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The cement production contributes to about ~8% (=2.5 gigaton by the year) of total anthropogenic CO»
emissions in the world. About 2/3 of these emissions are related to limestone calcination during cement clinker
fabrication using mainly limestone, clay and silica sand. In this way, decarbonation of this industry is therefore a
key challenge for a reduction of CO, emissions. In this communication letter, an innovative chemical process is
reported in order to avoid the COy emissions related to limestone calcination process. In effect, limestone
(CaCO3) calcium source can be previously transformed into portlandite mineral (Ca(OH)3). In this manner, if the
limestone is replaced by engineered portlandite, the cement clinker production will only reject vapor water
during calcium silicates formation at high temperature as simplified for tri-calcium silicate:

3Ca(OH), + Si0,—3Ca0.Si0; + 3H,0yqpory (INnovative Reaction)

In this experimental-technological study (TRL close to 2), portlandite production from limestone concerns
well-known chemical reactions and the use of conventional reactants (e.g., HCl and NaOH). Acid reactant in
order to extract calcium in solution (CaCO3 + 2HCI —» Ca%t4+2C1” + H20 + CO2(gas)) (unit or reactor 1) and soda
reactant to sequester simultaneously the produced carbon dioxide by chemisorption process (COx(gas) + 2NaOH
- CO3 2 4 2Na*+ H,0) leading to a carbonated solution (unit or reactor 2). Soda solutions are also utilized to
produce portlandite from calcium solution (Ca?*+2Cl~ + 2NaOH — Ca(OH); + 2NaCl). Portlandite mineral is
then recovered from slurry by simple settling and water washing to remove residual sodium chloride. Moreover,
alkaline-carbonate solution obtained in reactor 2 by CO2 chemisorption process can be utilized to produce
magnesite (MgCO3) “the most stable carbonate under Earth surface conditions” via indirect carbonation of Mg-
silicates minerals or other stable carbonates. In this study, all main chemical reactions at the lab scale were
optimized/characterized by Raman spectroscopy in real-time, X-ray diffraction and FESEM.

In summary, this basic technology research (~TRL 2) offers a realistic possibility/process to produce low-
carbon cement and concrete by using the current existing technologies at the industrial scale.

1. Introduction

Concrete is the world's most manufactured product, with an amount
of around 20 Gt/year. The related production of Portland cement ac-
counts for 36% of the 7.7 Gt of CO,, released (in 2010) by construction
activities [1] and ~8% of total anthropogenic CO; emissions [2].
Decarbonation of this industry is therefore a key challenge for a
reduction of Greenhouse gas (GHG) emissions. COy emissions of the
cement industry come mainly from energy consumption (~1/3) and
calcination of limestone (~2/3) during cement clinker fabrication
[1-5]. If the first source can be significantly reduced through efficiency
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and the use of low-carbon energies, direct emissions of COy from
calcination raise deeper problems. In this way, the CO5 capture from
industrial sources (e.g., cement fabrication, metallurgy and power
plants) and its transformation into re-usable products (e.g., ethanol,
syngas, etc.) and/or non-energetic materials (e.g., magnesite, dolomite,
siderite and other stable carbonates) appears now as a realistic strategy
to reduce significantly the CO; industrial emissions into the atmosphere
[6-10]. In the practice, COy capture from industrial sources (hot gas
stream containing Ny and other minor gas NOx, SOx, etc.) does not
represent a technological or scientific obstacle, but the existing methods
and technologies (including recovery of high-purity of CO» and its
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liquefaction) remain highly expensive [11-14]. For the cement pro-
duction and particularly concerning the limestone calcination during
cement clinker fabrication, an innovative process is proposed in the
present study. In effect, the CO2 emissions related to limestone calci-
nation process can be avoided. Because, limestone (CaCO3) calcium
source can be previously transformed into portlandite mineral (Ca
(OH)y). Engineered portlandite can then substitutes the limestone in the
clinker formulation. Technically, this means that during cement clinker
fabrication at high temperature from 800 to 1400 °C in the furnaces only
water from clays and portlandite will be rejected, i.e., COo-free cement
clinker production. A simplified material flow diagram and the main
concerned reactions are reported in this letter communication.

2. Materials and methods
2.1. Limestone decarbonation coupled to COz capture

Two connected/coupled reactors were used here, both operating at
room temperature (22-23 °C) in order to minimize the energetic re-
quirements. In the first reactor (1 L of capacity) centimetric limestone
pieces (50 g) are placed in contact with 500 mL of an acidic solution (e.
g., 5% of HCI solution) under static regime. The limestone decarbon-
ation initiates rapidly producing carbon dioxide gas (CO.). Herein,
produced CO, gas is directly conducted to a second reactor (600 mL of
capacity) containing 400 mL de soda solution (from 1 to 2.5 M). In this
way, the CO- is rapidly sequestered as carbonate ions as determined by
the Raman spectroscopy. In effect, the CO, capture was monitored in
real-time by Raman spectroscopy. This allows a precise monitoring of
progression CO2 capture/chemisorption process [e.g., 15]. In summary,
in each reactor a key ionic solution is obtained at the equilibrium. Ca-
rich solution from the first reactor was used to produce portlandite
(Ca(OH),) material and alkaline carbonate solution from second reactor
was used to produce magnesite (MgCOs) and vaterite (CaCO3) as com-
mented below.

