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Abstract: Mineral carbonation is an increasingly popular method for carbon capture and storage
that resembles the natural weathering process of alkaline-earth oxides for carbon dioxide removal
into stable carbonates. This study aims to evaluate the potential of reusing Fe-rich mine waste for
carbon sequestration by assessing the influence of pH condition, particle size fraction and reaction
temperature on the carbonation reaction. A carbonation experiment was performed in a stainless steel
reactor at ambient pressure and at a low temperature. The results indicated that the alkaline pH of
waste samples was suitable for undergoing the carbonation process. Mineralogical analysis confirmed
the presence of essential minerals for carbonation, i.e., magnetite, wollastonite, anorthite and diopside.
The chemical composition exhibited the presence of iron and calcium oxides (39.58–62.95%) in wastes,
indicating high possibilities for carbon sequestration. Analysis of the carbon uptake capacity revealed
that at alkaline pH (8–12), 81.7–87.6 g CO2/kg of waste were sequestered. Furthermore, a particle size
of <38 µm resulted in 83.8 g CO2/kg being sequestered from Fe-rich waste, suggesting that smaller
particle sizes highly favor the carbonation process. Moreover, 56.1 g CO2/kg of uptake capacity
was achieved under a low reaction temperature of 80 ◦C. These findings have demonstrated that
Fe-rich mine waste has a high potential to be utilized as feedstock for mineral carbonation. Therefore,
Fe-rich mine waste can be regarded as a valuable resource for carbon sinking while producing a
value-added carbonate product. This is in line with the sustainable development goals regarding
combating global climate change through a sustainable low-carbon industry and economy that can
accelerate the reduction of carbon dioxide emissions.

Keywords: mineral carbonation; carbon sequestration; mine waste; Fe-rich waste; CCU; CCS

1. Introduction

Efforts to find a solution for the alarming climate change issue have resulted in re-
search all over the world proposing large-scale carbon dioxide sequestration from the atmo-
sphere [1]. As reported by National Oceanic and Atmospheric Administration (NOAA) [2],
the carbon dioxide concentration has increased from 280 ppm in the 1970s to 402 ppm in
2016, mainly due to the increasing population and increasing activity of fossil fuel combus-
tion. Recently, the monthly average of carbon dioxide concentration reached 416.71 ppm in
December 2021 compared to the monthly average of 414.26 ppm in December 2020 [3]. It
has been said that the atmospheric strain of carbon dioxide is now similar to 4.1–4.5 million
years ago (in the course of the Pliocene Climatic Optimum), where carbon dioxide level
was measured at approximately 400 ppm. Within that time, the average temperature was
about 4 ◦C warmer than in pre-industrial times, and the global mean sea level was 23.5 m
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above the current level [4]. A study also reveals that a large forest area in the Arctic has
transformed into a tundra-dominated region [5]. The fact that the level of carbon dioxide
has become on par with one of the historical times of earth is alarming, as these changes
can affect everything. This includes extreme weather that can affect the surrounding
environment, humans and other living things. Concern over the global warming issue,
specifically regarding the anthropogenic contribution (use of fossil fuel and carbon dioxide
emission), gives rise to serious international demand on nations to lower their production
of anthropogenic carbon dioxide. Leung et al. [6] have mentioned the different strategies
many countries have used to decrease their carbon dioxide emissions, including carbon
capture and storage.

Carbon sequestration, also known as carbon capture and storage (CCS), is used to
explain both natural and man-made processes which involve getting rid of carbon dioxide
from the atmosphere or diverting it from emission sources and storing it in geological
formations, terrestrial environments (vegetation, soils, and sediments), and the ocean [7].
In general, the separated and captured carbon dioxide will be stored away in a storage
site large enough relative to its annual emission so that it can significantly affect the
carbon dioxide atmospheric concentration, such that carbon dioxide is isolated from the
atmosphere for a very long time [8]. Possible storage methods include injection into the
water column in the deep ocean, injection into underground geological formations (e.g., oil
and gas fields, deep saline formations and unminable coal beds) or industrial fixation
in inorganic carbonates, also known as mineral carbonation. Small amounts of captured
carbon dioxide (6–8 g/L) were also used and stored in typical carbonated drinks in soft
drink industries [9]. Years after CCS was introduced, an extension of it has been brought
to light where, instead of only capturing and storing carbon, it can be utilized in the
development of green products. This is also known as carbon capture and utilization
(CCU). The product, which is manufactured with the captured carbon in it, can then be
commercialized, for example, in the construction sector as supplementary cementitious
materials for brick and concrete, and in other sectors as synthetic fuels; there are many
more possible applications depending on the type of materials used [10–13]. Although
the aim of CCS and CCU is to capture carbon emissions and to prevent them from being
released back to the atmosphere, the last destination of the carbon dioxide captured marks
the difference between both terms. CCS transfers the captured carbon dioxide to a chosen
storage area for a long period of time, while CCU converts the captured carbon dioxide into
a value-added product that can bring revenue to various sectors, such as bendable concrete,
methane, urea and fuels [7,8,14–22]. Out of these potential CCS and CCU technologies,
mineral carbonation has been suggested as an ideal approach where the carbon dioxide in
the atmosphere can be stored and kept permanently as a stable and non-toxic carbonate
product that can further be used and commercialized (e.g., partial cement replacement,
brick production, paint and many more possibilities) [23–25]. This shows that mineral
carbonation can act as a useful approach for both CCS and CCU, but the latter seems more
promising, as it offers additional revenue in addition to removing carbon dioxide from
the air.

Mineral carbonation is the reaction of basic minerals with carbon dioxide to form non-
toxic solid carbonate. The carbonation process can occur naturally, but some modifications
to accelerate this natural process can contribute to reducing the level of excess carbon
dioxide in the atmosphere, thus reducing the global temperature. Mineral carbonation can
be explained by the reaction of carbon dioxide with metal oxide-bearing minerals forming
insoluble carbon, as shown in Equation (1) [26].

Metal oxide + CO2→Metal Carbonate + Heat (1)
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Generally, mineral carbonation reactions can occur with different starting materi-
als, including Mg silicate, Fe silicate or Ca silicate. Equations (2)–(5) show the mineral
carbonation process with Mg-, Fe- and Ca-rich silicates, respectively [26].

