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Abstract: Mineral carbonation incurs high operating costs, as large amounts of chemicals and energy
must be used in the process. Its implementation on an industrial scale requires reducing expenditures
on chemicals and energy consumption. Thus, this work aimed to investigate the significant factors
involved in pH-swing mineral carbonation and their effects on CO2 capture efficiency. A central
composite rotatable design (CCRD) was employed for optimizing the operational parameters of the
acid dissolution of serpentinite. The results showed that temperature exerts a significant effect on
magnesium dissolution. By adjusting the reaction temperature to 100 ◦C and setting the hydrochloric
acid concentration to 2.5 molar, 96% magnesium extraction was achieved within 120 min of the
reaction and 91% within 30 min of the reaction. The optimal efficiency of carbon dioxide capture was
40–50%, at higher values than those found in literature, and 90% at 150 bar and high pressures. It was
found that it is technically possible to reduce the reaction time to 30 min and maintain magnesium
extraction levels above 90% through the present carbonation experiments.

Keywords: mineral carbonation; pH swing; serpentinite; CCUS; central composite rotatable design

1. Introduction

Anthropogenic activities, especially energy production and transport, significantly
contribute to increases in greenhouse gas (GHG) emissions. To avert climate change and
the concomitant temperature rise, anthropogenic CO2 emissions must be reduced to less
than 20 GtCO2 a year by 2050 [1]. In addition to reducing CO2 emissions, net-negative
processes to remove large amounts of CO2 from the atmosphere are worth mentioning [1,2].
Alkaline materials rich in silicate and hydroxide minerals from industrial activities will
have stored from 2.9 to 8.5 billion tons of CO2 yearly by 2100 in the form of solid carbonate
minerals [2].

The carbon capture process can be implemented by three types of operational meth-
ods: pre-combustion, post-combustion, and oxy-fuel combustion. The process of mineral
carbonation refers to post-combustion capture. In such a case, CO2 is captured in exhaust
gases as fuel is fully burned with air [3]. In a recent study, a comparative techno-economic
analysis was carried out for these three types of operation methods. It was found that
post-combustion stands out from a financial standpoint, since it causes less disruption to
existing operational methods and therefore a lower expenditure due not having to shut
down and revamp plants [4]. It should be noted, however, that the study in question did
not address mineral carbonation.

Mineral carbonation is a promising technology in the context of reducing CO2 emis-
sions into the atmosphere [5–7], due to an abundance of raw materials and its long-term
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CO2 storage capacity [6,8,9]. It involves carbon capture, utilization, and storage (CCUS), as
it is a technological approach for controlling anthropogenic CO2 emissions into the atmo-
sphere. By injecting CO2 into host rocks, geological formations react, and large amounts of
CO2 are stored as carbonate minerals. [10].

pH-swing indirect mineral carbonation takes place in three main stages: (1) dissolu-
tion/extraction, (2) purification, and (3) CO2 capture by carbonation. Mineral dissolution
is more efficient in acidic environments, while mineral carbonation presents better results
in basic pH conditions ranging between 9 and 11 [11,12].

In the first stage of the process (dissolution), the solution pH is reduced to acidic levels
and reactive components (Mg, Fe, and Ca) are extracted from the raw material (rocks or
industrial waste). According to the literature [13–16], solutions of hydrochloric acid (HCl)
show high efficiency in serpentinite dissolution. The serpentinite dissolution reaction using
HCl solution occurs according to Equation (1) [17].

Mg3Si2O5(OH)4(s) + 6HCl(l) + H2O(l) → 3MgCl2. 6H2O(aq) + 2SiO2 (s) (1)

After the dissolution stage, the solution pH is adjusted to basic levels using basic
solutions and CO2 is injected after the solution pH is stabilized to form carbonates [18].
According to Arce et al. [19], there is high efficiency in using HCl in the stage of dissolution
and NaOH as the base in the carbonation stage, but high energy costs are incurred to
recover these reagents. Hemmati et al. [12] used an HCl/NaOH system to study the
process of mineral carbonation in aqueous media. Their results achieved carbonation
efficiency of 82.5%. The carbonation reaction using NaOH to adjust the solution pH to basic
levels occurs according to Equation [2], with the reaction product being hydromagnesite
(Mg5(CO3)4(OH)2·4H2O) [20].

5MgCl2(aq) + 10NaOH(a) + 4CO2(g) →Mg5(CO3)4(OH)2·4H2O(s) + 10 NaCl (aq) (2)

The main products obtained from the mineral carbonation process are magnetite
(Fe3O4), in the purification stage of the solution obtained from serpentine rock dissolution,
in addition to various carbonates such as magnesite, MgCO3, nesqueonite, MgCO3.2H2O,
and hydromagnesite (Mg5(CO3)4(OH)2·4H2), in the stage of CO2 capture [12]. These
products can be obtained using different process configurations.

There are other approaches in the literature to mineral carbonation processes in ad-
dition to the pH-swing method, with each one offering advantages and disadvantages.
Table 1 presents a brief comparison of such approaches.

Table 1. Comparison of different types of mineral carbonation processes.

Types of Carbonation Advantage Disadvantage Application

pH-Swing Shorter reaction time;
greater efficiency

Two or more reactors;
regeneration of chemical

additives; large water
consumption in

regeneration stages

It cannot be currently applied
due to its large energy

consumption in additive
regeneration stages

Aqueous Mineral Carbonation A single reactor
Additive regeneration;
non-reusable chemical

additives; impure carbonates

Difficult applicability due to
the level of complexity to
regenerate used additives

Gas–Solid Mineral
Carbonation

A single reactor;
simple process Very slow kinetics Non-applicable due to very

slow reaction rates

Mineral carbonation is a sophisticated technology that includes in-situ and ex-situ pro-
cesses [11], in which the first processes involve the transportation and injection of CO2 into
rocks and the second processes occur through a carbonation reaction in industrial reactors
after the mechanical activation of the raw material that reacts with CO2 [7]. A literature
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review revealed that ex-situ aqueous mineral carbonation is a viable option to reach small
and average emissions in places where geological storage is unfeasible [7–9,12–14].

