phase. The addition of nesquehonite increased the rate of MgO hydration and provided
nucleation sites, resulting in higher strength. The material strengthened over time, under
high humidity.

The addition of pozzolan, with high amounts of amorphous alumino-silicate com-
pounds, can lead to the development of secondary magnesium and calcium alumino-
silicate hydrate products (due to the reaction with the produced Mg(OH), from magnesia
hydration), with improved hydraulic properties. These compounds are responsible for
hardening and development of higher strengths at later ages, simultaneously enchasing
the microstructure (pore structure, paste-aggregates interface, etc) and durability of the
final hardened mixture. It should be also noted that the presence of zeolite type phases in
the raw pozzolan significantly improved the strength of the hardened mortar. The mortar
presented a maximum compressive strength of 22 MPa.

Combined XRD, SEM and DTA analysis showed that the amorphous phase in the
binder contained CO32~ in its structure since none of the magnesium hydrate carbonate
minerals were detected. The SEM study also revealed the existence of CO32~ in the binder
of the mortar.

5. Conclusions

The synthesis of a nesquehonite-based eco-friendly mortar proved to be a relatively
low energy process. Nesquehonite, as a CO; sequestration product, required low pressure
conditions, meaning that it is an energy-efficient product. The synthesis of nesquehonite
described herein is a simple, fast and environmentally friendly process and constitutes
a potential long-term CO, storage method. It could also be applied at larger/industrial
scales with the aim of capturing and permanently storing CO, emissions.

The “green” mortar synthesized from nesquehonite reactive magnesia and pozzolan
exhibits competitive strengths in comparison with existing products.
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