Mg2SiO4 + 2CO2 + 2H2O→ 2MgCO3 + H4SiO4 (2)

Mg3Si2O5(OH)4 + 3CO2 + 2H2O→ 3MgCO3 + 2H4SiO4 (3)

Fe2SiO4 + 2CO2 + 2H2O→ 2FeCO3 + H4SiO4 (4)

CaSiO3 + CO2 + 2H2O→ CaCO3 + H4SiO4 (5)

Mineral carbonation can be achieved either in situ or ex situ. The in situ method is
when the carbon dioxide is stored underground when a reaction takes place between car-
bon dioxide and the reactive material, trapping the carbon dioxide as carbonate materials,
whereas the ex situ reaction is the same as in situ but occurs above ground in a chemical
processing plant [27]. Mineral carbonation is regarded as a promising solution for carbon
sequestration, where the carbonates formed at the end of the reaction are non-hazardous
to the environment and to humans and are in a stable form [23]. A study has shown
that synthetic magnesium and calcium carbonate, when leached in nitric acid (which acts
as acid rain), resulted in no significant release of carbon dioxide even in pH values less
than 2 [28]. This shows that magnesium and calcium carbonate are stable and resistant
enough to prevent carbon dioxide leakage when exposed to unexpected weather at their
respective storage sites. This highlights the major advantages of using mineral carbonation
to sequester carbon dioxide, i.e., it provides permanent carbon storage and is environmen-
tally harmless. Furthermore, the material needed for mineral carbonation is abundant,
and it exists worldwide as natural minerals, steel slag and red gypsum from industrial
waste, and silicate minerals from mining waste. Yan et al. [29] studied the direct aque-
ous mineral carbonation of wollastonite (CaSiO3) and achieved a carbonation efficiency
of 83.5% (150 ◦C, 40 bar and <30 µm). Azdarpour et al. [30] used red gypsum in their
study and achieved 12.53% efficiency (200 ◦C, 20 bar and <45 µm) in 1 h, while Ukwattage
et al. [31] achieved a carbonation efficiency of 8.83% using steel slag (50 ◦C, 0.19 MPa) in
48 h. Different types of materials were used in their study, resulting in different carbonation
efficiencies. Yan et al. [29] have achieved the highest efficiency; the material they used
was a targeted natural mineral containing high amounts of calcium oxide that allowed
for more carbonation reactions to occur. It is worth noting that despite the various types
of feedstock that can be used, the optimum condition for the carbonation reaction cannot
be assumed to occur efficiently at certain fixed parameters, as it is found to be greatly
dependent on the experimental conditions and material properties [31]. Therefore, it is
crucial for a laboratory-scale experiment to be conducted so that it can be up-scaled into a
pilot test and can be tested further in the industry.

Successful industrial applications, such as CarbonCure technology, a Canadian clean-
tech company, have taken the interest of many parties, including local communities, as
it can also generate income. Using this technology, more than 5 million cubic yards of
concrete made with recycled carbon dioxide have been delivered to construction projects
across the globe. Pan-United Corporation Ltd. Singapore [32] is the first company in
Asia that has adopted CarbonCure technology; they hope to initiate an industry-wide
movement to adopt more environmentally friendly practices in Singapore and the re-
gion [33]. CarbonCure Technologies (CarbonCure Technologies Inc., Halifax, NS, Canada),
along with Mineral Carbonation International (Canberra, Australia) [34], Carbon8 Systems
(Gillingham, UK) [35], and Solidia Technologies (Piscataway, NJ, USA) [36], are some of the
companies which focus mainly on construction material production through the mineral
carbonation process.

This study focuses on the utilization of mine waste materials as feedstock to capture
carbon dioxide. The use of waste materials such as mining waste, steel slag, and fly ash
in capturing carbon dioxide can be a beneficial approach, as this can help in solving the
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problem associated with increasing carbon dioxide emissions from a carbon-intensive
industry (the steel-making industry, limestone quarries, mining facilities) as well as the
increasing waste land caused by the accumulated waste. It has been known that mining
waste also contains low-grade ore, which may have economic value in the future [37]. In
particular, utilizing mine waste to capture carbon can lower the impact of wastelands,
hence reducing the environmental footprint (e.g., contamination of surface water caused
by weathering of mining waste). The mining industry can also benefit from the utilization
of its waste, as it may require less expenditure to close a mine for rehabilitation, closure
and long-term monitoring [38].

The use of mining waste for mineral carbonation has been investigated in some related
studies. For instance, Mohd-Isha et al. [39] studied the mineral carbonation potential of
sedimentary limestone mine waste by evaluating the chemical and mineralogical properties
of the waste. Molahid et al. [40] carried out the carbonation of limestone waste under
ambient temperature and pressure. Both studies have shown that sedimentary limestone
waste, which is naturally alkaline, has the potential to capture carbon dioxide, and usage of
the waste can reduce the potential risk of mine waste to the environment and to human
health. In addition, Hasan et al. [41,42] has investigated the potential of sediment, sludge
and soil from gold mine waste, which consists of alkaline earth silicates. This study
found that the availability of natural silicate minerals and the large fraction of small-
sized particles makes it a suitable feedstock for passive mineral carbonation. However, a
carbonation experiment needs to be carried out in order to confirm the claim based on the
characterization analysis. On the other hand, Ramli et al. [43] performed a carbonation
experiment of iron ore mining waste at a pressure of 1 bar, and have proved that carbonation
can be conducted in low-pressure conditions. They have also stated that temperature, pH
and particle size are important in the carbonation process. However, other variables could
be included or accelerated to enhance carbonation efficiency.

Although numerous studies have been done on mineral carbonation, only a few
have used mine waste material in low pressure (1–10 bar) and temperature conditions
(80 ◦C–200 ◦C), and research on this aspect of carbon sink is still limited [39–43]. Therefore,
this study aims to evaluate the potential of using Fe-rich mine waste for carbon seques-
tration and to assess the different factors influencing the carbonation process, i.e., pH
conditions, particle size fractions and reaction temperature. This would be useful for giving
insights into the application of CCS/CCU technology that incorporates waste materials for
environmental sustainability.

2. Materials and Methods
2.1. Materials Preparation

In this study, Fe-rich mine waste collected from an iron ore mine site in Jerantut,
Pahang were used. The mine wastes were discarded and disposed of in stockpiles and
tailings, which were regarded as waste materials. The waste samples were collected from
five sampling locations, i.e., pond 1, pond 2, pond 3, tailings and waste dump. All of the
samples were ascertained according to Smith et al. [44], in which samples were collected
from the surface to a depth of approximately 15–20 cm to ensure that representative samples
were obtained. All samples were gathered in a polythene bag separately using a stainless
steel scoop ideal for sampling soil, sludge and sediment.

Sediments from tailings were air-dried at room temperature and were left approximately
24 h; rock samples were crushed using a geological hammer and were then ground. The
air-dried soil, sludge and sediment were ground using an agate mortar and pestle. The waste
materials were then sieved according to the chosen particle size fraction prior to the sample
characterization analysis (<2 mm) and carbonation experiment (<38 µm, <63 µm, <75 µm).

2.2. Materials Characterization Analysis

The pH of the waste materials was measured according to British Standard (BS) 1377,
Part 3 [45]. A solid to liquid ratio of 1:2.5 was used; samples and distilled water were mixed
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and were left for 24 h, and the pH was then measured using a calibrated Orion 230A Plus
Portable pH meter. To identify the crystalline phase, the waste materials were analyzed by
X-ray diffraction (XRD) using a Bruker-AXS D8 Advanced diffractometer. Scans were taken
at a rate of 1◦/min (0.025◦ step size), counting for 0.2 s per step over the 5–50◦ scattering
angle range. The integrated intensity of peak areas was determined using Diffrac AT EVA
software (v.9.0). The d-spacing was identified using OriginPro 9.55 software (Originlab
Corporation, Northampton, UK).