In indirect ex-situ mineral carbonation, the metals of interest are initially extracted
from the raw material through an acid dissolution reaction, but a reaction with CO2 to form
carbonate precipitates might then occur [9,12,15]. Serpentinite dissolution reactions and
carbonate production occur at different pH conditions [9,16–19]. A swing in pH (pH-swing
process) from acidic to basic conditions in metal extraction during carbonate precipitation
is essential to increase conversion rates and obtain high-purity products [20].

Different acid/base systems were investigated [17–19,21,22]. Although the HCl/NaOH
system is efficient during the dissolution and carbonation steps, the large energy con-
sumption necessary to recover both HCl and NaOH is a major disadvantage [17]. The
regeneration of reagents is the most energy-consuming step and directly contributes to
raising operating costs [23], as the water evaporation that occurs during regeneration
requires a large amount of heat, which in turn leads to an increased energy penalty [24,25].
The heat demand for water evaporation in the HCl/NaOH system is 1908 MJ/t CO2
storage [26]. Thus, in order for the mineral carbonation process to be economically viable,
water consumption must be reduced in the process [24].

According to certain authors [12,17,27], large amounts of chemical additives are used
in indirect mineral carbonation, thus requiring recovery. The pH-swing method arose as an
alternative method for the recovery and reuse of additives in the process, increasing the
silicate dissolution efficiency and reducing the costs incurred in the mineral carbonation
process. However, the energy consumption associated with the recovery steps of chemical
additives is high, both in HCl/NaOH and NH4HSO4/NH4OH systems [12,18]. As a result,
research has been carried out with the aim of minimizing the energy consumption.

Rashid et al. [27] indicate that the significant energy consumption in these processes is
due to the fact that large amounts of water must be evaporated before recovering additives.
In the context of HCl/NaOH systems, Bu et al. [28] stated that bipolar electrodialysis
processes can be performed at ambient temperatures, thus producing aqueous solutions
of 1 M HCl and NaOH and requiring 372–569 KWh/tNaOH, which can reduce energy
penalties when compared to conventional electrodialysis processes [29].

Stokreef et al. [30] indicated that a NH4HSO4/NH4OH system requires 1300 kWh/tCO2
to evaporate water and regenerate ammonium salts. A study conducted by Sanna et al. [31]
revealed that the use of liquid–liquid extraction to regenerate chemical additives might
reduce energy consumption by 35% (845 kWh/tCO2) when compared to conventional
evaporation processes.

The HCl/NaOH process appears to be the most promising with regard to energy
efficiency. Although HCl/NaOH systems require no water evaporation, the use of large
amounts of water could incur environmental costs.

A large consumption of energy, the use of chemicals, and low efficiency involved in
fixing CO2 in the form of carbonates are factors affecting the total cost of the process [5–7,31].
According to Hitch and Dipple [32], there must be a balance between the efficiency of CO2
sequestration and the amount of CO2 emitted as a result of the process, so as to make
mineral carbonation economically viable.

The commercial application of mineral carbonation processes is limited due to slow
reaction rates and low energy efficiency; however, the capacity to reduce CO2 emissions on
a global scale must still be researched in the context of mineral carbonation [33].

According to Zhang et al. [33], aqueous mineral carbonation requires smoother process
parameters than gas–solid mineral carbonation, in addition to offering more opportunities
for intensification through chemical additives, catalysts, and process integration.

However, the large consumption of water is a significant environmental liability that
must be overcome in aqueous mineral carbonation. Veetil and Hitch [7] reported a con-
sumption of 3.2 tons of water for each ton of wollastonite used in indirect aqueous mineral
carbonation. Water is an indispensable resource in the production process. Therefore, in
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order to make production processes cleaner and eco-industrial parks viable, technologies
minimizing water consumption are of paramount importance [34].

In light of this, this work aimed to investigate how the control variables of mineral car-
bonation processes can affect acid dissolution efficiency and, consequentially, carbonation
steps in a Brazilian serpentinite sample. Unprecedented data were acquired through the
use of this Brazilian serpentinite in ex-situ mineral carbonation. The use of NaOH in solid
phase was explored in order to reduce water consumption and improve MgCO3 formation
efficiency. This approach has been poorly explored in the literature on mineral carbonation.
For the acid dissolution step, a central composite rotatable design (CCRD) was used to
determine and control the main factors affecting Mg extraction. After determining the
optimal operating conditions for the acid dissolution process, the influence of the acid
dissolution reaction time was investigated in order to reduce its energy consumption. In
the step of CO2 mineralization, the behavior of the CO2 capture reaction under atmospheric
and high pressures was investigated.

2. Materials and Methods
2.1. Raw Material

The raw material used in this research was serpentinite (SERP). It was provided by
SAMA Mining and found in the Cana Brava mine located in the city of Minaçu in the state
of Goiás, Brazil. The material was processed through two consecutive standard ASTM
60 and 70 sieves (250–212 µm), and particles ranging between 212 and 250 µm in size
were obtained.

Figure 1 shows the XRD (X-ray diffraction) pattern for the SERP sample. Its results
indicate that SERP is heterogeneous and composed of three minerals, namely (a) lizardite
(Mg3Si2(OH)4O5), (b) hematite (Fe2O3), and (c) clinochrysotile (Mg3Si2O5(OH)4). Accord-
ing to the Rietveld refinement presented by Vieira et al. [11] of the same raw material
that was used in this work, SERP consists of 99.97% serpentine, 75.83% chrysotile, and
0.03% hematite.
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Figure 1. XRD diffractograms of mineral phase peaks detected in SERP. Where a: lizardite 1T,
b: hematite and c: clinochrysotile.

