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Abstract: Mineral carbonation is gaining increasing attention for its ability to sequester CO2. The
main challenge is doing it economically and energy-efficiently. Recently, many studies have focused
on the aqueous reaction of carbon dioxide with the alkaline earth minerals such as serpentine,
Mg-rich olivine and wollastonite. Nevertheless, Fe-rich olivines have been poorly studied because
of their high energy demand, which make them unfeasible for industrial implementation. This
article describes the feasibility of an indirect mineral carbonation process using silicic, Fe-rich mining
waste with direct flue gas CO2 via iron complexation using 2,2′-bipyridine. The overall process
was performed in three main steps: leaching, iron complexation, and aqueous mineral carbonation
reactions. The preferential parameters resulted in a recirculation scenario, where 38% of Fe cations
were leached, complexed, and reacted under mild conditions. CO2 uptake of 57.3% was achieved,
obtaining a Fe-rich carbonate. These results are promising for the application of mineral carbonation
to reduce CO2 emissions. Furthermore, the greenhouse gas balance had a global vision of the overall
reaction’s feasibility. The results showed a positive balance in CO2 removal, with an estimated 130 kg
CO2/ton of residue. Although an exhaustive study should be done, the new and innovative mineral
carbonation CO2 sequestration approach in this study is promising.

Keywords: mineral sequestration of CO2; carbon dioxide; global warming; mine waste; iron carbonate;
2,2′-bipyridine

1. Introduction

The reduction of greenhouse gas (GHG) emissions is a major environmental challenge
given their negative impact on the ecosystem. The Intergovernmental Panel for Climate
Change (IPCC) has reported an increase in the average global temperature of about 0.91 ◦C
between 1880 and 2015, with an estimated increase rate of 0.2 ◦C per decade, caused mainly
by anthropogenic GHG emissions [1] an increase in the average global temperature of
about 0.85 ◦C between 1880 and 2012, with an estimated increase rate of 0.2 ◦C per decade,
caused mainly by anthropogenic GHG emissions. This temperature increase has caused
changes in the global climate, with serious consequences for humans and ecosystems,
including more extreme weather, droughts, polar ice melting, increased sea levels, and
increased ocean acidification [2–5].

Policymakers expect that limiting the temperature increase to 1.5 ◦C above pre-
industrial levels, as opposed to 2 ◦C or more, will ensure that global climate change
remains reversible. Global anthropogenic CO2 emissions would consequently need to
decrease by 45% from 2010 levels by 2030, reaching “net zero” by 2050 [6]. In 2008, Que-
bec entered the Western Climate Initiative along with other Canadian provinces (British
Columbia, Manitoba, and Ontario) and California (USA) to implement a cap and trade
system to reduce GHG emissions [7]. Since 2013, industries with high CO2 emissions have
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been subject to GHG emission regulations to avoid carbon taxes. Consequently, these
industries must find solutions to reduce their emissions [8].

CO2 capture and storage or utilization methods for reducing GHG emissions are
gaining increasing attention to reduce post-combustion gaseous emissions. Both of these
methods involve CO2 capture from industrial emissions and its transport in a pipeline
or by ship. This CO2 could be stored geologically or biologically (e.g., CO2 capture and
storage) or reused by transforming it into a product with sale value [9–11]. In particular,
mineral carbonation is fast becoming an important method of removing CO2 and obtaining
carbonates with potential sale value. This reaction involves a chemical reaction between
CO2 and divalent metals (Ca, Mg, Fe or Ba) to form stable reusable carbonates [12]. Mineral
carbonation is thermodynamically favorable but kinetically slow, and its reaction rate
should be increased to make its application feasible at an industrial scale [13].

Mineral carbonation was originally proposed by Seifritz [14]. Subsequently, the con-
cept of binding CO2 in Ca and Mg carbonate minerals was proposed by Dunsmore [15],
and additional investigations were done by Lackner et al. [16,17] More recently, several
reports on CO2 sequestration by mineral carbonation have been published, with partic-
ular focus on four minerals: Mg-rich olivine (forsterite, Mg2SiO4); [18–22], serpentine
(Mg2Si2O5(OH)4); [23–26], wollastonite (CaSiO3); [27,28] and Basalt [29–31]. Few studies
have used Fe-rich silicates, and the studies that did usually focused on aqueous mineral
carbonation using supercritical and anoxic conditions for CO2 or high reaction conditions
that are not competitive for application at an industrial scale because of the amount of
energy required [32–34]. Most studied mineral carbonation reactions were performed in
aqueous media because of the low reaction kinetics of the gas phase reaction under dry
conditions [35]. Indirect mineral carbonation reactions, where divalent cations are extracted
into the solution prior to the reaction with CO2, have much better reaction efficiencies and
are thus more suitable for future industrial implementation, even more with refractory
materials [36].

This study focused on providing a solution to Fe-rich silicate mining residue from
Mine Arnaud, an apatite mine in the Sept-Îles, QC, Canada [37]. The residue is mainly
composed of silicates, particularly, Fe-rich olivine (fayalite, Fe2SiO4) with approximately
16% Fe and 19% Si. With 81.2 Mt CO2-eq, GHG emissions from Quebec represent 11.2%
of Canada’s total emissions [38]. Due to hydroelectricity, transportation and industries
represent the major emitters with industrial clusters in the province emitting most of
the GHGs [39]. One such area is situated in the area of Sept-Îles and Port-Cartier with
ArcelorMittal iron pellet plant and Aluminerie Alouette aluminum manufacturing plant,
the CO2 emissions of which are 863 and 1.12 Mt CO2-eq/year, respectively. These industries
are adjacent to Mine Arnaud, and mineral carbonation is an ideal way for removing CO2
from industrial gases and reusing Fe-rich mining residue.

The main problem with Fe-rich carbonate precipitation is the stabilization of iron
(II) cations in under alkaline pH conditions without forming undesired iron hydroxide
precipitates [40]. In the Eh-pH diagram of iron species [41], hydroxide precipitation starts
at around pH 6, whereas that of FeCO3 occurs between pH 9 and pH 12. This problem is
proposed to be solved by using 2,2′-bipyridine as a ligand, forming [Fe(bipy)3]2+, a very
stable iron (II) complex that avoids the undesired precipitation of other iron compounds.