A scanning electron microscope (SEM) (model Phillips XL30, Amsterdam, The Nether-
lands) equipped with an energy-dispersive X-ray (EDX) analyzer was used to determine
the morphological structure of materials at 100–1000 magnification and the chemical com-
position in percentage (%). It is important to identify the chemical composition of the waste
materials, as this can confirm the presence of the key oxide compounds (i.e., Ca/Mg/Fe
oxide) needed in the carbonation process, while the SEM analysis helps in confirming
the presence of these compounds through a magnified image of the waste materials by
identifying the shapes or microstructure of the images.

2.3. Mineral Carbonation Experiment

The carbonation experiment was carried out in a designated reactor system (Donewell
Equipmet, model ACL03-250) with 250 mL working volume (Figure 1). The reactor consists
of a heating mantle, gas inlet, outlet and pressure relief valve, removable Teflon cup,
pressure indicator, and overhead stirrer with an analog control knob. The temperature was
controlled using a digital temperature PID control with a maximum temperature of 200 ◦C,
while the pressure was controlled using a pressure regulator with an output gauge range
of 1–16 bar.

Figure 1. Schematic diagram of the reactor system.

The weighed amount of the waste materials was placed into the removable Teflon cup,
to which was then added 1 M of sodium chloride (NaCl) and 0.64 M of sodium bicarbonate
(NaHCO3) solution; these act as a catalyst to the reaction rates [46]. pH was then adjusted
accordingly using sodium hydroxide (NaOH) or hydrochloric acid (HCl). The Teflon cup
was placed inside the reactor and sealed tightly. When the reactor reached the desired
temperature, it was filled with carbon dioxide gas with 99.8% purity (purchased from
Smart Biogas Ent., Selangor). The reactor was run at a pressure of 1 bar, controlled by
the gas feeding system, and the stirrer was set at 300 rpm. Each parameter tested was
carried out for 60 min while the pressure, temperature, stirring rate and solution used
were kept constant. The effects of pH conditions (i.e., 8, 10 and 12), particle size fractions
(i.e., <38 µm, <63 µm and <75 µm) and reaction temperature (i.e., 80 ◦C, 150 ◦C and 200 ◦C)
were evaluated at ambient CO2 pressure (1 bar). All experiments were replicated to ensure
the quality of the results obtained.

2.4. Carbonation Product Analysis

Thermogravimetric analysis (TGA) (Mettler Toledo TGA/DSC 1), with a tempera-
ture range of 30 ◦C–1000 ◦C was carried out, and the carbon uptake capacity (%) and
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sequestration capacity (g/kg) were calculated based on the weight loss obtained. The
carbon uptake capacity (%) was calculated in reference to Azdarpour et al. [30] as shown
in Equations (6) and (7), while carbon uptake capacity was calculated based on the stoi-
chiometric equation assuming the decarbonation reactions in Equations (8)–(10), at the
respective temperatures. Depending on the reaction condition, the temperature at which
the carbonate product decomposes may vary or shift because of its thermal stability. Hence,
the weight loss for FeCO3 and CaCO3 is not only subjected to a certain temperature [47–56].
For Equations (6) and (7), x is either Fe, Ca or Mg, and MW refers to molecular weight.

x uptake capacity (%) =
x mass in xCO3

x Total in feeding material
× 100 (6)

x mass in xCO3 = weight loss (%) x
MWx

MWCO2
x mass of solid residue (7)

To further confirm the presence of carbonate, the thermogravimetric analysis and
the differential thermogravimetry (TGA/DTG) curve were analyzed, and SEM-EDX was
performed to confirm the presence of the carbonate mineral by analyzing the shape or
structure of the carbonates.

CaCO3 → CO2 + CaO (8)

FeCO3 → CO2 + FeO (9)

MgCO3 → CO2 + MgO (10)

3. Results and Discussion
3.1. Waste Material Properties

The initial pH of the waste material was measured for the initial evaluation, as pH
plays an important role in the mineral carbonation process [30,57,58]. For Fe-rich mine
waste, most of the waste materials from different sampling sites have a pH between 7.0 to
7.5. This indicates that the material is alkaline in nature. It has been stated that materials that
are alkaline in nature are essential to facilitate mineral precipitation for carbonation [13,43].
A study by Park and Fan [59] proved that precipitation was enhanced in a highly alkaline
condition (i.e., pH 9.4), producing a magnesium carbonate product with high purity. This
was also supported by other studies which added sodium hydroxide (NaOH) into their
solution to increase the pH and the precipitation rate [40,41,46]. Based on the results
obtained, all samples have an alkaline pH, suggesting that the natural pH of the mine waste
shows great potential to be used as feedstock for the mineral carbonation process. Based on
these past studies, pH condition can be seen as a crucial factor in the mineral carbonation
process because altering the pH can further identify at which pH level mineral carbonation
can be accelerated.

XRD analysis was carried out to identify potential minerals in the waste materials
to undergo the carbonation reaction (i.e., Fe-, Mg-, and Ca-based minerals). XRD results
of a few samples of Fe-rich waste are presented in Figure 2. The XRD pattern exhibits a
significant pattern for amorphous (non-crystalline) material with several peaks of crystalline
phases [60]. Quartz is the most abundant mineral, followed by anorthite (CaAl2Si2O8).
The Fe-, Mg-, and Ca-based minerals which are crucial for the carbonation reaction are
anorthite (CaAl2Si2O8), wollastonite (CaSiO3), diopside ((Ca(Mg, Al)(Si, Al)2), perovskite
(CaTiO3), johannsenite (Ca4Mn4Si8O24), magnesium aluminium silicate (MgO·Al2O3·Si
O2), magnetite (Fe3O4) and hematite (Fe2O3). Among these, the most commonly used
minerals for mineral carbonation are magnetite and wollastonite [30,40,43,47,61].
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Figure 2. Raw Fe-rich mine waste X-ray diffractograms patterns of Caption should be: waste dump
(WD), tailing, pond 1 (P1), pond 2 (P2), and pond 3 (P3). Labelled alphabet represents the minerals found
in the waste: quartz (Q), anorthite (A), wollastonite (W), diopside (D), titanium silicon (T), magnetite
(M), perovskite (P), magnesium aluminium silicate (MAS), johannsenite (J) and hematite (H).

Obviously, the major oxide constituent in all samples was Fe2O3 (also known as
hematite). Figure 3 summarizes the chemical composition of the iron mine waste in five
sampling locations; the iron mine waste was composed of CaO, Fe2O3, SiO2, K2O, SO3,
and Al2O3. The major oxide constituent was Fe2O3 in all sampling locations; pond 1
has the highest percentage of 62.95%, followed by pond 2 (61.68%), pond 3 (61.05%),
tailings (57.79%), and waste dump, with the lowest percentage of 39.58%. Therefore, the
abundance of Fe2O3 is indicative of the iron ore mineral composition. This is consistent with
XRD analysis, where a hematite (Fe2O3) peak was also discovered, although the detected
minerals were found as a minor peak in all of the sampling locations. The only explanation
for the lack of peak intensity is that Fe2O3 probably exists in a non-crystalline form, also
known as an amorphous form [62]. This explains the significant amorphous material
pattern found in XRD curves in all sampling sites. Generally, amorphous material consists
of small particles and is not as well-structured as crystalline material. This was probably
due to the force applied during crushing and grinding of the samples, altering the samples’
original structure. Azdarpour et al. [30] and Azdarpour et al. [63] experienced the same
effect, where Fe2O3 was one of the major compounds detected through XRF, but its peak
was absent in the XRD curves. Hoewever, TGA was able to confirm the presence of Fe2O3
in the raw sample (Figure 4), where a peak in the temperature interval of 200 ◦C–400 ◦C
was detected, which can be attributed to the thermal decomposition of Fe2O3 [52].