An X-ray fluorescence analysis (XRF) was performed in order to determine the elemen-
tal composition. Table 2 shows the concentrations (%) of oxides present in the SERP sample
obtained by XRF. The concentrations of elements present in the SERP samples obtained by
inductively-coupled plasma optical emission spectrometry (ICP-OES) are also presented in
Table 2. Iron (Fe), magnesium (Mg), calcium (Ca), and silicon (Si) are the main elements
making up the raw material. Other metals such as aluminum (Al), chrome (Cr), and nickel
(Ni) are present in the sample, but they are considered impurities. These impurities, as well
as Fe, must be removed from the solution before the carbonation process occurs so as to
enhance the formation of pure Mg carbonates [19].
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Table 2. Chemical composition of SERP.

Oxides XRF
Concentration (%) Elements ICP-OES *

Concentration (%)

MgO 37.09 Mg 23
Al2O3 1.62 Al 0.35
SiO2 44.23 Si 8.4
CaO 2.79 Ca 279.5

Cr2O3 0.84 Cr n.d
Fe2O3 12.82 Fe 4.49
NiO 0.58 Ni n.d

* Source: adapted from Arce et al. [17].

2.2. pH Swing Process

A simplified flowchart of the three main steps of CO2 sequestration by pH-swing
mineral carbonation is illustrated in Figure 2, including (1) the dissolution favored in
acidic environments; (2) purification for the purpose of the precipitation of impurities
at pH conditions ranging between 5 and 9, and (3) the carbonation occurring in basic
environments [35]. In this research, HCl was used since it leads to a high serpentinite
dissolution efficiency [18,20,22,36].
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Figure 2. Simplified flowchart of CO2 sequestration by pH-swing mineral carbonation.

The experimental bench for obtaining carbonates was set up considering the three
stages of the process, and the carbonation stage was carried out under atmospheric condi-
tions at high pressures.

As for the acid dissolution step, a 250 mL borosilicate glass reactor equipped with a
300 mm-long serpentine-type glass condenser was used in order to avoid losses due to
HCl evaporation. To stir and heat the solution within the reactor, a magnetic stirrer with
heating and digital temperature control was used with an encapsulated thermometer and a
250 mm-long magnetic stirrer.

With respect to the purification stage, a 250 mL Erlenmeyer flask and a magnetic
stirrer were used in order to maintain constant agitation. A 50 mL burette was used
to add the base (NaOH) by dripping. The solution pH was adjusted with a pH and
temperature transmitter.
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Concerning the carbonation stage, tests were carried out at atmospheric pressure
(1 atm), and a reaction system was set up consisting of a 250 mL borosilicate glass reactor, a
heating magnetic stirrer, a digital temperature control with an encapsulated thermometer,
a 250 mm long magnetic stirrer, and a 300 mm-long serpentine-type glass condenser.
The solution pH was adjusted by means of a pH and temperature transmitter. Mineral
carbonation tests under high pressure conditions were carried out at the Research Center
for Carbon Solutions (RCCS) of Heriot-Watt University. A high-pressure, high-temperature
(HTHP) reactor coated with polytetrafluoroethylene (PTFE) was used. The solution pH
was adjusted before closing the system, and temperature control was performed using a
heating jacket.

2.2.1. Dissolution of Minerals

Acid dissolution experiments were carried out under stoichiometric conditions and
atmospheric pressure. A total of 100 mL of hydrochloric acid (HCl) was introduced into
the glass reactor and heated whilst stirring. The heating temperature and concentration of
HCl (CHCl) in each experiment were determined according to an experimental design. The
SERP sample was inserted into a glass reactor when the system reached the temperature
determined through an experimental design, with it being kept under heating and rotation.
Afterwards, the solution was filtered using a vacuum system in order to separate the
residue (DW) from the final solution (DFS). The Mg concentration was determined using
atomic absorption (AA) and ICP-OES tests, and the extraction efficiency was determined
according to Equation (3).

EXi% =

[
Cis

Ciserp

]
·100 (3)

In Equation (3), EXi% is the fraction of Mg extracted in the acid dissolution process,
Cis is Mg concentration in the DFS, and Ciserp refers to Mg concentration in the SERP.

2.2.2. Purification

In order to generate high-purity products in the carbonation step, it is necessary to
purify DFS so as to remove impurities such as Fe. The pH was adjusted in two stages.
Firstly, NaOH was added to the DFS under agitation to raise the pH to 5 in order to
precipitate impurities as Fe3+ [19]. In the second stage, the solution pH was raised to 9 in
order to precipitate Fe2+ in the form of Fe(OH)2 [17,19].

After the solution purification step, NaOH was used to raise the pH of the PS solution
from 9 to 11 so as to prepare it for the carbonation step. It was reported in the literature that
Mg precipitation begins to occurr from pH 9 [19] and the highest rate of Mg conversion into
carbonates is observed at pH 10 [37], whilst the highest efficiency in Mg conversion into
carbonates occurs at pH conditions ranging between 8 and 11. The authors also observed
that CO2 raises the solution pH to acidic levels; thus, the pH must be adjusted to 12 in
order to convert Mg into carbonates [18].