2.2. Portlandite production

1 L of Ca-rich solution is placed in a conventional baker (2 L in total).
Soda solution (2 M) is then added at a controlled flowrate of 12 mL/min
until complete pH stabilization at 12.2. Herein, the pH was monitored in
real-time (imacimus sensors) in order to obtain a respective titration
curve (time vs pH). Similar experiments using only 200 mL de Ca-rich
solution were also performed by using time-resolved Raman spectros-
copy measurements in order to determine kinetics and reaction mech-
anism of portlandite. This spectroscopy method has been already used
for other several minerals [16-19].

2.3. Magnesite (MgCO3) and vaterite (CaCO3) production

The alkaline-carbonate solution (CO32 or CO32/HCO3 mixture) ob-
tained from CO, capture during limestone decarbonation was used to
produce anhydrous carbonates with particular applications and stabil-
ities. Below two significant examples are suggested.

Magnesite (MgCO3) from indirect carbonation of peridotite or ser-
pentinite (ultrabasic rocks). A specific method was developed and a first
study was submitted for publication (unpublished data). Briefly, this
method is based in three steps: (1) acidic leaching of ultrabasic rocks
(including mining waste) in order to obtain a Mg-rich ionic solution, (2)
CO capture by chemisorption in soda solution in order to obtain an
alkaline-carbonate ionic solution as described in sub-section 2.1 and (3)
controlled mixture of Mg-rich ionic solution with alkaline solution and
heating at 150 °C for 1 h or at 90 °C for 24 h.

Vaterite (CaCO3) from direct carbonation of natural gypsum
(CaS04-2H50). Herein, the alkaline-carbonate ionic solution is placed in
contact with gypsum particles at room temperature. Vaterite is then
rapidly formed from slurry and it remain stabilized for various days in its
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mother solution or for weeks in Mg solutions. Then its transformation
into calcite or aragonite can be easily controlled (unpublished confi-
dential data).

3. Results and discussion

The tricalcium (3Ca0.Si05) and dicalcium (2Ca0.SiO5) silicates are
the main components in the cement clinker. Their formation at high
temperature (800-1400 °C) produces high amount of CO, because cal-
cium is systematically provided by limestone (CaCOs) as illustrated for
tri-calcium silicate:

3CaCO; + Si0,—3Ca0.Si03 4 3CO4s)  (Conventional Reaction)

In the present letter communication, an innovative process is sug-
gested in order to avoid the COy emissions during cement clinker
fabrication. In effect, engineered/synthetic portlandite (Ca(OH)3) can
be utilized by replacing the raw limestone. In this case, only water vapor
is emitted during cement clinker fabrication as illustrated below:

3Ca(OH), + Si0,—3Ca0.5i0; + 3H,0(,qory  (Innovative Reaction)

In practice, the same technology for production of cement clinker can
be used, but, a supplementary chemical process must be involved in
order to produce portlandite from limestone decarbonation at ambient
temperature and by using common reactants (acid and soda) as illus-
trated in the simplified material flow diagram (Fig. 1).

The main innovative idea of this process concerns the instantaneous
and/or simultaneous sequestration of produced CO, during limestone
decarbonation at room/ambient temperature (23-25 °C). For this, two
connected reactors are involved. In the first reactor, the limestone is
decarbonated in an acidic aqueous medium leading to a Ca-rich solution,
for example:

CaCOs; + 2HCl—Ca®" + 2Cl" + H2O\iguia) + COx(gas) e))

The produced CO3, gas is simultaneously captured by chemisorption
in soda solution in the second connected reactor leading to an alkaline-
carbonate solution as monitored in real-time by Raman spectroscopy
(Fig. 2).

COz(ga;) + 2NaOH—>CO§’ + 2Na" +H20(liquid) 2)

In this way, portlandite mineral can be easily produced by controlled
mixture of Ca-rich solution (from reaction 1) with a soda solution as
illustrated by the following reaction:

Ca®" +2Cl” +2NaOH-Ca(OH), + 2NaCl 3

pH and Raman spectroscopy in real time confirm a fast formation of
portlandite at room temperature (Fig. 3). Portlandite mineral/material
can be separated from salt solution by simple settling and recovered
portlandite washed in order to remove residual NaCl salt.