The indirect mineral carbonation process proposed in this study consisted of three main
steps. First, a leaching process was performed using ammonium bisulphate (NH4HSO4) as
an acid solvent to extract Fe and Mg cations in solution. Second, since a basic pH (9–12) was
necessary for the mineral carbonation reaction, sodium hydroxide (NaOH) was used and Fe
complexation using 2,2′-bipyridine was done to avoid the precipitation of Fe hydroxide [42].
Third, CO2 gas was added to the solution to obtain the final carbonate. It is important to
note that the 2,2′-bipyridine and NH4HSO4 remains in solution during the process, they are
regenerated and released after the mineral carbonation reaction when the CO2 is added.

Equations (1)–(5) show the series of reactions that take place in the aqueous mineral
carbonation present in this work:

(Fe, Mg, Ca)2SiO4 + 4NH4 HSO4 ↔ 2(Fe, Mg, Ca)SO4(aq) + 2(NH4)2SO4(aq) + SiO2 + 2H2O (1)
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(Fe, Mg, Ca)SO4(aq) + 3(2, 2′ − bipyridine)2+ + H2O + NaOH(aq)↔ [Fe(bipy)3]
2+ + (Mg, Ca)SO4(aq) + H2O + NaOH(aq) (2)

CO2(g) + H2O↔ H2CO3(aq) ↔ HCO−3 + H+ ↔ CO2−
3 + H+ ↔ +NH3·H2O ↔ NH4HCO3(aq) (3)

[Fe(bipy)3]
2+ + (Mg, Ca)SO4(aq) + 2NH4HCO3(aq) + 2H2O + NaOH(aq)

↔ (Fe, Mg, Ca)CO3(s) + (NH4)2SO4(aq) + 3(2, 2′ − bipyridine)2+ + 2H2O + NaOH(aq) + HCO−3
(4)

(NH4)2SO4(aq) ↔ NH4 HSO4 + NH3(g) (5)

As the main mineral present in the residue is the fayalite. The overall reaction of its
mineral carbonation can be described as Equation (6):

Fe2SiO4 + 2CO2 + 2H2O → 2FeCO3 + SiO2 + 2H2O + 90 kJ/mol (6)

This study is focused on providing a solution to Fe-rich silicate mining residue from Mine
Arnaud, an apatite mine in the Sept-Îles, QC, Canada [37]. The residue is mainly composed
of silicates, particularly, Fe-rich olivine (fayalite, Fe2SiO4) with approximately 16% Fe and
19% Si. The feasibility of an indirect mineral carbonation reaction via Fe complexation using,
Fe-rich silicates mining residues to reduce CO2 emissions from industrial flue gases have been
studied. A recirculation scenario was optimized for reusing and valorizing the reagents and
products to reduce the costs and increase the feasibility of future industrial implementation.
GHG estimations were performed, but exhaustive analyses at even larger scales need to be
done. The results of this study revealed potential sensitivities regarding the future industrial
implementation of the proposed mineral carbonation approach in the Sept-Îles region.

2. Materials and Methods
2.1. Materials

For this study, silicate mining residues collected from Mine Arnaud were used as a
source of cations extracted by a leaching process using NH4HSO4 (≥99.5%, Acros Organics,
Geel, Belgium) as the acid leaching agent. Residues were received, homogenized, and
characterized prior to use [37]. Then, 2,2′-bipyridine (≥99%; Sigma-Aldrich, St. Louis, MO,
USA, ReagentPlus®) was used to obtain an [Fe(bipy)3]2+ red complex. Pure ethanol (≥99%;
Fisher Chemical, Hampton, NH, USA) was used to facilitate the aqueous dissolution of
the ligand. NaOH (≥97.0%; ACS Reagent, Washington, DC, USA) was used as a buffer
solution. Two CO2 gas cylinders, one with 10 wt.% CO2 (mean cell residence time; CO2
10% N2 Bal 200SZ Certified; Linde Group, Dublin, Ireland) and the other with pure CO2
(CO2 Industrial Grade, UN1013; Linde Group, Dublin, Ireland), were used. Deionized
water was used to prepare the solutions in all the experiments.

2.2. Synthesis

Different stock solutions were prepared for mineral carbonation. First, a 1.5 M
NH4HSO4 solution (172.7 g NH4HSO4 in 1000 mL deionized water) was prepared. Then,
the [Fe(bipy)3]2+ complex was obtained by mixing 20 mL of the leachate with 28.5 mL
of a 2,2′-bipyridine 0.05 M stock solution prepared by mixing 7.80 g 2,2′-bipyridine in a
1000 mL mixture of ethanol (120 mL) and deionized water (880 mL). Once the complex was
obtained, a 1 M NaOH buffer solution (40 g NaOH (s) pellets in 1000 mL deionized water)
was used to achieve the required pH at which the reaction was performed. Finally, CO2
(g) was added to the basic complex solution. For each recirculation, 20 mL of the leaching
solution was added. The solid carbonates obtained were filtrated and dried at 60 ◦C for
24 h for characterization.

2.3. Analytical Methods

Mine Arnaud extracts apatite and generates a silicate residue that was received, homoge-
nized, and characterized prior to its use in this study. The material did not need to be crushed,
because the median particle size of the residue was 65 µm, which was optimal for performing
mineral carbonation [43]. An inductively coupled plasma–optical emission spectrometry
(ICP-OES) analysis (Varian ICP-OES Spectrometer 725-ES, Palo Alto, CA, USA) was used
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to determine the chemical composition of the solid and liquid samples. Solid samples were
fused with Li metaborate (Corporation Scientifique Claisse, Québec, QC, Canada) prior to
ICP analysis. Inorganic carbon analysis was performed with an inorganic carbon analyzer
(Shimadzu TOC-V CPH, Tokyo, Japan) for liquid samples and with a carbon, hydrogen,
nitrogen, sulfur analyzer (Leco TruSpec Micro, St Joseph, MI, USA) for solid samples. All
pH measurements were performed using a Fisher Scientific Accumet AR25 pH meter. An
Isotemp oven (Fisher Scientific 737F, Waltham, MA, USA) and an analytical laboratory bal-
ance (Sartorius Quintix 224-1S, Wood Dale, IL, USA) were also used to dry and weight the
carbonates obtained.