2.2.3. Mineral Carbonation

Table 3 shows the experimental conditions investigated in the mineral carbonation
step. The CB1, CB2, and CB3 experiments were carried out under atmospheric pressure con-
ditions, and the CB4, CB5, and CB5 experiments occurred under high-pressure conditions
in order to control and keep the reaction parameters constant. The following equipment
was used: a heating magnetic stirrer, a digital temperature control with an encapsulated
thermometer, Mettler Toledo M200 pH Analytical Transmitter (produced in Brazil) and
a Brooks Instrument 4800 Series Mass Flow Controller (produced in the USA). After as-
sembling the experimental bench, PS was introduced into a glass reactor and heated until
it reached the desirable temperature. Afterwards, CO2 was injected into the solution at
a volumetric flow rate of 21 mL/min within 10 min. After CO2 injection, a pH reduction



Energies 2023, 16, 2449 7 of 19

from 11 to 8 was observed and NaOH was used to raise the solution pH to pH 11, and the
reaction time was maintained at 30 min.

Table 3. Experimental conditions of the mineral carbonation process.

Experiments Temperature Pressure CNaOH pH

CB1 70 1 atm 50% 11
CB2 90 1 atm 50% 11
CB3 90 1 atm solid (2.5 g) 11
CB4 70 100 bar solid (0.8 g) 11
CB5 90 100 bar solid (0.8 g) 11
CB6 90 150 bar solid (0.8 g) 11

Before setting the experimental conditions presented in Table 3, a previous exploratory
study had been carried out by varying the temperature, NaOH concentration, and the
volume of injected CO2 with the aim of adjusting the methodology and ensuring repeata-
bility in terms of carbonate precipitation. It was observed that carbonate precipitation was
affected by the analyzed parameters. The results showed a tendency towards the formation
of Mg(OH)2, although hydromagnesite was obtained using 50% NaOH solution to regulate
its pH conditions, but only 27 g of a low-purity product was obtained. A tendency to form
Mg(OH)2 might be related to the degree of NaOH dissociation, as it is a strong base that
completely dissociates into Na+ and OH- ions in an aqueous solution [38]. Considering this
characteristics of the base being used, the possibility of using solid NaOH was investigated,
and the results showed that the obtained product was pure hydromagnesite.

A high-pressure, high-temperature (HTHP) reactor coated with polytetrafluoroethy-
lene (PTFE) was used for the high-pressure carbonation experiments. The PS was intro-
duced into the reactor and heated to the specified temperature. After the temperature
process was reached, CO2 was injected to reach desirable pressure and then maintained for
30 min.

After the carbonation reaction was complete, the solution was filtered using a vacuum
system. The precipitate obtained was then washed with deionized water and dried in
an oven at 105 ◦C for 12 h. The carbonation step efficiency was determined according to
Equation (4), which expresses the conversion of magnesium ions into carbonates deter-
mined by the mass ratio of f magnesium carbonate formed (mcb

Mg) to magnesium present

in the used solution (mDS
Mg). The mass of CO2 fixed in the carbonate was determined by

thermogravimetric analysis (TGA), as previously reported [17].

X%cb =

[
mcb

Mg

mDS
Mg

]
· 100 (4)

2.3. Experimental Design: Dissolution Stage

The response surface methodology is a statistical tool used to model and analyze
problems where different variables affect the response. It is used to identify the variables
affecting the response and optimize the process [39]. Thus, experiments were carried out to
define the effects of T (◦C) and CHCl on Mg extraction.

The response surface methodology coupled with second-order central composite
rotatable design (CCRD) was used in order to evaluate factors affecting Mg dissolution.
CCRD is a factorial design in experiments used to investigate the effects of multiple
variables through conducting fewer experiments [40].

In the present study, the factors considered in the experimental design were x1 (temper-
ature, T◦C) and x2 (HCl concentration, CHCl), evaluated at 5 levels (

√
−2; −1; 0; +1; +

√
2)

in accordance with the CCRD [41] considering an experimental range discussed in previous
research [19,22,29]. Table 4 shows the factors and levels studied in the acid dissolution
process. A total of 13 acid dissolution experiments were carried out under the conditions
determined previously, with five repetitions at the central point (0;0).
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Table 4. Factors and levels of the experimental design.

Factors Description
Level

−
√

2 −1 0 +1 +
√

2

x1 Temperature, T (◦C) 30 40 65 90 100
x2 HCl concentration, CHCl (M) 1 1.44 2.5 3.5 4

A quadratic model was obtained from the responses of experiments. Equation (5)
presents the second-order response surface model [42].

ŷ = b0 + b1x1 + b2x2 + b11x2
1 + b22x2

2 + b12x1x2 (5)

In the above equation, x1 and x2 are the independent variables related to factors
by the regression model coefficients. The effect of factors (temperature and concentra-
tion of HCl) on Mg extraction was carried out through an analysis of variance based on
experimental results.

3. Results and Discussion
3.1. Dissolution Step

Table 5 shows the experimental conditions used in 13 experiments conducted to
determine the Mg concentration in acid dissolution solution.

Table 5. Experimental conditions and Mg concentration.

Experiments
Coded Factors Numeric Factors Response

x1 x2 T (◦C) CHCl (M) % Mg

1 −1 −1 40 1.4 61
2 +1 −1 90 1.4 79
3 −1 +1 40 3.5 34
4 +1 +1 90 3.5 91
5 −

√
2 0 30 2.5 29

6 0 +
√

2 65 4 84
7 +

√
2 0 100 2.5 96

8 0 −
√

2 65 1 82
9 0 0 65 2.5 85
10 0 0 65 2.5 85
11 0 0 65 2.5 85
12 0 0 65 2.5 85
13 0 0 65 2.5 85

In this research, Mg is the element of interest for the carbonation step, with this
therefore being the most desirable experimental condition for the acid dissolution process
obtained in experiment 7, in which 96% of Mg extraction was achieved after 2 h of reaction.
Teir et al. [22] achieved 93% Mg extraction in the acid dissolution process of serpentinite
using 2 M HCl within 2 h of the reaction. Hemmati et al. [19] used 1 M HCl for dissolving
mineral-rich forsterite and lizardite and obtained 93% Mg extraction after 6 h of reaction.