Figure 5 shows the SEM image of the Fe-rich mine waste. Based on the figure, the
samples seem to have an irregular and highly rough surface. The porous structure of the
samples can be observed, in which, according to [64,65], the structure can be associated
with the presence of hematite and magnetite. This is consistent with the mineralogical and
chemical composition analysis, which has also detected magnetite and hematite minerals
in the samples. The second highest oxide constituent is SiO2, which is silica. It is found
mainly as quartz in the mine waste, and it is a major mineral found through XRD analysis,
which explains the abundance of the oxide. Silica was considered a common impurity, also
known as a gangue material, the existence of which can affect the quality of the ore [66].
Thus, the high silica composition explains why the raw mine waste was considered waste
material. On the other hand, CaO with a percentage range of 7.19–15.24% was found in all
sampling points, where the highest CaO content was in the tailings, while the lowest was
in pond 2. The presence of CaO can be associated with the Ca-based minerals found in the
waste (i.e., anorthite, diopside, perovskite, wollastonite and johannsenite). Clearly, the two
important oxides found in the raw iron mine waste were CaO and Fe2O3. Each oxide was
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present in all samples, and this consistency shows that this material has the potential to act
as the feedstock in the mineral carbonation reaction.

Figure 3. Chemical composition of (a) waste dump, (b) tailing, (c) pond 1, (d) pond 2, and (e) pond 3.
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Figure 4. Thermogravimetric (TG) analysis and DTG curve of carbonated Fe−rich mine waste (raw
and particle size <38 µm).

Figure 5. Micrograph of the Fe-rich mine waste samples from: (a) waste dump, (b) tailings, (c) pond 1,
(d) pond 2, and (e) pond 3. The round and square shapes depict the porous magnetite minerals
present in the raw Fe-rich mine waste.
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The high percentage of Fe2O3 and some CaO (i.e., 39.58–62.95% and 7.19–15.24%,
respectively), and also the presence of essential minerals for carbonation such as magnetite,
anorthite, wollastonite, diopside, perovskite, johannsenite, and magnesium aluminium
silicate (MgO·Al2O3·Si O2), in the waste signifies its potential to undergo a carbonation
reaction, which involves the formation of iron carbonate and calcium carbonate as the
final products, respectively. This also implies that the high amount of oxide minerals
(i.e., calcium oxide and iron oxide) in the waste materials has the potential to store more
carbon dioxide because of its high storage reserve for capturing and storing carbon dioxide.

3.2. Carbonation Process Optimization: Effect of Different Parameter Conditions on Carbon
Uptake Capacity (%)
3.2.1. Influence of pH on Uptake Capacity

One of the controlling factors that can affect the carbon uptake capacity (%) is the
availability of the divalent cation (Ca2+, Mg2+, Fe2+). The reason is that the dissolution
of these metals would make it accessible for the carbon dioxide (CO2) gas to react with
and form carbonate precipitates [26,67,68]. Thus, an optimum pH is needed for the metals
to dissociate and become available for the carbonation process to take place. A previous
study has proven that salinity and pH can significantly improve mineral carbonation when
the pH condition is altered, specifically using pH values of 4, 6 and 10. Based on their
results, where newly formed carbonate minerals were observed, it was concluded that
altering the pH is a good method for improving the interaction of metal cations and carbon
dioxide in an aqueous solution containing samples [68]. The effect of pH conditions on the
carbonation process was investigated by altering the pH of the samples using NaOH and
HCl. This was done so that the optimum pH for carbon uptake can be determined and the
effect of pH on the carbonation process can be observed.

Figure 6 shows the average Ca and Fe uptake capacity. As shown in the figure, Ca
carbon uptake seems to decrease with increasing pH, with uptake capacities of 2.62%,
2.41%, 2.39% and 1.86% for pH N, pH 8, pH 10 and pH 12, respectively. For Fe carbon
uptake, the trend of increasing uptake capacity with increasing pH can be seen, with uptake
capacities of 2.11%. 2.19%, 2.44% and 2.78% for pH N, pH 8, pH 10 and pH 12, respectively.
It is well-known that low pH (acidic conditions) favors the liberation of the metal ions
(i.e., Mg, Ca and Fe ions) from its minerals or current structure with the help of the H+ ion
from the reaction of carbon dioxide gas and water. When this happens, metal ions will
react with bicarbonate ions (HCO3

−) and finally precipitate as solid carbonate [25,46,49].
High pH condition favors the carbonate precipitation stage, where carbonate ion (CO3

2−)
concentrations are higher [46,69]. Azdarpour et al. [63] and Wang et al. [70] have also stated
that the precipitation stage to solid carbonate is greatly dependent on carbonate (CO3

2−)
and bicarbonate (HCO3

−) ions in the solution. Hence, it is also favorable to increase CO3
2−

ion concentrations by increasing the pH. From this study, the Ca uptake capacity has a
decreasing trend towards increasing pH condition, while the Fe uptake capacity has an
opposite result: the uptake capacity increases with increasing pH. This can be explained
by the chemical composition difference of iron oxide and calcium oxide, as calcium oxide
has a low percentage amount compared to iron oxide. In the case of Ca carbonation, the
problem arises when the pH is too high and no H+ ion is left to liberate Ca ions from
the mineral because it has been neutralized by the excess OH- ions. The low amount of
calcium oxide in the waste material lowers the potential for it to be liberated. Although
this condition is favorable for the precipitation of carbonate to occur because of the high
CO3

2− concentration, there are no available Ca2+ ions for it to react with. The dissolution
of Ca, Mg, or Fe silicate minerals into the solution is, therefore, one of the rate-limiting
factors [26]. For Fe uptake, compared to calcium oxide, iron oxide has more potential to be
liberated into the solution because of its high constituent. Thus, the condition favors the
carbonation process, which is in good agreement with previous studies that have agreed
that the most suitable pH for mineral carbonation is greater than 10 [71].
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Figure 6. Average uptake capacity (%) for different pH conditions of Fe-rich mine waste. Error bars
represent standard error of the mean (SEM).