2.4. Methods

This section details all the stages of the experiments: Characterization of the [Fe(bipy)3]2+

and regeneration of the 2,2′-bipyridine, the leaching stage, the mineral carbonation successive
batch reactions to optimize the parameters and study the ligand (2,2′-bipyridine) recovery
potential, and the final recirculation scenario of the mineral carbonation experimental design.

2.4.1. Characterization of the [Fe(bipy)3]2+ and Regeneration of the 2,2′-Bipyridine

In order to confirm the mechanism of the mineral carbonation reaction through the for-
mation of the [Fe(bipy)3]2+ complex and the 2,2′-bipyridine regeneration Equations (1)–(5),
the time-dependent IR-spectra of the 2,2′-bipyridine before its complexation with iron
cations Equation (2) and after the formation of iron carbonates where the 2,2′-bipyridine
has already been complexed Equation (4) were recorded within 3800–500 cm−1 in the trans-
mission mode at ambient temperature and pressure, showing the spectra as transmittance.

2.4.2. Leaching Process and Valorization of the Mining Residue

Leaching of the mining residue to extract the cations was the first step of the indirect
mineral carbonation approach, and 40 g of the previously dried residue was mixed with
200 mL of the previously prepared 1.5 M NH4HSO4 solution in an Erlenmeyer flask.
The flask was closed to avoid mass loss by evaporation and placed in a water bath at
a temperature of 61 ◦C and stirring speed of 250 rpm for a reaction time of 2 h. These
parameters were studied and optimized prior to the present study. Furthermore, NH4HSO4
was the most suitable solvent because it does not interfere with other reagents but produces
good reaction yields, has low toxicity, and has a high recovery potential [44].

An important objective of the proposed mineral carbonation approach was to find
a way of reusing and valorizing mining residue from Mine Arnaud. The first leaching
batch had an efficiency of about 30 wt.% and 50 wt.% for Fe and Mg, respectively, and
a large proportion of the cations remained in the solid. Furthermore, the solid was not
wholly inert, and the storage problem (an objective of the mineral carbonation) could not
be solved. Three successive leaching batches were performed to compare their stability
and study the purity of the final product and its possible valorization.

2.4.3. Mineral Carbonation Reaction: 2,2′-Bipyridine Recovery Potential and Preferential
Reaction Conditions in Recirculation Scenario

Once the leaching process had finished, a stoichiometric amount of leachate was
mixed with the 1.5 M 2,2′-bipyridine stock solution to form a [Fe(bipy)3]2+ red complex.
The experimental setup in the recirculation scenario is shown in Figure 1.

All reactions were done using a three-neck round bottomed flask so that the pH and
temperature could be controlled. Four different pH levels, from 9 to 12, and three temperatures
(21, 60, and 80 ◦C) were tested, and the stirring speed was fixed at 250 rpm. Two gas mixtures
of 10 wt.% and pure CO2, respectively, were used. Once the conditions were set, the gas was
injected into the solution at a rate of 1.5 L/min. Reactions were performed under atmospheric
pressure in order to decrease the energetic requirements. Samples were taken at 30, 60, and
120 min. After a reaction time of 2 h, the obtained product was filtered, separating the carbonate
(solid phase) from the recovered liquid. The liquid phase was reintroduced into the flask with
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20 mL of the initial leachate to assure 100% complexation and to compare all the parameters
under the same reaction conditions; the minimum amount of NaOH was added to increase
the pH. Three reactions were performed for each experimental condition. Different analyses
were performed to characterize the liquid phase (total inorganic carbon, total organic carbon,
and ICP-OES) and solid phase (X-ray diffraction and carbon, hydrogen, nitrogen, sulfur), to
study the recovery potential of the ligand, and to obtain the most favorable and most stable
reaction conditions in a recirculation scenario.
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2.4.4. Global Evaluation of Mineral Carbonation Approach

The mineral carbonation approach was tested in a recirculation scenario using the
optimized conditions. The global experimental design is presented in Figure 2.

To leach 4 g of the initial mining residue, 20 mL NH4HSO4 were used. The obtained
leachate was mixed with 28.5 mL 2,2′-bipyridine (dissolved with the minimum amount of
ethanol) to complex the Fe and obtain 48.5 mL [Fe(bipy)3]2+ acid complex solution. Then,
the pH was increased using NaOH, and the temperature and stirring speed were set at the
optimum conditions obtained previously (see Section 3.2). The 10 wt.% CO2 gas stream
was injected at a rate of 1.5 L/min for a reaction time of 2 h, imitating a real industrial
gas mixture. The resulting product was filtered, separating the solid phase containing
the carbonate and the liquid phase containing the recovered liquid, the NH4HSO4 that is
regenerated after the reaction Equation (5) and the 2,2′-bipyridine that was previously com-
plexed with the Fe that is released and reused for the recirculation process (Equation (4)).
The solid was then dried for analysis. As the recovered liquid phase had a final pH of 7–8
due to the carbonate ions present in the final solution and the fact that the NH4HSO4 is
recovered after the mineral carbonation reaction, only 4 mL of a new NH4HSO4 solution
were needed to decrease the pH to 1–2 to reuse it as leaching agent (instead of the 20 mL
of NH4HSO4 that were used in the first reaction). Furthermore, after the first mineral
carbonation reaction, the 2,2′-bipyridine is released into the solution with the recovered
liquid and it can be reused again for the next mineral carbonation reaction Equation (4).
Three recirculation reactions were performed. The partially reacted residue obtained in
the first batch was mixed with the ones obtained in the following recirculation reactions.
Samples of the liquid and solid phases were taken and analyzed, after which the overall
efficiency of the mineral carbonation approach was determined.
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2.4.5. GHG and Mass Balance

The mass and GHG balance have been estimated. The mass balance have been done
using a block flow diagram where all the inlet and outlet streams have been calculated.
The GHG balance was calculated based on GHG emission factors and energy requirements.
Transportation emission factors were taken from the World Resource Institute’s GHG Protocol:
Corporate Accounting and Reporting Standard GHG calculation tool ver. 2.6 (2011). Emissions
factors for the energy use of the leaching and mineral carbonation reaction plant were
obtained from Natural Resources Canada for hydroelectric energy and natural gas [45].