The effects of input variables on the response were analyzed statistically at a signif-
icance level of 95%. The analysis of variance (ANOVA) and a regression test (R2) were
performed to verify the model adequacy. Table 6 shows the regression model and ANOVA
results for Mg extraction.
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Table 6. ANOVA and regression results for Mg extraction.

Variable Sum of Squares df Mean Square F p-Value R2

x1 3549.94 1 3549.94 135.85 0 n.d
x2 22 1 22 0.84 0.389 n.d
x12 1118.2 1 1118.2 42.79 0 n.d
x22 44.65 1 44.65 1.71 0.232 n.d

x1x2 386.32 1 386.32 14.78 0.006 n.d
Model 5081.94 5 1016.39 38.89 0 96.53%

Residue 182.92 7 26.13 n.d n.d
Total 5264.86 12 438.73 n.d n.d

n.d, not detected.

The ANOVA reveals that the model is significant, as the value of F (38.89) is higher
than that found for F tabulated according to the Fisher–Snedecor 5% F-distribution table in
addition to the fact that p-value was less than 5%. The results of input variables x1 and x2
indicate that temperature has a significant influence on the response, i.e., Mg extraction in
the acid dissolution process occurs as a function of temperature. The effect of temperature
can be observed in the central point experiments (65 ◦C; 2.5 M) and experiment 7 (100 ◦C;
2.5 M). For the same CHCl, an average of 85% Mg extraction was reached at 65 ◦C. By raising
the process temperature to 100 ◦C, Mg extraction increased to 96%, which reveals that
the model can explain the 96% variation in terms of Mg extraction in the acid dissolution
process, i.e., the model is well adjusted to the process.

The empirical function describing the relationship between factors and Mg extraction
is presented in Equation (6). It can be used to determine the optimal point of the pro-
cess or predict the response variable (y) values considering other temperature and HCl
concentration conditions unexplored experimentally.

y (Mg) = 85.17 + 21.07x1 − 1.66x2 − 12.68 x2
1 − 2.53x2

2 + 9.83x1x2 (6)

The Mg extraction response surface was obtained from the regression equation.
Figure 3 shows the response surface and contour curves of the surface of Mg extraction.
The analysis suggests that the region of maximum Mg extraction is above the maximum
limits of temperature (100 ◦C) and HCl concentration (4 M) used herein. Thus, the region of
maximum Mg extraction and temperatures above 100 ◦C can only be reached under high
pressure and temperature conditions (HPHT).
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Figure 3. (a) Response surface and (b) contour lines of the Mg extraction process.

3.2. Effect of Time on Acid Dissolution

The acid dissolution process efficiency was evaluated as a function of time. These tests
were carried out in triplicate. The experimental conditions were those in which the highest
Mg extraction was obtained, i.e., 100 ◦C and 2.5 M HCl. The evaluated acid dissolution
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reaction times were 5, 15, 30, 60, 90, 120, and 180 min, and Mg extraction was evaluated as
a function of time (t) as showed in Figure 4.
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Figure 4. Mg extraction process curve as a function of reaction time.

The results show that approximately 82% Mg is extracted from serpentinite after 5 min.
Between 30 to 90 min, Mg extraction remains at approximately 91%, and the Mg extraction
at approximately 96% between 120 and 180 min. It is observed that there is a tendency
for Mg extraction to stabilize at approximately 91% after 30 min of reaction. However, an
increase of approximately 5% was observed after 120 min, which was unexpected since
carbonation is a slow process whose advance speed decreases as time passes, with it thus
tending towards stabilization. Other factors concerning reaction conditions might have
produced variations in the process and increased extraction rates; however, a 5% increase
from 30 min of reaction is considered insignificant if compared to that found during 120 min
of reaction. These results indicate that for the evaluated sample and process conditions, the
acid dissolution step can reach 80% extraction within 5 min of reaction.

According to Sanna et al. [43], serpentinite dissolution is the limiting, as well as being
the most costly, step of the carbonation process. Thus, it is considered that a reduction
in the acid dissolution time from 120 to 30 min can lower the average cost of the mineral
carbonation process, while at the same time maintaining Mg extraction levels above 90%.
Nonetheless, sensitivity and economic analyses should be carried out in future studies to
confirm these results.

It is worth mentioning that the physico-chemical characteristics of the material under
study affect Mg extraction. Arce et al. [44] evaluated the acid dissolution process of a
Brazilian serpentinite which had a high lizardite content. Even though a material with a
particle size of 300 µm under stoichiometric conditions was used, the results showed that
high concentrations of Mg (88%) could be extracted using HCl within 30 min of reaction.

XRD diffractograms for SERP and residues (DW) obtained from different dissolution
experiments are shown in Figure 5. It can be observed that structural changes in the
material increase as a function of mineral extraction. In the case of the shortest experiment
(5 min) with the lowest Mg extraction, the mineral phases remain crystalline, in addition
to the fact that there is a reduction in the intensity of lizardite and clinochrysotile phases.
After 15 min of reaction, the material is amorphized, which becomes more intense as acid
dissolution increases. For the longest experiments (120 and 180 min), an extraction of Mg
of approximately 96% was reached, with it still being possible to observe the presence of
lizardite and clinochrysotile phases.
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Figure 5. XRD diffractograms of SERP and DW as a function of reaction time.

The XRF analysis revealed that residues are mainly composed of SiO2 (Figure 6), as
previously observed by Hemmati et al. [19].
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Figure 6. SiO2 concentration in DW as a function of dissolution time.