Figure 7 illustrates the DTG curves of raw and carbonated Fe-rich mine waste at initial
pH (pH N) and at pH 8–12, which represent the peaks of weight loss that occurred in
the temperature interval between 30–1000 ◦C. Most of the peaks appear at almost similar
temperatures but have different weight loss percentages. The first peak can be identified in
temperatures below 100 ◦C for raw and all carbonated Fe-rich waste samples, which can be
identified as moisture loss and decomposition of some low-grade calcium silicate hydrate
(C-S-H), as stated in the previous literature [50]. It can be seen that mass loss between 200
and 340 ◦C is common in all samples, with a peak at around 275 ◦C that corresponds to
the thermal decomposition of iron hydroxide [51]. Following this peak, all samples started
to exhibit different peaks starting from 340 ◦C. At the temperature interval of 340–660 ◦C,
the raw and carbonated samples of pH N shows a strong peak with a high weight loss
disparity of 3.72% and 8.04%, respectively. On the other hand, peaks observed for pH
8–12 were at temperatures of 340–630 ◦C and were closely followed by another peak at
around 630–700 ◦C. According to El-Bellihi [53] and Stopic et al. [48], this can be attributed
to the thermal decomposition of carbonate product, which can be seen in the temperature
interval around 340–660 ◦C for pH N with a weight reduction of 8.04% and 340–630 ◦C
for pH 8–12 with a weight reduction of 6.84%, 6.43% and 6.84%, respectively. A small
peak around temperatures of 630–700 ◦C in pH 8–12 can be ascribed to the reduction of
ferric oxide (Fe2O3) or residuals from iron carbonate thermal decomposition into magnetite
(Fe3O4) [47,51]. Another noticeable peak was evident at around 660–1000 ◦C for pH N,
and around 700–1000 ◦C for pH 8–12, which indicates calcium carbonate decarbonation,
according to the literature [54].

Figure 7. DTG curves of raw and carbonated Fe−rich mine waste samples at initial pH, pH 8, pH 10
and pH 12.
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In short, altering pH conditions to ensure optimum carbonation reactions requires a
delicate balance between improving the extraction of cations from their respective minerals
and enhancing the precipitation of the solid carbonate. In this case, these two opposite
effects of pH can cause both to compete with each other, which in the end, produces
different results from the one that has been expected. However, the addition of NaOH
and NaHCO3 can be considered adequate, such that no further altering of pH is needed.
This is due to the lack of statistically significant differences found in uptake capacity using
different pH values, showing that the chosen pH range (i.e., pH 7–12) has more or less the
same effect on the carbonation process. This suggests that alkaline conditions are favorable
for the reaction to occur.

3.2.2. Influence of Particle Size Fraction on Uptake Capacity

Figure 8 shows the average Ca and Fe uptake capacity (%) using different particle size
fractions. Based on the figure, particle size reduction shows great potential in improving
the uptake capacity (%). Particle size fractions <38 µm show a higher carbon uptake than
particle size fractions <63 µm and <75 µm for both Ca and Fe. Figure 8 demonstrates that
the uptake capacity follows a decreasing trend when the particle size increases in all the
samples. Ca and Fe uptake capacities of 3.05% and 3.97%, respectively were achieved when
using samples with a particle size of <38 µm. Uptake capacities of 2.04% and 3.31% for Ca
and Fe, respectively, were obtained using a particle size of <63 µm. On the other hand, the
lowest Ca and Fe uptake capacity was achieved using samples with a particle size <75 µm,
with carbon uptake of 1.42% and 2.61%, respectively. Significant differences (p < 0.05)
in uptake capacity using different particle size fractions were found. Dunn–Bonferroni
pairwise tests revealed a statistically significant difference in mean ranks between particle
sizes of 38 µm and 75 µm. This means that using 38 µm or 75 µm particle size fractions
will give different results of uptake capacity (%). Spearman’s rank-order correlation test
also reveals a statistically significant, negative correlation between uptake capacity (%) and
particle size used (r= −0.487, p = 0.006), which proved that smaller particle size fractions
increase the uptake capacity of the Fe-rich waste sample.

Figure 8. Average uptake capacity (%) for different particle size fractions of Fe-rich mine waste. Error
bars represent standard error of the mean (SEM).

The TGA and DTG curves of a raw Fe-rich mine waste material compared with the
<38 µm carbonated waste material are illustrated in Figure 4 in the characterization analysis
of the previous section. Each peak of the DTG curve illustrates the stages of decomposition
that occurred in the fresh and carbonated sample, where both samples have 4 different
peaks separated by lines. The total weight loss for the raw sample of Fe-rich mine waste in
the temperature interval of 30–1000 ◦C adds up to 8.78%, which connotes the amount of
bound water and decomposed compound material due to the reaction with the heat applied.
The total weight loss for the first and second peaks in the raw sample between 30–150 ◦C
and 150–340 ◦C is 1.74% and 1.16%, compared with 3.63% and 1.36% for the carbonated
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sample, respectively. The weight loss that occurred in the first peak was due to the water
loss in both samples [48], and the carbonated sample seems to have higher moisture content
than the raw sample. The second peak can be related to the dehydroxylation of the iron
hydroxide, which was present in both samples [51]. The carbonated sample has slightly
higher weight loss, which means that the carbonated sample has a higher amount of iron
hydroxide due to the addition of sodium hydroxide in the carbonation experiment, forming
more iron hydroxide.

Contrarily, in raw waste material, a weight reduction of 9.02% in the temperature
region of 340–700 ◦C with a peak at 498 ◦C was observed. This can be observed in the figure
where the largest peak (third peak) was noticeable, which indicates that this temperature
interval is important because this is where the thermal decomposition of carbonate products
(i.e., FeCO3 and CaCO3) occurred. This observation is in agreement with the study by
El-Bellihi [53], where it has been stated that the decomposition of iron carbonate resulted
in a peak at 495 ◦C. Stopic et al. [48] also discussed the thermal decomposition of their
sample and identified that a temperature interval of 470–595 ◦C was associated with
magnesium/iron carbonate decomposition. Furthermore, Mendoza et al. [47] mentioned
that at 367 ◦C, siderite (FeCO3) begins to decompose and release carbon dioxide. Based on
the DTG curve of the carbonated sample, some small peaks right before the large peak can
be observed and, thus, can be attributed to the initial stage of iron carbonate decomposition.
After the peak of iron carbonate decomposition, which leaves residue of iron oxide, a peak
followed at about 630–700 ◦C for the carbonated sample, which could be related to the
presence of ferric oxide (Fe2O3) [51]. Both of the reactions occurred in the temperature
interval 340–700 ◦C, which explains the large peak that appeared as two peaks, while the
raw sample has only a single peak in the same temperature interval. The two peaks might
be associated with the thermal decomposition of carbonate product followed by ferric
oxide decomposition (carbonate product residue). Following the most distinctive peak is a
smaller peak (fourth peak) in the temperature range of 700–1000 ◦C, where the DTG peaks
for both samples are almost similar. However, the weight reduction of raw Fe-rich material
is 1.95%, while carbonated waste experienced 2.32% weight reduction, which corresponds
to the decarbonation of calcium carbonate [54]. In contrast to carbonated waste material
with an overall weight loss of 16.3%, the overall weight reduction of raw waste material is
low (8.71%), which implies that a new product was formed after the raw waste material
underwent the carbonation process. The high weight loss observed in the carbonated
Fe-rich waste sample compared to the raw sample confirms that a carbonation reaction has
occurred and that a carbonate product was formed.