3. Results and Discussion

3.1. Characterization of the [Fe(bipy)3]2+ and Regeneration of the 2,2′-Bipyridine

Figure 3 shows the spectrum corresponding to 2,2′-bipyridine before its complexation
with iron cations Equation (2) and after the formation of iron carbonates where the 2,2′-
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bipyridine has already been complexed Equation (4). Since the spectrum is similar, it
has only been included once. Then, the IR spectra of [Fe(bipy)3]2+ complex solution was
recorded (Figure 4). When 2,2′-bipyridine is complexed to a metallic ion such as iron, its IR
spectrum changes particularly in the regions 1650–1400 cm−1 (C=N and C=C ring stretching
vibrations) and 1050–850 cm−1 (C–N out-of-plane deformations) [46]. Comparing those
peaks in both IR spectra, the formation of [Fe(bipy)3]2+ complex in the solution and the
regeneration of the 2,2′-bipyridine can be confirmed. Note that the broad peak near
3300 cm−1 refers to water of crystallization.
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3.2. Optimization of Leaching Stage and Valorization of Residue

To evaluate the leaching efficiency, the chemical composition of the mining residue
before and after leaching was calculated via ICP-OES. Table 1 shows the leaching composi-
tion of the mining residue before and after the first leaching reaction in mg/40 g of residue.
The main elements leached were Fe (29%), Mg (40%), and Si (10%) from the olivine mineral
phase. The amount of leached Ca (in the form of anorthite, CaAl2Si2O8) was negligible
(around 5%). Eight leaching processes were simultaneously performed and analyzed to
ensure the accuracy and precision of the results. The results showed a decrease in the
amount of Fe and Mg leached in each successive batch, since each leachate had fewer ions
available in the solid. The amount of Si leached also decreased significantly since the first
leaching because of the destruction of the silicate crystalline structure (olivine) and the
formation of amorphous silica (passivation layer of SiO2), which was stable and did not
release Si from its structure.

Table 1. Chemical composition of the mining residue and the leachate for the first leaching in mg/40 g
of sample. Only major elements are presented.

Mining Residue before Leaching (mg/40 g of Sample)

Sample Ca(II) Fe(II) Mg(II) Si(IV)
1 2449 6646 2334 8187
2 2525 6518 2318 8328
3 2460 6750 2369 8286
4 2442 6731 2357 8130
5 2405 6839 2347 8061
6 2503 6775 2366 8127
7 2476 6595 2336 8243
8 2397 6822 2355 8065

Mean 2457 ± 46 6710 ± 123 2348 ± 20 8178 ± 99

Leachate (mg/40 g of sample)

Sample Ca(II) Fe(II) Mg(II) Si(IV)
1 130 2344 1276 1642
2 145 2344 1295 1659
3 146 2332 1262 1640
4 140 2329 1199 1660
5 160 2308 1278 1640
6 152 2303 1220 1691
7 136 2307 1291 1693
8 150 2380 1298 1624

Mean 145 ± 10 2331 ± 58 1264 ± 36 1656 ± 26

The leaching efficiency was then calculated (Figure 5a). The results showed that the
Mg leaching efficiency was better than that of Fe because of the weaker covalent bonds of
Mg in the structure compared to the metallic covalent bond formed with Fe. Regardless,
since the amount of Fe (160 mg/g) was higher than that of Mg (57 mg/g) in the mining
residue, more Fe was present in the leachate. Furthermore, Si decreased significantly (from
18 to 4%), making the remaining solid rich in silica.

Subsequently, the richness of Si in the remaining residue was calculated to determine
its future valorization. Figure 5b displays the element composition of the remaining residue,
showing that the solid had a silica (SiO2) composition of 87.50%. Since the final residue
had a high Si purity, a product that could be easily recovered and sold could be obtained,
removing the problem of waste storage and acquiring an economic value that would reduce
the total costs of mineral carbonation. In addition, since the solid also contained about 8%
Fe2O3, it could be sold for the formation of ferrosilicon compounds, whose market value
could be even higher [47,48]. Nevertheless, a more in-depth market study is necessary to
determine the economic value that could be obtained from this product.
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After the first mineral carbonation batch performed, the resulting liquid was recirculated
for further leaching stage in a recirculation scenario. The leaching efficiency after three
recirculation reactions was performed to ensure that using the recovered liquid instead of a
pure NH4HSO4 solution would not negatively affect the leachate and decrease the reaction
efficiency. Figure 6 shows the leaching efficiency after each recirculation reaction for the
cations of interest (Ca, Fe, Mg, and Si). The results showed an increase of about 10% in the
reaction efficiency for Ca, Fe, and Mg between the leachate obtained using pure NH4HSO4 (1)
compared with the essays performed with the recirculated solution (2 and 3). The cations aided
the diffusion of inner-cations through the carrier pores to reach the solvent [49]. However,
the amount of Si leached remained constant. After the first leaching process, the reaction
efficiency stabilized, with average leaching results of 12, 38, 51, and 9% for Ca, Fe, Mg, and Si,
respectively. Importantly, in addition to the good reaction efficiency, the amount of NH4HSO4
needed to decrease the pH of the recovered liquid (from 7 to 1–2) to make it suitable for
leaching was 10 times less than that needed for the first leaching process with the pure acid
solvent, decreasing the costs and rendering the process more profitable.
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3.3. Mineral Carbonation Reaction
3.3.1. Preferential Reaction Conditions in a Recirculation Scenario

When the leaching had finished and the ferrous cation (Fe2+) had complexed with
the 2,2′-bipyridine to yield the [Fe(bipy)3]2+ red complex, the next step of this approach
was the mineral carbonation reaction. Temperature and pH dependence (Figure 7) were
studied in a recirculation scenario to determine the preferential reaction conditions. The
amount of 2,2′-bipyridine remained constant to determine its recovery potential, which
was a limiting step because of the high cost of the ligand (USD 4930 for 1 ton). The amount
of CO2 uptake depended on two main factors: the CO2 dissolved and instability of the
complex. These two factors depend on temperature, and the pH only depends on the
complex stability. While the amount of CO2 dissolved increases at lower temperatures,
the complex instability decreases at higher temperatures and pH, since the more energy is
given to the system, the less stable the complex becomes.
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mixture of 10 and 100%, showing the effect of pH. Error bars indicate 5% error, n = 3. For some points, error bars are shorter
than height of symbol.