Figure 6 shows that SiO2 formation increases proportionally to Mg extraction and
material structure transformation. Moreover, there is a tendency for it to stabilize after
30 min of reaction, and another unexpected increase occurs at 180 min. There was an
approximate 10% SiO2 extraction increase after 30 min of reaction, given that an increase in
SiO2 in the residue is expected for longer extraction times. A longer reaction time leads to a
greater efficiency in terms of extracting alkaline earth metals from the host rock, i.e., Mg,
which will in turn increases the SiO2 concentration in the residue. The literature shows
that it took up to 6 h of reaction time in order for SiO2 (96–99%) purification to occur in the
residue [45]. An increased concentration of silicon in the DW residue only demonstrates
that there was greater efficiency in extracting Mg from the structure.

3.3. Mineral Carbonation Step

Given that a solution with 88% Mg was obtained (DFS30) after 30 min of acid dissolu-
tion reaction, this was used for the mineral carbonation step. The pH of DFS30 was raised
to 5 using 15 mL of NaoH 50% for precipitating impurities such as iron. The DFS30 was
filtered to remove the precipitate, and its pH condition was raised once more to 9 using
2 mL of NaOH 50%. Upon reaching a pH of 9, Fe2+ precipitation in the form of Fe(OH)2
was expected, as reported by others authors [17,19]. However, raising the solution pH led
to no Fe2+ precipitation. Figure 7 shows the precipitates obtained at (a) pH 5 and (b) pH 9.
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Figure 7. Precipitates obtained from the purification process at (a) pH 5 and (b) pH 9.

The purified solution (PS30) was then used in the mineral carbonation step so as to
investigate the effect of pressure. The precipitates formed in the mineral carbonation step
were characterized by FTIR, XRD, and TGA.

Figures 8 and 9 show the XRD patterns and FTIR spectra, respectively, of carbonation
products from CB1, CB2, and CB3.
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Figure 8. XRD patterns of (a) CB1, (b) CB2, and (c) CB3 products under atmospheric pressure.
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Figure 9. FTIR spectra of (a) CB1, (b) CB2, and (c) CB3 products under atmospheric pressure.

Under atmospheric pressure, the formation of three different products was observed,
which are: (CB1) an unidentified amorphous precipitate; (CB2) Mg(OH)2, and (CB3) hydro-
magnesite. For the CB1 and CB2 experiments, 50% NaOH solution was used to raise the
PS solution pH to 11. The XRD analysis results indicate the formation of an amorphous
product (amorphous carbonate) which was not identified in experiment CB1. For CB2, the
process temperature was raised to 90 ◦C, and the XRD and FTIR analyses results reveal the
formation of magnesium hydroxide, Mg(OH)2 [46]. The tendency to form Mg(OH)2 might
be due to a dissociation of NaOH base into Na+ and OH- ions in an aqueous solution. Solid
particles of NaOH were used to control the pH in order to reduce the degree of dissociation
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in experiment CB3, whose results showed that the obtained product was hydromagnesite
(Mg5(CO3)4(OH)2·4H2O).

The FTIR spectra for the CB3 experiments are similar to those for hydromagnesite
presented by Sanna and Maroto-Valer [36], thus confirming that CO2 was captured as hy-
dromagnesite, Mg5(CO3)4(OH)2·4H2O (Equation (2)). Absorption bands at approximately
600 to 900 cm−1 correspond to carbonate (CO3) vibration mode outside the plane. The
band at approximately 1100 cm−1 corresponds to the symmetric stretching vibration of
CO, while those at approximately 1433 cm−1 and 1485 cm−1 correspond to asymmetric CO
vibration [36].

The effect of pressure on CO2 carbonation was evaluated for the CB4, CB5, and CB6
experiments using the same temperature range as that used for the atmospheric pressure
CB1, CB2, and CB3 experiments. Figures 10 and 11 show XRD patterns and FTIR spectra,
respectively, of products obtained from CB4, CB5, and CB6. An analysis of the XRD pattern
indicates the formation of magnesite (MgO + CO2 ↔MgCO3) in the CB4 experiment. The
FTIR absorption spectrum shows vibrations corresponding to MgCO3, thus confirming that
CO2 was captured as magnesite [47]. For both the CB5 and CB6 experiments, the process
temperature was raised to 90 ◦C, while the pressures were maintained at 100 and 150 bar
for CB5 and CB6 experiments, respectively. The XRD and FTIR analyses indicate that CO2
was converted into hydromagnesite in both experiments.

Energies 2023, 16, x FOR PEER REVIEW 13 of 19 
 

 

The FTIR spectra for the CB3 experiments are similar to those for hydromagnesite 
presented by Sanna and Maroto-Valer [36], thus confirming that CO2 was captured as hy-
dromagnesite, Mg₅(CO₃)₄(OH)₂∙4H₂O (Equation (2)). Absorption bands at approximately 
600 to 900 cm−1 correspond to carbonate (CO3) vibration mode outside the plane. The band 
at approximately 1100 cm−1 corresponds to the symmetric stretching vibration of CO, 
while those at approximately 1433 cm−1 and 1485 cm−1 correspond to asymmetric CO vi-
bration [36]. 

The effect of pressure on CO2 carbonation was evaluated for the CB4, CB5, and CB6 
experiments using the same temperature range as that used for the atmospheric pressure 
CB1, CB2, and CB3 experiments. Figures 10 and 11 show XRD patterns and FTIR spectra, 
respectively, of products obtained from CB4, CB5, and CB6. An analysis of the XRD pat-
tern indicates the formation of magnesite (MgO + CO2 ↔ MgCO3) in the CB4 experiment. 
The FTIR absorption spectrum shows vibrations corresponding to MgCO3, thus confirm-
ing that CO2 was captured as magnesite [47]. For both the CB5 and CB6 experiments, the 
process temperature was raised to 90 °C, while the pressures were maintained at 100 and 
150 bar for CB5 and CB6 experiments, respectively. The XRD and FTIR analyses indicate 
that CO2 was converted into hydromagnesite in both experiments. 