The smaller particle sizes of waste can aid carbon dioxide gas exchange and the process
of carbonation for the entire mass of the waste sample [72]. Most studies in related fields
have found similar results: smaller particle size was most feasible in increasing the carbon
uptake capacity. Yan et al. [29] achieved 83.5% efficiency using particle sizes of <30 µm of
wollastonite (40 bar, 150 ◦C). Azdarpour et al. [30] successfully obtained 5.76% and 12.53%
Fe and Ca conversion efficiency using <45 µm of red gypsum samples with constant carbon
dioxide pressure of 20 bar and temperature of 200 ◦C. Furthermore, decreasing the particle
size can also optimize the leaching of Mg2+ ions up to 99% due to the escalating reaction rate
of the substrate surface area [73]. Rates of conversion to a carbonate product from 24% to
74% were achieved through the reduction of particle size from <2 mm to <38 µm in 30 min
of reaction time (19 bar and 100 ◦C) [74]. Accordingly, the surface area can be increased
by grinding or sieving, making the particle size smaller but with more available surface
area for the reaction to occur; this is also known as mechanical activation [24]. Although
the uptake capacity obtained through this experiment was quite low, the results were
comparable to that of using a high-energy reactor (high pressure and high-temperature
system). Even though the carbonation experiment was conducted at ambient pressure
(1 bar) and low temperature (80 ◦C), an uptake capacity of 3.97% can still be achieved for
Fe-rich mine waste. Hence, the carbonation reaction of this waste has shown that smaller
particle sizes can greatly affect the reaction process.
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3.2.3. Influence of Reaction Temperature on Uptake Capacity

The influence of the reaction temperature on uptake capacity was studied by applying
different reaction temperatures of 80 ◦C, 150 ◦C and 200 ◦C. At the same time, other parame-
ters remained constant throughout the experiment, including 1 bar reaction pressure, 63 µm
particle size, and pH 8.5. Sodium chloride and sodium bicarbonate, with concentrations of
1 M and 0.64 M, respectively, were added into 10 g of the sample before the carbonation
experiment was carried out.

The average uptake capacities of 5 sampling locations over different temperatures of
80–200 ◦C are presented in Figure 9. Based on the figure, Fe uptake capacity (%) decreases
with increasing temperature; this occurs similarly for Ca uptake capacity. Ca uptake
capacity is 2.4%, 2.0% and 2.3% and Fe uptake is 3.3%, 2.7% and 2.5% for temperatures of
80 ◦C, 150 ◦C and 200 ◦C, respectively. Although it may seem unusual, it is not impossible
to obtain this trend of results as opposed to an increase of uptake capacity, which was
expected to be increased with increasing reaction temperature. Ukwattage et al. [75] have
obtained similar findings, showing that the carbonation rate decreases at temperatures
over 60 ◦C due to the decrease in carbon dioxide solubility in the solution. This can be
explained by the opposite reaction to the two major stages of carbonation (i.e., leaching of
metal ions and dissolution of carbon dioxide in the slurry) caused by the elevated reaction
temperature. According to Huijgen et al. [74], metal ion leaching from a matrix probably
proceeds at a faster rate in high temperatures. On the other hand, elevated temperature
can inhibit the carbonate precipitation process owing to carbon dioxide solubility being
reduced; hence, there is less available carbon dioxide that can react with the metal ions [76].
Thus, maintaining a suitable temperature for enough metal ions and carbon dioxide to be
available is crucial to obtaining optimum results.

Figure 9. Average Ca and Fe uptake capacity (%) for different reaction temperatures of Fe-rich mine
waste. Error bars represent standard error of the mean (SEM).

In theory, carbon uptake was expected to increase with temperature. A study by Chen
et al. [77] supported the theory that temperature increment can aid metal ion extraction
from the source, which eventually results in a positive effect on carbonate precipitation.
Tai et al. [78] experienced an increase in the wollastonite carbonation rate from 30% to 75%
over a reaction temperature of about 50 ◦C to 140 ◦C. With the assumption that wollastonite
dissolution rate is the controlling factor, it was stated that the dissolution rate of the
feedstock eventually increases with temperature. While this might be true, past studies
have also proven that too high of a temperature can give undesirable results. Fagerlund
et al. [79] stated that overly increased temperature can lower the final carbonation rate.
Moreover, Azdarpour et al. [63] have reported that two distinct reactions were observed
with an increase in temperature. It was found that while carbonate purity keeps increasing
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with temperature, it started to decline at a temperature of 200 ◦C from 10.47% to 8.71% of
iron carbonate at a 300 ◦C reaction temperature.

Based on Table 1, a reaction temperature of 80 ◦C has the highest Ca uptake capacity
of 2.59% and 1.47% compared to a reaction temperature of 200 ◦C, which demonstrated an
uptake capacity of 1.12% and 0.83% in tailings and waste dump, respectively. Ca uptake in a
decreasing manner for pond 1 is achieved using a temperature of 200 ◦C, followed by 80 ◦C
and 150 ◦C (i.e., 3.33%, 2.52% and 2.27%, respectively). For pond 2, the decreasing trend is
at 150 ◦C followed by 200 ◦C and 80 ◦C (i.e., 3.99%, 3.91% and 2.68%, respectively), and
for pond 3, the trend is 200 ◦C, 80 ◦C and 150 ◦C (i.e., 2.71%, 2.67% and 1.45, respectively).
For Fe uptake capacity, pond 1 and waste dump have decreasing trends with increasing
temperature. The Fe uptake capacity of pond 1 and waste dump are 2.77%, 1.07% and
0.89%, and 3.33%, 1.07% and 0.94% for reaction temperatures of 80 ◦C, 150 ◦C and 200 ◦C,
respectively. Meanwhile, pond 1 and pond 2 have increasing capacities with increasing
temperatures, demonstrating capacities of 5.66%, 5.71%, and 5.81%, and 2.85%, 3.45% and
3.50% for 80 ◦C, 150 ◦C and 200 ◦C, respectively. For tailings, the highest Fe uptake was
achieved using a reaction temperature of 150 ◦C (2.05%), followed by 80 ◦C (1.95%) and
200 ◦C (1.45%), demonstrating a decreasing trend with temperature.

Table 1. Ca and Fe uptake capacity (%) of Fe-rich mine waste in different temperatures.

Sample Temperature (◦C) Ca Uptake Capacity (%) Fe Uptake Capacity (%)

Pond 1 80 2.52 2.77
150 2.27 1.07
200 3.33 0.89

Pond 2 80 2.68 5.66
150 3.99 5.71
200 3.91 5.81

Pond 3 80 2.67 2.85
150 1.45 3.49
200 2.71 3.50

Tailings 80 2.59 1.95
150 1.04 2.05
200 1.12 1.45

Waste Dump
80 1.46 3.33

150 1.20 1.07
200 0.83 0.94

Both Ca and Fe efficiency have shown some contradicting results in different sampling
locations. Although the uptake capacity of pond 2 and pond 3 seems to increase with
temperature, there was no dramatic increase in uptake capacity despite the temperature
being increased from 80 ◦C to 200 ◦C. There was only a small difference in uptake capacity
in pond 2, where 80 ◦C yielded an uptake capacity of 5.66% and 150 ◦C and 200 ◦C
yielded uptake capacities of 5.71% and 5.81%, respectively. The Fe uptake capacity of
tailings also seemed to increase up until 150 ◦C and decrease when the temperature was
increased further to 200 ◦C. This shows that high temperature might slightly increase the
uptake capacity; however, too high of a temperature might slow down the carbonation
rate, yielding undesirable results. This can be seen in the Fe uptake capacity of tailings,
where there were only small differences in uptake capacity between reaction temperatures
of 80 ◦C (1.95%) and 150 ◦C (2.05%). This uptake capacity further decreased to 1.45% at
a temperature of 200 ◦C. This shows that a reaction temperature of 80 ◦C was capable of
achieving an uptake capacity that was comparable to higher operating temperatures.