CO2 uptake is highly dependent on pH, especially at pH 12, because as mentioned
above, complex destabilization. However, the dependence of CO2 uptake on temperature
is more complex, because both factors played an important role, and their effects were
inversely proportional. The amount of CO2 dissolved was high at 21 ◦C, and the results
showed a higher amount of CO2 uptake than that at 60 ◦C, a temperature at which the
complex is still highly stable. Temperature is therefore a limiting factor for CO2 dissolved
at any pH, explaining the results obtained. At 80 ◦C, the same effect was observed at pH 9
and 10, where the results were better at lower temperature. When the reaction occurred
at 80 ◦C and higher pH (11–12), the CO2 uptake was much better than that observed at
21 ◦C. Therefore, under such conditions, the instability of the complex is the limiting factor
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regardless of the effect of the CO2 dissolved. Importantly, the amount of CO2 uptake at
a lower pH (9–10) was low and independent to temperature, indicating that pH had a
stronger effect on reaction efficiency than temperature did. This can be explained because
the complex stability only depends on pH and not on the CO2 dissolved, as was true
for temperature.

The recirculation reactions were compared to determine the most favorable reaction
conditions and to establish whether the 2,2′-bipyridine could be totally reused. There
was an inversely proportional temperature-dependence, showing a remarkable increase
in reaction efficiency between the first and second recirculation reactions at 21 ◦C, which
stabilized in the third recirculation. However, this effect decreased significantly as the
temperature increased and was not observed at 80 ◦C because of the rapid destabilization
of the complex at higher temperatures. Even the amount of CO2 dissolved was lower at
higher temperatures, best results were obtained at 80 ◦C. Furthermore, the increase of the
total volume of the mineral carbonation reaction caused by the addition of NaOH and
NH4HSO4 could be controlled by evaporation.

On the other hand, the amount of CO2 uptake at higher pH (12) increased significantly,
which yielded better results (by up to 50%) than that at pH 11. Finally, the use of pure CO2
gave better results than that of 10 wt.% CO2 gas streams did. Nevertheless, for the most
favorable reaction conditions (pH 12 and 80 ◦C), the difference in CO2 uptake in both cases
was close, considering that it used 10 times less gas (5.68 vs. 8.84 g of CO2 uptake at 10 and
100 vol.% CO2, respectively). Moreover, considering that industrial gases have between 6
and 18 wt.% CO2 gas [50], the most suitable conditions in terms of efficiency and feasibility
(CO2 uptake) were observed at 80 ◦C, pH 12, with a fixed stirring speed of 250 rpm, with a
10 wt.% CO2 gas at an injection rate of 1.5 L/min, and at ambient pressure.

3.3.2. Carbonate Precipitation

The carbonate composition and morphology under each reaction condition were stud-
ied, and the element composition was stoichiometrically compared with the total inorganic
carbon and carbon, hydrogen, nitrogen, sulfur results; the final product composition was
calculated (Table 2). The carbonate purity varied between 68 wt.% and 78 wt.%, being
slightly higher at lower temperatures and pH values. This could be explained by the
amount of silica present in the sample and the higher amount of NaOH needed at higher
pH. At lower temperatures and pH, the percentage of silica was higher and corresponded
to the impurity of the carbonate in its entirety. As the temperature and pH increased, the
opposite occurred, where the percentage of carbonate and silica decreased, evidencing the
presence of another impurity, mainly from Na cations released by the NaOH solution. At
higher temperatures the solubility of NaOH increases, resulting in higher Na concentration
in the solution [51,52]. Consequently, its co-precipitation with the carbonate is higher,
making the carbonate less pure.

Based on the amount of carbonate obtained, the percentage and ratio of Fe and Mg
carbonate was calculated. The FeCO3 purity decreased from an Fe/Mg ratio of 0.90 to
0.68 when the pH and temperature increased. Since the precipitation of Fe carbonate was
favored because of the larger amount of Fe2+ cations in solution, the reaction efficiency
was lower under milder conditions compared with that at higher temperature and pH,
enabling the precipitation of purer Fe carbonate but in much lower quantities. To ensure
that only Fe and Mg carbonates were obtained and that other possible impurities, such
as Fe or Mg hydroxides, precipitated, the stoichiometry of the reaction was calculated,
comparing the mol of Fe2+ and Mg2+ with that of CO3

2− ions. The results showed that
the ratio (mol Fe2+ + mol Mg2+)/mol CO3

2− approached 1, verifying that all the Fe2+ and
Mg2+ cations were precipitated as carbonates. The ±0.1 difference from 1 may correspond
to Na+ impurities and can be within the error calculations. Under the preferential reaction
conditions, a final product with a high carbonate purity (72%), rich in siderite (FeCO3) (67%)
was obtained. Furthermore, mild conditions that could be implemented in the industry
were used.
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Table 2. Final product composition showing carbonate purity (%), amount of FeCO3 and MgCO3 composing total amount
of carbonates (%), Fe/Mg ratio, amount of silica (%), and stoichiometric results that verify results under each reaction
condition (21, 60 and 80 ◦C), pH 9–12, and CO2 mixture (10 vol.%).