 
Figure 10. XRD patterns of (a) CB4, (b) CB5, and (c) CB6 products under atmospheric pressure. 

 
Figure 11. FTIR spectra of (a) CB4, (b) CB5, and (c) CB6 products under atmospheric pressure. 

Figure 12 shows TGA and DTG curves of the thermal decomposition of products 
formed in the CB3, CB4, CB5, and CB6 experiments. Hydromagnesite decomposes endo-
thermically in three mass loss events: The loss of water crystallization, hydroxide ion de-
composition, and the release of CO2 by carbonate decomposition [48–50]. 

0 20 40 60 80 100 120
0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100 120
0

100

200

300

400

500

600

0 20 40 60 80 100 120
0

200

400

600

800

1000

1200

1400

1600

1800
(a) CB4

 

 

In
te

ns
ity

 (a
.u

)

2θ / degree

 

 

In
te

ns
ity

 (a
.u

)

2θ / degree

(b) CB5 (c) CB6

 

 

In
te

ns
ity

 (a
.u

)

2θ / degree

500 750 1000 1250 1500 1750 2000 2250 2500
40

50

60

70

80

90

100

500 750 1000 1250 1500 1750 2000 2250 2500

30

40

50

60

70

80

90

100

500 750 1000 1250 1500 1750 2000 2250 2500
10

20

30

40

50

60

70

80

90

100

 

 

tra
ns

m
itt

an
ce

 / 
%

Wavenumber / cm-1

(a) CB4 (b) CB5

 

 

tra
ns

m
itt

an
ce

 / 
%

Wavenumber / cm-1

(c) CB6

 

 

tra
ns

m
itt

an
ce

 / 
%

Wavenumber / cm-1

Figure 10. XRD patterns of (a) CB4, (b) CB5, and (c) CB6 products under atmospheric pressure.
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Figure 11. FTIR spectra of (a) CB4, (b) CB5, and (c) CB6 products under atmospheric pressure.

Figure 12 shows TGA and DTG curves of the thermal decomposition of products
formed in the CB3, CB4, CB5, and CB6 experiments. Hydromagnesite decomposes en-
dothermically in three mass loss events: The loss of water crystallization, hydroxide ion
decomposition, and the release of CO2 by carbonate decomposition [48–50].
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Figure 12. (a) TGA and (b) DTG curves of products obtained from the CB3, CB4, CB5, and
CB6 experiments.

Magnesium carbonate still recrystallizes exothermically at high heating rates [48].
Carbonates are decomposed in two steps, and the latter occurs at higher temperatures. The
decomposition event of the remaining magnesium carbonate occurs at temperatures of
over 520 ◦C, and its occurrence depends on the reaction atmosphere and heating rate [49].

Figure 11 shows that thermal decomposition begins at approximately 300 ◦C. Car-
bonate decomposition is divided into two events, and the maximum decomposition rate
of the first carbonate decomposition event occurs at 470 ◦C, with this occurring between
560–660 ◦C with respect to the second event.

The total mass loss of formed carbonates was 58%, 43%, 55%, and 55% for CB3, CB4,
CB5, and CB6, respectively. The mass of CO2 fixed in the form of carbonate corresponds to
an average of 40% in the CB3, CB4, CB5, and CB6 experiments.

Table 7 lists the carbonation efficiencies (Equation (2)). In experiments CB1 and CB2,
the CO2 reaction formed no carbonates, and its efficiency was not determined. In the
CB1 experiment, an amorphous product, i.e., a carbonate unidentified (u.d.) in XRD
analyses, was obtained. In the CB2 experiment, magnesium hydroxide, Mg(OH)2, was
obtained, and the results show that the conversion of Mg ions into carbonate was favored
under high pressure (CB4, CB5, and CB6), with the process efficiency being greater than
under atmospheric pressure. An increase in CO2 pressure generally raises the solubility of
materials and facilitates carbonic acid dissociation. Thus, the concentration of carbonate
ions in the solution is increased, which favors the formation of carbonates [50].

Table 7. Products of the mineral carbonation process.

Experiments Product Efficiency

CB1 Amorphous u.d. n.d
CB2 Mg (OH)2 n.d
CB3 Hydromagnesite 66%
CB4 Magnesite (MgCO3) 78%
CB5 Hydromagnesite 76%
CB6 Hydromagnesite 90%

Note: n.d.: non-detected; u.d.: unidentified.

It can be seen that in high-pressure experiments, the temperature affects the type of
product formed, but the process efficiency remains unaltered. For the experiment at 100 bar,
magnesium carbonate and hydromagnesite were obtained at 70 ◦C and 90 ◦C, respectively.
For these experiments (CB4 and CB5), the process efficiency reached similar values, i.e., 78%
and 76% for CB4 and CB5, respectively. Raising the process pressure from 100 to 150 bar
and maintaining process temperature at 90 ◦C resulted in an efficiency increase of 90%.

Although these results demonstrate that the process can produce magnesium carbon-
ates, adjustments to process factors are still necessary to raise its efficiency. The average
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the process efficiency values are below those attained by other processes reported in the
literature [16–18]; however, factors such as the type of acid and base used in serpenti-
nite acid dissolution and carbonation steps, respectively, can affect process efficiency [18].
As shown by Herring et al. [50], products obtained by the carbonation reaction progress
and are related to the microstructural features of the material. Thus, the mineralogical
characteristics of the sample used can also explain such results.

Another factor influencing the carbonation yield is the reaction pH conditions. Purified
solution was introduced into the reactor at a pH of 11. However, after the carbonation
process, the pH of the remaining solution was 7.4. The maximum conversion of magnesium
ions to carbonates (97%) was reached when the carbonation reaction occurred at a pH of 10;
thus, the carbonation reaction pH is the main factor affecting the purity and yield in terms
of carbonation [19].

