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Abstract: This study aims to identify the potential of gold mining waste for CO2 sequestration and
its utilization for carbon storage in cementitious material. Samples of mine waste were identified
from a gold mine for mineralogical and chemical composition analysis using X-ray diffractogram
and scanning electron microscopy with energy-dispersive X-ray. Mine waste was utilized in a brick-
making process as supplementary cementitious material and as an agent for CO2 capture and storage
in bricks. Carbonation curing was incorporated in brick fabrication to estimate CO2 uptake of the
brick product. Results indicated that the mine wastes were composed of silicate minerals essential for
mineral carbonation such as muscovite and illite (major) and chlorite-serpentine, aerinite, albite and
stilpnomelane (moderate/minor phases). The mine wastes were identified as belonging to the highly
pozzolanic category, which has a great role in improving the strength properties of brick products.
Carbonated minerals served as an additional binder that increased the strength of the product.
CO2 uptake of the product was between 0.24% and 0.57% for bricks containing 40–60% of gold
mine waste, corresponding to 7.2–17.1 g CO2/brick. Greater performance in terms of compressive
strength and water adsorption was observed for bricks with 3 h carbonation curing. The carbonation
product was evidenced by strong peaks of calcite and reduced peaks for calcium hydroxide from
XRD analysis and was supported by a densified and crystalline microstructure of materials. It has
been demonstrated that gold mine waste is a potential feedstock for mineral carbonation, and its
utilization for permanent carbon storage in brick making is in line with the concept of CCUS for
environmental sustainability.

Keywords: mine waste; minerals; carbon sequestration; carbon capture and storage (CCS); carbon
capture utilization (CCU); cementitious material; climate action

1. Introduction

It is clear under the United Nations Sustainable Development Goals (SDG) 13, Climate
Action, that climate change is the greatest challenge to sustainable development and
requires urgent action to combat it and its impacts. Climate change is intensified by the
introduction of greenhouse gas (GHG) emissions into the atmosphere through various
anthropogenic and natural processes. Global emissions of carbon dioxide (CO2) have been
increasing mainly due to industrialization, associated with the combustion of fossil fuel,
cement and lime industries that have inflicted the earth [1]. According to International
Energy Agency (IEA), 13% reduction in cumulative CO2 emissions is required by 2050,
which is around 6 billion tons of CO2 removal per year [2]. Malaysia has committed to
reducing 45% of its GHG emissions by 2030, and its aspiration to achieve net zero carbon
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emissions by 2050 has been initiated. It has been targeted for CO2 emissions to reach net
zero between 2040 and 2060 [3,4].

The impact of climate change due to anthropogenic emissions of CO2 can be reduced
via the capture of CO2 in geological reservoirs. Specifically, among the technologies that
are available to stabilize and reduce atmospheric CO2 emissions from large-scale usage of
fossil fuel is one known as carbon capture and storage (CCS) or carbon sequestration [5–8].
Geological carbon sequestration is a process of removing CO2 from the atmosphere and
storing it in geological formations for a long period of time [9,10]. By using sequestration
technology, it is possible to capture the carbon and fix it into solids so that it can be dis-
posed of more efficiently and/or used as a secondary product for commercial value [11–13].
Therefore, a feasible and reliable technology should be adopted to reduce CO2 emissions
in the long run such as CCS technology. However, carbon capture, utilization and stor-
age (CCUS) is a relatively new concept that synergizes utilization with widely known
CCS methods. In a broader context, CCUS prevents CO2 from being released into the
atmosphere by capturing it and either using it or injecting it into geological formations
for permanent storage [14]. Included in this concept is the utilization of captured CO2
as a feedstock for making products in which CO2 is permanently stored [8]. Reaction of
CO2 with mineral systems, i.e., mineral carbonation or carbon mineralization, has been
the key to mineralization technology, which is a method of carbon dioxide removal in
the category of CCUS technology [1,7,15]. Mineral carbonation is a process that helps
sequester CO2 permanently in stable carbonates, which can prevent the release of CO2
back into the atmosphere [9,16]. Silicate-containing minerals such as magnesium, calcium
and iron silicates are commonly utilized, upon which reactions with CO2 can form stable
carbonate minerals.