T (◦C) pH Reaction % Carbonate (Purity) % FeCO3 % MgCO3 Fe/Mg Ratio % Silica Stoichiometry

21

9
1 76.9 86.5 13.5

0.90
24.5 1.13

2 77.2 93.7 6.3 22.7 1.16
3 75.7 90.8 9.2 21.1 1.08

10
1 75.7 82.9 17.1

0.85
21.1 1.05

2 77.3 86.6 13.4 21.1 1.05
3 78.6 85.9 14.1 20.5 1.03

11
1 75.3 82.8 17.2

0.80
22.6 1.05

2 71.2 78.6 21.4 15.5 0.98
3 70.2 77.9 22.1 16.3 0.94

12
1 70.6 74.3 25.7

0.74
18.7 0.94

2 71.6 76.5 23.5 17.8 0.94
3 72.1 72.1 27.9 16.5 0.87

60

9
1 72.0 90.2 9.8

0.83
19.3 1.11

2 73.1 73.3 26.7 14.5 0.95
3 69.4 84.8 15.2 17.8 1.02

10
1 70.2 80.6 19.4

0.77
13.7 0.99

2 68.6 77.3 22.7 13.9 0.96
3 71.9 72.3 27.7 14.8 0.94

11
1 69.4 73.9 26.1

0.71
16.2 0.95

2 71.7 68.7 31.3 15.4 0.90
3 69.1 69.1 30.9 13.2 0.91

12
1 68.9 71.5 28.5

0.71
16.9 0.92

2 70.0 73.4 26.6 14.2 0.95
3 71.0 69.1 30.9 14.4 0.91

80

9
1 70.4 77.7 22.3

0.71
15.6 0.98

2 69.1 68.9 31.1 11.0 0.95
3 68.9 67.7 32.3 12.0 0.94

10
1 72.8 68.7 31.3

0.68
15.2 0.93

2 71.0 68.8 31.2 13.3 0.90
3 73.5 68.0 32.0 14.3 0.92

11
1 69.9 70.9 29.1

0.69
16.5 0.90

2 68.9 68.0 32.0 12.2 0.93
3 72.8 69.5 30.5 13.7 0.93

12
1 71.7 67.7 32.3

0.68
14.9 0.91

2 70.7 70.5 29.5 17.4 0.89
3 72.0 67.1 32.9 14.1 0.91

3.3.3. Reaction Efficiency

The mineral carbonation reaction efficiency was calculated based on the CO2 uptake
per gram of initial residue (Table 3). Subsequently, the carbon storage potential of the
mineral (mass of CO2 that can be trapped in a unit mass of unreacted mineral) needed
to be estimated following the equations proposed by Gadikota et al. [52]. The maximum
storage capacity was estimated in 8.8 g CO2. As expected, the most favorable results were
obtained at pH 12 and 80 ◦C using 10 wt.% CO2 after a reaction time of 2 h at ambient
pressure, a stirring speed of 250 rpm, and a CO2 injection rate of 1.5 L/min (0.15 L/min
considering the 10 wt.% of CO2 gas), with 0.125± 0.02 g CO2 uptake/g solid and a reaction
efficiency of 56.3 ± 6%. These reaction conditions were used to test the overall approach in
a recirculation scenario.
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Table 3. Mineral carbonation reaction efficiency using 10 vol.% CO2 at different pH values (9–12)
and temperatures (21, 60 and 80 ◦C). Values were calculated as arithmetic means of three recircula-
tion reactions.

Temperature pH g CO2 Uptake/g Residue Reaction Efficiency (%)

21

9 0.011 ± 0.007 5.00 ± 0.8
10 0.031 ± 0.02 14.1 ± 2
11 0.039 ± 0.03 17.5 ± 3
12 0.056 ± 0.03 37.4 ± 3

60

9 0.004 ± 0.008 2.01 ± 1
10 0.012 ± 0.02 5.24 ± 1
11 0.018 ± 0.02 8.25 ± 2
12 0.045 ± 0.01 20.7 ± 4

80

9 0.002 ± 0.005 1.05 ± 0.8
10 0.010 ± 0.01 4.66 ± 0.6
11 0.042 ± 0.01 19.1 ± 4
12 0.125 ± 0.02 57.3 ± 6

3.4. Global Mineral Carbonation Approach Evaluation

Once the most favorable reaction conditions had been optimized (pH 12, 80 ◦C, and
10 vol.% CO2), they were used to evaluate the global technique considering the leaching
and mineral carbonation reactions as previously described. Three recirculation reactions
were carried out, reusing the recovered liquid (previous decrease in pH using NH4HSO4
as acid solvent) to perform the leaching stage. The overall process efficiency and mass
and GHG balance were estimated. Finally, an overview of the global feasibility was done
considering the possible valorization of the obtained products, the reuse of the reagents
(2,2′-bipyridine and NH4HSO4), and possible solutions to replace NaOH as a basic solution
for the pH-swinging process. Even though an exhaustive analysis was not done, the
potential weak points regarding the industrial implementation of such a process were
nonetheless identified.

3.4.1. Mass Balance

Based on the gas flow Equation (7), the leaching efficiency (Figures 4 and 5) and the
ICP-OES, Total Inorganic Carbon and CHNS analysis performed before and after each step
of the mineral carbonation process the mass balance have been estimated. Figure 8 shows
the mass balance of each stage for the CO2 and for both Fe2+ (as Fe2O3 and [Fe(bipy)3]2+)
and Mg2+ cations (as MgO) for 4 g of initial mining residue treated in the whole process.
Each balance summarizes the different reactions that have taken place until the final
carbonate precipitation with the optimized reaction conditions as presented in the process
schema (Figure 2). The mass balance calculations include the three leaching processes
making the different between the first with pure NH4HSO4 and the second and third
when the iron was already complexed, the iron complexation with 2,2′-bipyridine and
the total balance for the three mineral carbonation reactions identified as R1, R2 and R3.
The leaching mass balances show the difference between the Fe and Mg leached at the
initial leaching and when the recovered liquid is used. The mass balances were calculated
based on the leaching results obtained in the laboratory assays. The most important
information obtained from these mass balances is the possibility of total reuse of the ligand
2,2′-bipyridine and the decrease in the amount of NH4HSO4 needed to perform the 2nd
and the 3rd leaching process. While 20 g of the NH4HSO4 aqueous solution is needed to
perform the 1st leaching process, 4 additional grams is required to carry out the 2nd and
the 3rd leaching, decreasing the amount 10 times, leading to a substantial reduction of the
total cost if it is carried out on an industrial scale.
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Figure 8. Global process mass balance for each recirculation process (R1, R2, R3) calculated for 4 g of initial residue.