On the other hand, the alkaline carbonate solution can be utilized to
produce calcium or magnesium carbonates with ready-use as mineral
additives in drugs, plastics, paper and/or construction materials
[15-17]. In this letter communication two original examples concerning
vaterite (recycling COy perspective) and magnesite (permanent COg
storage) are provided in the following reactions.

Vaterite mesocrystals can be easily produced at ambient temperature
(23-25 °C) by using gypsum (CaSO,.H50) mineral as calcium source:

CaS0,4.2H,0 + CO%™ + 2Na™—CaCOs + SO;~ + 2Na* + 2H,0 )]

The nucleation of vaterite for this reaction was monitored in real-
time by Raman spectroscopy as illustrated in Fig. 4.

Magnesite crystals (the most stable carbonate under Earth surface
conditions) can be also produced, but in this case a Mg-rich ionic solu-
tion is need (e.g. from acidic leaching of Mg-silicates).

Mg** +2Cl” +CO% +2Na' —MgCO, +2Cl” + 2Na* ©)
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Fig. 1. Material flow diagram for an innovative process on the portlandite (Ca(OH,) fabrication coupled to CO, sequestration by chemisorption. In order to produce

“low-carbon” cement clinker and concrete. Main overall reactions are described in

lHCI solution (5%)

the results and discussion section and also illustrated in the Figs. 2 to 5.
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Fig. 2. Limestone decarbonation in HCl solution (reactor/unit 1) coupled to simultaneous chemisorption of produced CO- in soda solution (2.5 M) (reactor/unit 2).
Here, the chemisorption kinetics of CO, was monitored in real-time by Raman spectroscopy.

Here, magnesite production requires also a heat-ageing step of at
least 90 °C (see Fig. 5 and also ref. [17]). Magnesite crystals can be
separated from salt solution by simple settling and recovered magnesite
washed in order to remove residual NaCl salt. Magnesite has well-known
industrial applications as mineral additive in plastics and as retardant

fire for example. In a perspective of permanent storage of COo; magne-
site “the most stable” carbonate can be also utilized as partial substitute
of cement clinker in the concrete manufacturing as proposed in a recent
study (unpublished data).

All these chemical reactions (1 to 5) are then involved in this
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Fig. 3. Portlandite nucleation using Ca-rich solution from limestone decarbonation neutralized with soda solution at room T (=23 °C) (see also Fig. 1). Portlandite

nucleation was monitored in real-time by Raman spectroscopy and pH probe.
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Fig. 4. Vaterite nucleation using carbonate solution obtained by CO, chemisorption during limestone decarbonation at room T (=23 °C) (see also Fig. 1). Vaterite
nucleation was monitored in real-time by Raman spectroscopy. Here, synthetic gypsum (CaSO4.H,0) was used as calcium source.

innovative chemical process to produce engineered portlandite and
useful carbonates in order to avoid the CO, emissions during cement
clinker fabrication as summarized by a material flow diagram (Fig. 1)
indicating mainly input and output materials. This demonstrates that the
cement industry can be decarbonized by using the existing technology
and the complementary suggested process (illustrated in Fig. 1) at the
lab scale can be easily-technically extrapolated to the industrial scale.

4. Conclusion

The reduction and/or elimination of CO5 emissions related to lime-
stone decarbonation in cement (clinker fabrication) and metallurgy
(attenuation of heat propagation around high-temperature furnaces)
industries is crucial to reduce significantly the global CO, industrial
emissions in the world. In this context, the present communication letter
reports a basic technology research (=TRL 2) study in order to avoid the
CO; emissions during cement clinker fabrication. In effect, an innovative
process is suggested in order to produce portlandite (Ca(OH)3) coupled
to simultaneous COy chemisorption (CO%‘) from limestone decarbon-
ation. In this manner, the limestone (CaCOgs) utilized classically to
produce cement clinker at high temperature (~1400 °C) can be replaced

by engineered “low-carbon” portlandite. This means that during calcium
silicates formation (or cement clinker) only water will be rejected during
calcination processes as simplified by the following reaction concerning
tri-calcium silicate:

3Ca(OH), + Si0,—3Ca0.5i0; + 3H,0(qpory  (Innovative Reaction)

The cement clinker production without CO, emissions is technically
possible and realistic, but, significant amounts of acid and soda are
required. For example, to produce 1ton of portlandite (Ca(OH),) about
1ton of HCl and 1ton of NaOH are required. Fortunately, all required
chemical elements (Ca, Na, Cl, H and O) are widely available in the
biosphere.
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Fig. 5. Fe-Magnesite nucleation at 90 °C using carbonate solution obtained by CO, chemisorption during limestone decarbonation at room T (see also Fig. 1). Mg-
rich solution was obtained by leaching of peridotite mm-grains at 60 °C (unpublished data). Reaction mechanism and kinetics for magnesite formation at 90 °C were

monitored in real-time by Raman spectroscopy.
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