In a nutshell, the optimum temperature for the carbonation reaction is different for
each material depending on the feedstock characteristic and the operating conditions
of the experiment. For this study, a reaction temperature of 80 ◦C can be considered a
feasible temperature due to its comparable performance with higher operating temperatures
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and the fact that it is non-energy extensive, which makes the carbonation process seem
more attractive.

3.3. CO2 Sequestration Capacity in Fe-Rich Waste Materials (g CO2/kg Fe-Rich Waste Material)

The carbon dioxide sequestration capacity in g of CO2 per kg of waste material was
calculated from weight loss in TGA. Figure 10a shows the sequestration capacity for Fe-rich
mine waste, which was 83.8 g CO2/kg, 74.7 g CO2/kg and 55.8 g CO2/kg using particle
sizes of 38 µm, 63 µm and 75 µm, respectively. The trend of increasing capacity with
decreasing particle size provides a good indication for optimizing the carbonation reaction.

Figure 10. Carbon capture capacity (g/kg of waste) of Fe−rich mine waste in different (a) particle
size, (b) pH condition and (c) reaction temperature.

Meanwhile, Figure 10b shows the sequestration capacity per kg of Fe-rich mine waste
in different pH conditions. pH 12 seems to have the highest sequestration capacity of 87.6 g
CO2/kg Fe-rich waste. This is similar to the uptake capacity (%), where pH 12 recorded
the highest uptake. On the other hand, pH 10 does not seem favorable for the formation
of FeCO3, which can be seen by the lowest sequestration capacity (81.7 g CO2/kg Fe-rich
waste) in pH 10 conditions. This suggests that pH 10 might not be good for the reaction
between CO2 and FeO/Fe3O4.

In terms of temperature, Figure 10c shows that the carbon sequestration capacity of Fe-
rich waste decreases when the reaction temperature increases. The sequestration capacities
for reaction temperatures of 80 ◦C, 150 ◦C and 200 ◦C are 56.1 g CO2/kg, 53.8 g CO2/kg and
53.3 g CO2/kg, respectively. Several studies that focused on utilizing lower temperatures
have experienced a similar trend. Ukwattage et al. [31] have stated that sequestration
capacity was slightly reduced from 60 ◦C to 80 ◦C, and the optimum temperature for
carbon sequestration was 50 ◦C for 29.5 g CO2/kg in 48 h. Decreasing carbonation with
increasing temperature can be explained by the disruption of the precipitation process, such
that the increase in temperature has caused the solubility of carbon dioxide gas into the
solution, depleting the solubility of bicarbonate ion [74]. Although higher temperatures can
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increase the leaching of Ca/Mg/Fe ions, the presence of bicarbonate ions is still needed for
carbonate to precipitate. At a lower temperature of 80 ◦C, there was plenty of bicarbonate
ions available in the solution from NaHCO3 and the dissolution of carbon dioxide gas.
However, when the temperature started to increase, the decrease in available bicarbonate
ions caused the uptake capacity to decrease. Despite the fact that higher temperatures
were expected to increase sequestration capacity, the present study has shown the opposite
results. In this case, the waste material properties and the operating condition play an
important role, as the carbonation process is highly dependent on feedstock characteristics.

In order to support whether the different parameters applied affect the uptake capacity
(%), Kruskal–Wallis H tests at a 0.05% significance level were performed. The results for
the Fe-rich mine waste sample shows that there was no statistically significant difference
in uptake capacity using different pH conditions and reaction temperatures. This might
suggest that the chosen pH range (i.e., pH 7–12) and temperatures (i.e., 80 ◦C, 150 ◦C, 200 ◦C)
have more or less the same effect on the carbonation process because of its alkaline nature.
Despite this, the slight change and trend observed cannot be ignored and might have
explained the kinetic reaction involved in the process. However, a significant difference
(p < 0.05) in uptake capacity using different particle size fractions was found, where there
was a statistically significant difference (p < 0.05) between the mean ranks of at least one pair
of groups. Dunn–Bonferroni pairwise tests revealed that there was a statistically significant
difference in mean ranks between a particle size of 38 µm and a particle size of 75 µm. This
means that using 38 µm or 75 µm particle size fractions will give different results regarding
the uptake capacity.

Spearman’s rank-order correlation test revealed that there was a statistically signifi-
cant, negative correlation between uptake capacity (%) and particle size used (r= −0.487,
p = 0.006), which suggests that using smaller particle size fractions will increase the uptake
capacity of the Fe-rich mine waste sample.

3.4. Production of a Mineral Carbonation Product and Its Application

This section emphasizes the products of the mineral carbonation process (i.e., amount
of CaCO3 and FeCO3 formed). Figure 11 shows the amount of carbonate product formed
via the carbonation process. Throughout 1 h carbonation of Fe-rich mine waste, 0.44 g
FeCO3/kg, 0.39 g FeCO3/kg and 0.29 g FeCO3/kg of waste were produced with particle
sizes of 38 µm, 63 µm and 75 µm, respectively (Figure 11a). On the other hand, 0.43–0.46 g
FeCO3/kg of Fe-rich mine waste was precipitated in pH conditions of 7–12 (Figure 11b),
while 0.28–0.39 g FeCO3/kg was formed in reaction temperatures of 80–200 ◦C (Figure 11c).

The presence of carbonate minerals was confirmed by XRD analysis, as presented in
Figure 12. In the carbonated sample, new peaks of magnetite (Fe3O4), siderite (FeCO3),
iron carbonate hydroxide (Fe2(OH)2CO3), calcite (CaCO3) and aragonite (CaCO3) were
found. Iron carbonate hydroxide is one of the only ferrous carbonate minerals besides
siderite [80]. The minor peak of iron carbonate hydroxide, siderite, calcite and aragonite
explains the low Ca and Fe uptake capacity obtained from the carbonation experiment,
which also explains the presence of the same magnetite and hematite peak in the raw and
carbonated samples. The reason for this is that only a small amount of magnetite was used
during carbonation, resulting in low uptake capacity. The magnetite presence might be due
to the thermal decomposition of hematite in the presence of CO2 gases during carbonation
reactions where the temperature was varied [52,64,65].
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Figure 11. Carbonate product formed (g/kg of waste) of Fe-rich waste in different (a) particle size,
(b) pH condition and (c) reaction temperature.