The gas flow rate is 1.5 L/min knowing that the CO2 rate is 10%, 0.15 L/min of CO2.
At atmospheric pressure and T = 20 ◦C and according to Equation (7) the mass of CO2 is
as follows:

mCO2 =
P ∗V
R ∗ T

∗ MCO2 =
1. 013 ∗ 105 ∗ 0.15 ∗ 10−3

8.32 ∗ 293
∗ 44 = 0.2742 g·CO2/min (7)

Three mineral carbonation processes were done using 32.9 g of gas during each
reaction, so 98.7 g of CO2 is used across R1, R2 and R3. The amount of CO2, Fe2O3,
[Fe(bipy)3]2+ and MgO in the liquid and solid phases were calculated based on the reaction
efficiency observed during the laboratory assays. The net amount of CO2 removed from
the flue gas is just 28 wt.%, while the 72 wt.% is not dissolved and does not take place
in the reaction, so decrease in the CO2 gas flow could be done in order to optimize the
overall process. The CO2 present in the solid phase (CO2 store) leading to a 54% of
reaction efficiency is we only take into account the mineral carbonation reaction. As the
reactions are taken place at 80 ◦C and ambient pressure, the volume increases cause by
the addition of NaOH and NH4HSO4 could be controlled by evaporation. The amounts
of Si, Ca and Na present in the solid phase are not counted because they do not lead to
carbonate precipitation.

The overall mass balance is presented in Figure 9. Estimations were done considering
1 ton of initial residue. Given that 38% and 51% of Fe2+ and Mg2+ were leached, a total of
236 Kg of Fe-rich carbonates are precipitated. The amount of CO2, [Fe(bipy)3]2+ and MgO
still present in the liquid phase are 2000, 69 and 21 kg, respectively. The overall process
efficiency was estimated at 130 KgCO2/t of initial residue. As the total volume could be
controlled by evaporation, the model can consider the recirculation of water.
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3.4.2. Global Reaction Efficiency

Based on the results described and discussed in previous sections and to verify the
effectiveness of the proposed mineral carbonation technique, the global reaction efficiency
was estimated. For this purpose, three recirculation reactions were carried out. When
the global technique efficiency was calculated, the amount of CO2 precipitated in the
solid phase was viewed as CO2 removed. In light of the mineral carbonation results in
Section 3.3.3, the results showed consistent values of 0.52 ± 0.06 g of CO2 uptake for each
mineral carbonation reaction, which amounted to approximately 1.56 g of CO2 uptake
after three successive recirculation reactions. Considering that 4 g of mining residue was
used for each recirculation reaction, the amount of CO2 removed per gram of residue was
calculated, showing an initial residue of 0.13 ± 0.04 g CO2/g (Figure 10). Following the
equations and calculations performed by Gadikota, Swanson, Zhao and Park [53], the
maximum CO2 storage capacity of the reaction was estimated in 0.88 g of CO2 for each
recirculation reaction. Using this value, the mineral carbonation reaction efficiency was
calculated, showing that 57.3 ± 6% of CO2 was removed. However, considering both the
leaching of Fe and Mg cations and the mineral carbonation reaction efficiency, the overall
approach efficiency was 24 ± 6% in terms of residue conversion to a iron-rich carbonate.
The global reaction efficiency could be substantially increased if the possible recovery
potential of the mining residue was considered, where, after three leaching processes,
almost all Fe and Mg were leached and 12% and 2% of the cations remained, respectively.
This led to an overall efficiency of around 50% in carbonate conversion. A more detailed
study should be done to determine the feasibility of the system at a larger scale.

Minerals 2021, 11, x FOR PEER REVIEW 17 of 21 
 

 

 
Figure 10. Overall technique efficiency for each recirculation reaction calculated as g CO2 uptake/g 
residue considering both leaching and mineral carbonation reaction efficiency. Reactions occurred 
at atmospheric pressure, 250 rpm, pH 12, 80 °C, and 10 vol.% CO2 for reaction time of 2 h. Error 
bars indicate 5% error; n = 3. 

3.5. GHG Balance 
The overall GHG balance determined the direct environmental impact of the mineral 

carbonation reaction, and the integrity of the proposed CO2 sequestration approach could 
be verified. The impacts of the residue transportation and overall energy requirements 
were used to estimate the generated CO2 equivalent emissions. Since the leaching stages 
and mineral carbonation reactions did not require very high temperatures, GHG emis-
sions are low. The main source of GHG emissions come from the transportation from Mine 
Arnaud to the mineral carbonation plant near the industrial emitters (ArcelorMittal and 
Aluminerie Alouette Inc., Sept-Îles, QC, Canada). Nevertheless, the distance was near, 
and the energy requirements were not likely to be very high. Trucks and trains are the 
only two only means of land transportation, and the emission factor of road transportation 
is half that of rail (0.07 vs. 0.12) Pasquier, Mercier, Blais, Cecchi and Kentish [8]. However, 
the Sept-Îles region does not have a railway line connecting Mine Arnaud and the above-
mentioned industrial emitters, and trucks are the only available land transportation. The 
transportation of mining residues by diesel trucks represents a total of 3.07 and 6.34 kg of 
CO2 eq/ton of residues, respectively, for the distances of 15 km to Aluminerie Alouette and 
31 km to ArcelorMittal. Using other fuels, such as biodiesel, natural gas, ethanol, or hybrid 
fuels (biodiesel/diesel B20), could reduce GHG emissions. However, many trips would be 
required for the daily transportation of all the mining residues, which would significantly 
increase the GHG emissions. Due to the large residue volumes that must be transported, 
shipping would be the most appropriate option. The use of a conveyor might also be a 
viable transportation option between Mine Arnaud and Aluminerie Alouette because of 
their proximity (~15 km); although there would be additional construction and mainte-
nance costs, the GHG emissions could be reduced.  