The mining industry is among the industrial sectors that contribute to the emission
of greenhouse gases, particularly CO2. Mining operations have resulted in massive pro-
duction of mining waste, mill tailings and materials related to waste refinery. Mining
waste is considered as materials that do not contain ore materials or minerals, or those
in which the concentration of the materials is sub-economic [17,18]. Mining waste can
be utilized for permanent storage of carbon dioxide, and it has potential for economic
benefits in providing a practical solution to mitigating carbon emissions [19–21]. Silicate
rocks that contain the desired amount of Mg and Ca have been targeted for mineral car-
bonation of mining waste [22]. However, Mg-silicate minerals are preferable compared to
Ca-silicate minerals as they contain more reactive minerals per ton of rocks and are more
readily available around the world [23–26]. This silicate mineral that can be found in many
ore deposits in the environment is suitable as feedstock for mineral carbonation [27–29].
Mg-silicates are ideal minerals as adsorbents for the CO2 sequestration process because of
their low solubility of alkaline earth minerals, which makes them stable on a geological
timescale [1,30,31]. While the minerals were often mined as the targeted minerals for car-
bonation, they were found in mine waste materials as the by-product of mining processes,
thereby indicating the potential utilization of mine waste for carbon sequestration [32]. For
instance, the mineral carbonation reaction of Mg-silicates are given in Equations (1) and
(2). Similarly important are Fe-silicate or -oxide minerals, which have been found to be
beneficial for mineral carbonation [33–35]. The role of these Mg-Ca-Fe-bearing minerals
has been studied and is most widely associated with various factors that can influence the
degree of carbonation [33–36].

Mg2SiO4 (s) + CO2 (g)→MgCO3 (s) + SiO2 (s) (1)

Mg2Si2O5(OH)4 (s) + CO2 (g)→MgCO3 (s) + SiO2 (s) + H2O (L/g) (2)

The cement industry is another one of the main sources of anthropogenic CO2, ac-
counting for about 8% of global emissions [14]. Among the directions of this industry in
mitigating industrial CO2 emissions, the deployment of CCUS technologies to achieve
the CO2 emissions reduction target by 2050 has been emphasized. The global effort to
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reduce CO2 emissions reduction in the cement industry aims to identify the impact of
co-processing, the efficiency of clinker production, implementation of CCUS technology,
the impact of clinker substitutes and alternative binders in concrete, low-carbon concrete
technologies, and re-carbonation [37–39]. Notwithstanding this, it has been noted that
about 10–40% of CO2 emissions associated with concrete products may be offset by gradual
reabsorption of atmospheric CO2 by the exothermic carbonation of hydrated cement [17,40].
The roles of CCUS technology using mineral carbonation in sequestering carbon for con-
crete and cement industries have been studied earlier, including carbonation applications
in the manufacture of cement-based products such as concrete, bricks and blocks [41–46].
It has been estimated that mining wastes such as gold and limestone mine wastes have the
ability to store between 7% and 61% of CO2 in brick products, suggesting that the mineral
carbonation process using sedimentary mining waste is likely to have an economic benefit
in the future [47,48]. Therefore, it is the aim of this study to identify the potential of gold
mining waste for carbon sequestration and its utilization for long-term carbon storage in
cementitious products. The mining waste characterizations were first identified in view
of its mineralogical and chemical composition before exploring the performance of the
product that integrates mineral carbonation through its fabrication process.