Figure 12. X-ray diffractogram patterns of raw and carbonated samples of Fe-rich mine waste.
Labelled alphabet represents the minerals found in the waste: quartz (Q), anorthite (A), wollastonite
(W), diopside (D), titanium Silicon (T), magnetite (M), perovskite (P), magnesium aluminium silicate
(MAS), johannsenite (J), hematite (H), aragonite (Ar), siderite (Fe), iron carbonate hydroxide (FCH)
and calcite (Ca).

The amount of carbonate product formed, which was further confirmed by XRD analysis,
shows that carbonated products (FeCO3) were successfully sequestered from the mineral
carbonation process, which indicates that mine waste can be a potential feedstock or agent
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for carbon dioxide capture, i.e., transforming gaseous carbon dioxide into stable carbonates.
The capability of the waste to produce carbonate products shows that it was able to act as
a sequestration medium for a carbon capture application. For instance, this concept can be
applied to the carbonation curing process in the production of cement-based materials (CBMs),
such as in the brick-making process. The availability of silica, calcium and magnesium oxides
in the mine waste makes it potential to use as a partial replacement for ordinary Portland
cement (OPC), while at the same time acting as the sequestering agent.

One ton of manufactured OPC is approximately equivalent to one ton of carbon
dioxide being released into the atmosphere [81]. To reduce the carbon footprint of OPC, an
alternative low-carbon source that can act as an alternative supplementary cementitious
material (SCM) and partially replace OPC is needed. Early assessment of the studied
Fe-rich mine waste materials has shown that silica (SiO2) was present in high amounts.
Eventually, if the waste is added as a partial cement replacement, this silica will react with
the hydration product of the OPC, namely calcium hydroxide [Ca(OH)2], forming calcium
silicate hydrate (C-S-H); this is called a pozzolanic reaction [82]. In early stages, pozzolans
act as a pore filler to make the material denser until Ca(OH)2 is available, which is why
it has been associated with slower strength development and highly improved overall
strength [82]. Because this reaction is limited to the amount of Ca(OH)2 from the OPC
which is available to react with the SiO2 from the waste material [83], it is favorable for the
reaction if the waste material contains calcium that can form Ca(OH)2 so that it can further
react with any unreacted SiO2. Fe-rich mine waste contains calcium oxide, which makes it
suitable to be used as an SCM.

Apart from having pozzolanic characteristics, the waste material also has the capa-
bility to produce carbonate products, which is important if carbonation curing is to be
incorporated in the brick-making process. Carbonation curing is an advanced method of
conventionally curing cement-based materials. Through carbonation curing, rapid harden-
ing can occur when C-S-H is exposed to carbon dioxide, which can eventually improve the
strength and properties of the materials [84].

Clearly, mineral carbonation using Fe-rich mine waste material can serve as a method
for both capturing and storing carbon dioxide depending on the final destination of the
carbonated product. In a brick making scenario with carbonation curing, for instance, car-
bon dioxide is captured and permanently stored in the brick while improving its strength.
This approach specifically aims to reduce the carbon footprint associated with cement
production while capturing existing carbon dioxide through the utilization of mine waste
via carbonation curing. Through this process, carbon dioxide can be permanently captured
and stored in the brick product. This is also in line with the concept of carbon-negative
products (products which undergo a process where carbon is removed from the atmo-
sphere). Therefore, partially replacing cement with mine waste material as an SCM can
potentially reduce the use of natural resources and potentially be an agent for carbon
dioxide sequestration.

3.5. Novelty and Contributions of Study

This study has proved the carbon capture potential of Fe-rich mine waste through
mineral carbonation and by exploring the effects of different parameters to sequester more
CO2. While most of the previous research has focused on using Ca-Mg-rich minerals
(e.g., serpentine, olivine, wollastonite), targeted host rock (granite, basalt), and industrial
waste (cement, steel slag) as the raw materials for the mineral carbonation process, this
study uses abandoned Fe-rich mine waste, which is an attempt to make use of mine waste
material to capture CO2. Furthermore, the utilization of iron oxide in the waste with
its reaction with CO2 can give more insight to facilitate CO2 uptake, since most of the
previous research emphasized the use of MgO and CaO for mineral carbonation because
it is a more reactive mineral for the carbonation process and is also available in huge
amounts. Furthermore, this study has also emphasized the importance of the mineralogical
composition of such materials and explores the usefulness of the carbonated product
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produced from the process, which can be integrated into cement-based material production
that can act as a carbon sink to store CO2 permanently. To that end, findings from this study
will be beneficial in particular in terms of the mineralogical and chemical composition
of waste material in association with its potential as feedstock for mineral carbonation.
Moreover, the contribution towards environmental sustainability can be seen through the
utilization of waste material as a resource for carbon sequestration that can help mitigate
CO2 emissions for the long term. In other words, this study promotes the sustainable
use of resources that can be useful in producing green material, such as for construction
purposes and for future mitigation strategies of mining-related issues (e.g., reducing waste
production or contamination issues at mining sites).

4. Conclusions

Based on initial characterization analysis, calcium oxide and iron oxide with per-
centage ranges of 7.19–15.24% and 39.6–62.9%, respectively, were expected to have a
higher uptake capacity; however, low uptake capacity was obtained, i.e., 1.44–3.05% and
2.19–3.97% for Ca and Fe uptake capacity, respectively. This is probably due to the short
time limitation for the carbonation reaction to proceed and the low amount of initial sample
used (10 g) in the carbonation experiment. However, when compared to other studies,
the uptake capacity and sequestration capacity obtained were found to be comparable to
the capacities observed using high-energy reactors or using specific minerals as feedstock.
Hence, it is recommended that the reaction time is prolonged and the amount of waste
used increased so that the carbonation reaction process can take place without time and
feedstock limitations.

From the carbonation experiment, it can be inferred that smaller particle size fractions
(i.e., 38 µm), alkaline pH (i.e., pH 8–12) and a reaction temperature of 80 ◦C greatly
benefit the carbonation reaction uptake capacity (3.97%) and sequestration capacity (83.80 g
CO2/kg) under low pressure-temperature conditions (i.e., 1 bar and 80 ◦C). The presence
of carbonate minerals was further confirmed by XRD analysis. Herein, this study has
demonstrated the feasability of reusing Fe-rich mine waste as feedstock for CCS/CCU via
mineralization of carbon dioxide. This was mainly due to its alkaline nature and the fact
that it contains Ca/Fe-bearing minerals that are reactive for carbon mineralization.

Therefore, this study has revealed that a substantial amount of carbon dioxide can be
sequestered without using extensive energy during the reaction process. These findings
would be useful in understanding more about the accelerated mineral carbonation process
in order to develop a technology that is feasible for industrial-scale application, hence
improving the emission reduction of carbon-extensive industries. The potential of reusing
Fe-rich mine waste material on-site in high-emission industries could be further developed
through extensive research where the end product could serve as a useful material in the
construction sector. The waste materials which manifest pozzolanic properties, such as the
one used in this study, are suitable as a partial replacement for cement in brick or concrete.
On that account, these findings would be useful for research on utilizing the waste as a
supplementary cementitious material to improve the properties of cement-based products
in carbon storage applications. Therefore, this study has shown that Fe-rich mine waste
materials can be reused for carbon sequestration, which is in line with the concept of green
technology for environmental sustainability in climate mitigation strategies.
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