Since the particle size of the mine tailings was already optimal, no crushing was re-
quired. The leaching and mineral carbonation reaction were powered by electricity, the 
emission factor of which is 2.5 g CO2 eq/kWh in Quebec [57]. Estimations suggested that 
1.92 kg CO2/ton of residues would be emitted. These emissions were related to the water 
heating required for the leaching (60 °C) and mineral carbonation reaction (80 °C), the 
emissions of which were estimated to be 0.58 and 1.22 kg CO2/ton of residue, respectively. 

Figure 10. Overall technique efficiency for each recirculation reaction calculated as g CO2 uptake/g
residue considering both leaching and mineral carbonation reaction efficiency. Reactions occurred at
atmospheric pressure, 250 rpm, pH 12, 80 ◦C, and 10 vol.% CO2 for reaction time of 2 h. Error bars
indicate 5% error; n = 3.



Minerals 2021, 11, 343 16 of 19

It can be concluded that the results obtained in this process using mild reaction conditions
were high compared with previous fayalite mineral carbonation studies [32,54–56].

3.5. GHG Balance

The overall GHG balance determined the direct environmental impact of the mineral
carbonation reaction, and the integrity of the proposed CO2 sequestration approach could
be verified. The impacts of the residue transportation and overall energy requirements
were used to estimate the generated CO2 equivalent emissions. Since the leaching stages
and mineral carbonation reactions did not require very high temperatures, GHG emissions
are low. The main source of GHG emissions come from the transportation from Mine
Arnaud to the mineral carbonation plant near the industrial emitters (ArcelorMittal and
Aluminerie Alouette Inc., Sept-Îles, QC, Canada). Nevertheless, the distance was near, and
the energy requirements were not likely to be very high. Trucks and trains are the only
two only means of land transportation, and the emission factor of road transportation is
half that of rail (0.07 vs. 0.12) Pasquier, Mercier, Blais, Cecchi and Kentish [8]. However,
the Sept-Îles region does not have a railway line connecting Mine Arnaud and the above-
mentioned industrial emitters, and trucks are the only available land transportation. The
transportation of mining residues by diesel trucks represents a total of 3.07 and 6.34 kg of
CO2 eq/ton of residues, respectively, for the distances of 15 km to Aluminerie Alouette
and 31 km to ArcelorMittal. Using other fuels, such as biodiesel, natural gas, ethanol, or
hybrid fuels (biodiesel/diesel B20), could reduce GHG emissions. However, many trips
would be required for the daily transportation of all the mining residues, which would
significantly increase the GHG emissions. Due to the large residue volumes that must be
transported, shipping would be the most appropriate option. The use of a conveyor might
also be a viable transportation option between Mine Arnaud and Aluminerie Alouette
because of their proximity (~15 km); although there would be additional construction and
maintenance costs, the GHG emissions could be reduced.

Since the particle size of the mine tailings was already optimal, no crushing was
required. The leaching and mineral carbonation reaction were powered by electricity, the
emission factor of which is 2.5 g CO2 eq/kWh in Quebec [57]. Estimations suggested that
1.92 kg CO2/ton of residues would be emitted. These emissions were related to the water
heating required for the leaching (60 ◦C) and mineral carbonation reaction (80 ◦C), the
emissions of which were estimated to be 0.58 and 1.22 kg CO2/ton of residue, respectively.
The GHG emissions related to the other steps of this approach were considered negligible.
The global emissions were estimated to be 11.33 kg CO2/ton of residue. Considering that
130 kg CO2/ton of residue was sequestered in the overall reaction (Section 3.3.2), the GHG
balance was positive in terms of CO2 removed. Nevertheless, these data were approximate,
and more in-depth research is necessary. An exhaustive economic study is also necessary
to evaluate the feasibility of the proposed approach for industrial implementation.

4. Conclusions

The feasibility of an indirect mineral carbonation technique for post-combustion
CO2 sequestration by iron complexation using 2,2′-bipyridine was evaluated. This study
focused on finding the preferential parameters of the overall approach in a recirculation
scenario. First, in the leaching stage, 38 and 51% of Fe and Mg cations were leached. The
possible valorization of the product obtained was also reported. It was demonstrated that
87% of the cations were leached after three leaching stages. A residue with a silica purity
of 87% with potential sale value was obtained.

Subsequently, the mineral carbonation reaction and prior complexation of Fe2+ with
2,2′-bipyridine were studied in a recirculation scenario after three reaction batches. The
study confirmed the total recovery potential of the 2,2′-bipyridine, which could significantly
decrease the overall cost of the mineral carbonation approach. Furthermore, the most
favorable reaction conditions were at a pH of 12, a temperature of 80 ◦C, and ambient
pressure after a reaction time of 2 h and using 10% vol. CO2 gas. A stable carbonate
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(0.7 Fe/0.3 MgCO3) was formed with a purity of 71% and a reaction efficiency of 57.3%.
Under these conditions, a global approach evaluation was performed. It was confirmed
that 0.13 g CO2/g initial residue could be removed with an efficiency of 24%. This value
could be increased up to 50% if the valorization of the mining residue was considered.
Furthermore, the NH4HSO4 used to regulate the pH was decreased five-fold.

Finally, the GHG balance was estimated. Firstly, 130 kg CO2/ton of residue could be
removed, yielding 236 kg of Fe-rich carbonate. Secondly, no pre-treatment, heat activation,
or grinding was needed, the transportation distances of the solid residue were short,
and the reactions could be powered by hydroelectric energy, realizing a global emission
estimation of 11.33 kg CO2/ton of residue. Nevertheless, an exhaustive economic and
energetic study should be done.

This study further confirmed the possibility of performing mineral carbonation using
Fe-rich mining residues and post-combustion industrial CO2 gas in a recirculation scenario.
Although the proposed approach was performed in the Sept-Îles region (Sept-Îles, QC,
Canada) using Mine Arnaud mining residue, it provides guidance for the development of
mineral carbonation by cation complexation using iron-rich olivine as a viable sequestration
technique in other regions. This is mostly because only mild conditions were necessary for
the proposed approach, in contrast to previous studies, where strong conditions were used
that made industrial implementation unfeasible.
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