2. Materials and Methods
2.1. Mine Waste Sampling

Gold mine wastes were recovered from a gold mine in the state of Pahang, Peninsular
Malaysia. Samples of gold mine waste were identified from waste dump, stockpile and
mine tailings in the forms of waste rocks, soil, sediment and sludge. Descriptions of the
sampling location and types of samples are given in Table 1. The sampling strategy was
based on previous geological information and lithology of the mine rock, where the parent
rock hosting Selinsing gold mine is primarily made of Carboniferous to Triassic tuffaceous
rock [49,50]. Waste rock samples were collected at the waste dump and stockpile area
(high-, low- and super-low-grade ores). The samples were taken at the drill hole mine of
the waste dump and stockpiles, which consist of waste rock substances. Samples of soil,
sediment and sludge were collected at an equal surface area of about 15–20 cm depth [51].
The samples were collected using stainless steel trowel and were kept in polythene bags.
Soil samples were air-dried, whereas sediment and sludge were oven-dried prior to sieving.
A total weight of 16 kg of waste rocks, 18 kg of soil and 5 kg of sludge and sediment
samples were collected from the site and composite samples were obtained.

Table 1. Description of gold mine waste samples.

Sampling Location Type of Sample Characteristics

Waste dump (WD) Waste rock soil Sedimentary rock, aragonite, volcanic. Highly silicate clay,
argillite, kaolinite, serenite, medium to fine size, highly oxidized

Stockpile
- High-grade (HS)
- Low-grade (LS)

- Super-low-grade (SLS)

Waste rock soil Phyllite, conglomerate

Mine tailings
- Sediment (SED)

- Sludge (SLU)
Sediment sludge Waste from tailing storage facility

2.2. Mineralogical Analysis

The mine waste samples were subjected to X-ray diffraction (XRD) for mineralogical
identification of the major and minor mineral phases. Waste rock samples were first crushed
and ground into fine particles and sieved to 1 mm size fraction using particle sieves (non-
oriented samples). For soils and sediments, a small number of clay samples from pipette
analysis were used (oriented samples). Approximately 1± 0.5 g of the fine powder samples
were mounted on a 2.5 cm diameter specimen holder before being attached to an X-ray
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diffractometer. An XRD instrument, Bruker D8 Advanced X-ray diffractometer, counting
for 0.2 s per step of scattering angle between 5 and 50◦, at a rate of 1◦ per min, was used,
with a detection limit of 1 to 2%. The identification of minerals was done using data from
the XRD analysis refined with Diffrac AT EVA software and crystallography open database.

2.3. Physicochemical Analysis

Particle size analysis was performed to analyze the fractional particle sizes of the
mine waste samples. Prior to the analysis, the samples were dried at room temperature for
approximately 24 h. The pipette method was used to determine the percentage of sand,
silt and clay fractions of the soil samples. In the analysis, only samples smaller than 2 mm
were used to remove colloid coatings on soil, sediment and sludge samples to achieve
complete dispersion, which is the key to accurate mechanical analysis [52]. In order to
obtain the desired particle sizes, a particle sieve was used to manually sieve the samples
until <2 mm fraction was obtained, after which it underwent pipette analysis. Samples
were pre-treated using 100 mL of hydrogen peroxide (H2O2) and were left overnight to
remove organic matter. Using the pipette method, the samples subjected to a few steps
for separation of silt and clay composition from the sand and further separation of silt
and clay components. The sedimentation technique was applied to the supernatant liquid
after heating on a hot plate, and samples were subjected to sieving with a 50 µm sieve
to separate silt and clay suspension from the sand. The sample suspension was pipetted
at a depth of 10 cm along with the aliquot where the clay fraction was obtained. The
clay fraction was retained for mineral composition analysis using X-ray diffraction. The
particle size distribution was calculated as the percentage (%) of soil fractions following
the soil classification schemes of the United States Department of Agriculture (USDA).
The soil is classified as clay (<2 µm), silt (2–50 µm) and sand (>50 µm). Scanning electron
microscopy with energy-dispersive X-ray (SEM-EDS) analysis was performed to determine
the chemical composition of the samples. An SEM-EDS instrument, model Hitachi SU3500
was used with a detection limit of 0.1%. Approximately 1 ± 0.5 g of homogeneous fine
powder samples for phase determination were applied to the EDX instrument. Through
SEM analysis, surface morphological structures of the mining waste were observed. EDS
spectrum with peaks corresponding to each element in the sample were identified, and
data are presented as the percentage by weight, wt.% of the major oxides.