Considering the optimal efficiency results of magnesium ions conversion into carbon-
ates, 3.2 ton of serpentinite will sequester 1 ton of CO2 under the experimental conditions
for CB6. The water consumption to sequester 1 ton of CO2 is approximately 132 m3 when
50% NaOH solution is used in the steps of purification and carbonation. When consider-
ing the use of NaOH in solid phase instead of a 50% NaOH solution to regulate the pH
in the purification and carbonation steps, the general water consumption is reduced to
approximately 82 m3.

Table 8 shows a comparison of the state-of-the-art research papers on carbon dioxide
capture efficiency.

Table 8. Comparison of state-of-the-art literature on carbon dioxide capture efficiency.

Process
Type System t

(min)
T

(◦C)
p

(Bar)
Xcb
(%) Reference

pH swing MgCl2-CO2-NaOH-H2O 30 90
100 76% This

study150 90%

pH swing MgCl2-CO2-NH3-H2O 60 70

10 43.5%

[51]
20 60.9%
30 66.7%
60 68.6%

pH Swing * MgSO4-NaOH-CO2-H2O 10 20 40 55% [52]

Aqueous
carbonation * EDTA 420 120 20 80% [53]

* data collected from Rashid et al. [27].

According to Rashid et al. [27], the mineral carbonation processes at elevated pressures
were mainly conducted through a single-step aqueous carbonation. However, studies
addressing mineral carbonation under high pressure by the pH-swing method have not
been explored in the literature. In Table 8, a comparison of the results achieved by other
authors is made, although these studies achieved efficiencies of 80% within 7 h of reaction
time under high pressures [53]. This appears to vary while applying pressures in pH-swing
processes, as can be observed in Table 8. The carbonation time drastically reduced, but so
did the carbonation efficiency, which is possibly due to the fact that all these studies were
performed at pressures lower than 60 bar [51,54].

According to Zhang et. al. [54], in a MgCl2-CO2-NH3-H2O system, pressures of
over 30 bar slightly affect the carbonation efficiency, and the main carbonate obtained
is nesquehonite. Hemati et al. [19,45] indicated that among all the carbonates that are
produced, magnesite and hydromagnesite are those with the greatest potential for CO2
capture and that their formation greatly depends on the carbonation temperature. Thus,
in order to verify the carbonation efficiency, this study was carried out at temperatures
ranging between 70 ◦C and 90 ◦C under high pressures.

Considering the challenges to be faced, the mineral carbonation process has high
operating costs due to the consumption of large amounts of energy, water, and chemical
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products [7,31]. Another challenge posed with regard to the cost-effective implementation
of this process relates to increasing the reaction speed so that CO2 can be fixed at the same
rate as it is generated while burning fossil fuels. [31,53]. According to Azdarpour et al. [9],
the consumption of chemicals in the carbonation process increases its total cost, and this is
one of the main challenges to be faced in order to reduce the consumption of chemicals.
Thus, aligning the reduction and reaction time with an increased acid concentration is a
solution that penalizes the process and increases energy and acid recovery costs.

An evaluation of the acid dissolution process as a function of time showed that it is
possible to reduce the dissolution reaction time from 120 min to 30 min while maintaining
Mg extraction levels above 90% for the used serpentinite. It should be noted that a reduction
in reaction time may contribute to reducing the process energy costs, which possibly enables
the use of this technology on an industrial scale at a competitive cost.

The high energy and environmental costs of mineral carbonation processes remains a
predicament, with it not yet being possible to realistically apply such processes, given that
there is still a lack of economic studies in the literature.

4. Conclusions

This work investigated the steps of acid dissolution and carbonate precipitation
through aqueous mineral carbonation using the pH-swing method with the aim of deter-
mining adjustments in the process that can increase the CO2 capture efficiency while at the
same time reducing the impacts of energy and water consumption. Acid dissolution is an
important step in mineral carbonation; thus, this research investigated the factors affecting
mineral extraction the response through the CCRD.

The experimental design allowed for the identification of the effects of both variables
assessed, i.e., temperature (◦C) and HCl concentration (M), on Mg extraction. The ANOVA
results showed that the response surface methodologies are significant and adequately
explain the process of Mg extraction. It was also found that temperature (◦C) has a
significant influence on Mg extraction. Mg extraction was 85% and 96% at the same HCl
concentration (2.5 M) by raising the process temperature from 65 ◦C to 100 ◦C, respectively.

The highest Mg extraction (96%) was obtained at 100 ◦C and a HCl concentration of
2.5 M. The maximum Mg extraction was determined by the CCRD, which allowed for
the discovery of how the acid dissolution reaction of serpentinite behaves as a function of
time. The results showed that 82% of Mg extraction was achieved after 5 min of reaction.
Extraction levels above 90% were observed after 30 min of reaction. It was also observed
that within 120 min and 180 min of the reaction, the extraction remained constant, at
approximately 96%. These results indicate that it is possible to reduce the time taken
to dissolve serpentinite from 120 min to 30 min whilst maintaining Mg extraction levels
above 90%.

Regarding mineral carbonation, the feasibility of using the solution obtained within
30 min of acid dissolution reaction was investigated. The carbonation step was investigated
under atmospheric and high-pressure conditions using the NaOH base as a means to
regulate the pH. The use of solid NaOH instead of a 50% NaOH solution was proposed,
and the results generally indicate that the process is capable of capturing CO2 in the form
of carbonates under the investigated conditions. However, adjustments to regulate the
pH must be made to investigate whether it is possible to increase the process efficiency as
a result. An in-depth assessment of the process life cycle, an economic analysis, and an
analysis of the technical gains resulting from reducing the acid dissolution reaction time
should be studied in future works.
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