2.4. Brick Fabrication for Carbon Capture and Storage

To investigate the potential utilization of the mine waste as supplementary cementi-
tious material, sand bricks were partially fabricated with the mine waste. The gold mine
wastes were incorporated as supplementary aggregates in the fabrication of bricks with the
proportion varying between 40 and 60% by weight as given in Table 2. Ordinary Portland
cement (OPC) was used as the binder, while sand was used as aggregates in the design
mix to improve the mechanical strength of the mortar [46]. In the normal brick (control),
the proportion of OPC was set at 40% by weight with a mix design of 2:3 [46]. For gold
mine waste bricks, the percentage of OPC used was reduced to 20–30% by weight (partial
replacement for cement), while the sand was varied between 20 and 30% by weight as with
the addition of gold mine waste. The water-to-cement ratio was kept at 0.5. The bricks
were fabricated with a dimension of 215× 102.5× 65 mm following the brick specifications
of Malaysian Standard MS 76: 1972 [53] using a steel mold. After demolding, the curing
process was performed for 21 days by maintaining the moisture until the samples attained
the required strength. The cement hydration was maintained by spraying water over
the concrete surface during the curing process. For each type of brick, replicate samples
were prepared for corresponding analyses. Note that carbonation curing was incorporated
during the curing process after 24 h of demolding, and the details are provided in the fol-
lowing section. The bricks were then subjected to compressive strength analysis and water
absorption test to determine their compliance with standard criteria of brick specifications
according to Malaysian Standards MS 76: 1972.
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Table 2. Mixture proportion of gold mine waste bricks.

Brick Type Mix Design Cement (%) * Sand (%) * Gold Mine
Waste (%) *

Normal brick (control) 2:3 40 60 -
GMW40 1.5:1.5:2 30 30 40
GMW50 1.5:1:2.5 30 20 50
GMW60 1:1:3 20 20 60

* Percentage by weight; Water to cement ratio (W:C): 0.5. Curing time—21 days (including 1 h carbonation curing).

2.5. Carbonation Curing for CO2 Storage

Capacity for CO2 storage of the product was investigated through a carbonation
curing process during brick fabrication, which was conducted in a carbonation curing
chamber with a size of 1.5 m in length and a diameter of 0.15 m (Figure 1). Prior to
carbonation curing, the carbonation chamber was vacuumed to reduce the amount of free
water and improve the absorption of CO2 in cube specimens. During the operation in the
carbonation chamber, pure CO2 gas (99.8% purity) was injected at an ambient pressure and
continuously supplied throughout the carbonation period. The specimens were subjected
to CO2 injection 24 h after demolding. At this phase, the bricks were perfectly shaped but
were not completely hydrated such that CO2 could react with the mixture. The carbonation
curing was set for 1, 2 and 3 h to determine the effect of CO2 exposure time on the properties
of the specimens. After the carbonation curing, brick specimens continued to undergo
the curing process for 21 days. During the curing period, the relative humidity of the
specimens was preserved to retain cement hydration. Uncarbonated brick specimens were
used as the control in the estimation of the CO2 uptake of the bricks. The uncarbonated
specimens contained the same proportion as the carbonated bricks but were not subjected
to carbonation curing in the chamber. CO2 uptake during the carbonation curing was
determined by the mass gain method, as shown in the following Equation [42].

CO2 uptake (%) =
M2 + Mwater −M1

Mcement
× 100% (3)
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Figure 1. Carbonation curing process; (a) brick specimens undergo carbonation curing (b) carbona-
tion chamber used in the experiment.

M1 and M2 represent the sample mass before and after the carbonation reaction,
respectively. Mwater represents carbonation-induced water loss, while Mcement represents
the dry mass of cement. The change in the mass of the cube specimens was due to the
absorption of CO2.

3. Results
3.1. Mineralogical Characterization of Mine Waste

A summary of the mineral composition of the mine waste samples is provided in
Table 3 for waste rock, soil, sediment and sludge samples. It can be seen that gener-
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ally, the waste rock samples consisted mainly of quartz, SiO2 followed by muscovite,
K(Mg,Fe)3(AlSi3O10)(OH)2; chlorite-serpentine, (Mg,Fe,Al)6(Si,Al)4O10(OH)8; graphite,
C; kaolinite, Al2Si2O5(OH)4; and albite, (Na0.84CaO0.16)Al1.16Si2.84O8 minerals. In waste
rocks of the waste dump, quartz clearly dominated, with a moderate amount of chlorite-
serpentine and a minor amount of albite. In waste rocks of the stockpiles, quartz was
majorly present with a moderate amount of muscovite and a minor amount of graphite.
Kaolinite was present in a minor amount in the waste rocks of high-grade stockpile (HS).
The XRD patterns of the waste rocks are portrayed in Figure 2, indicating the presence of
these minerals.

Table 3. Summary of mineral composition of the waste rock, soil, sediment and sludge of gold mine waste.

Waste Rocks Samples

Minerals WD HS SLS LS
Quartz, SiO2 +++ +++ +++ ++

Kaolinite, Al2Si2O5(OH)4 - + - -
Chlorite-serpentine, (Mg,Al)6(Si,Al)4O10(OH)8 ++ - - -

Muscovite, K(Mg,Fe)3(AlSi3O10)(OH)2 - ++ ++ ++
Albite, (Na0.84CaO0.16)Al1.16Si2.84O8 + - - -

Graphite, C - + + +
Soil, sediment and sludge samples

Minerals WD HS SLS LS SED SLU
Quartz, SiO2 - - - - ++ ++

Kaolinite, Al2Si2O5(OH)4 +++ +++ +++ - - -
Illite, (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] +++ +++ +++ +++ +++ +++

Chlorite-serpentine, (Mg,Al)6(Si,Al)4O10(OH)8 - - - - ++ ++
Aerinite, [(Fe+2,Fe+3,Al)3Mg3(Ca,Na)4(Si13.5Al4.5O42)(OH)6].12H2O ++ - - - - -

Polythionite, K(AlFeLi) (Si3Al)O10(OH)F - - + - - -
Stilpnomelane, Fe2Si3O9 - - - + - -

+++ Major (>30%); ++ Moderate (10–30%); + Minor (2–10%); - trace (<2%) mineral phases (identified from percentage of relative weight
from XRD analysis).
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On the other hand, the soil samples (of waste dump and stockpiles) consisted mainly of
illite, (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O) and kaolinite, with a moderate amount
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of aerinite, ((Fe+2,Fe+3,Al)3Mg3(Ca,Na)4(Si13.5Al4.5O42)(OH)6]·11.3H2O), and a minor
amount of stilpnomelane, Fe2(Si3O9) and polylithionite, K(AlFeLi)(Si3Al)O10(OH)F min-
erals. Specifically, kaolinite and illite were present in all the soil samples. Aerinite was
only present in the soil sample of the waste dump, while polylithionite was only present in
the stockpile (SLS) and stilpnomelane was only found in the stockpile (LS) sample. The
sediment and sludge were composed of the same types of minerals, where illite was the
major mineral, followed by chlorite-serpentine and quartz. The XRD patterns of the soil
samples are illustrated in Figure 3a, and the sludge and sediment samples are demonstrated
in Figure 3b. The presence of the same minerals in the different samples indicated that they
were originally derived from the same set of host rock and ore [54].
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Overall, the waste rock samples were dominated by muscovite alongside the quartz.
The soil was dominated by illite and kaolinite, while sediment and sludge were dominated
by illite alongside the quartz. Clearly, the mine waste was composed of various Mg-Fe
silicate minerals that are potentially useful for mineral carbonation [55]. These silicate
minerals are mostly phyllosilicate. Among the phyllosilicate groups, illite and kaolinite are
classified as clay minerals, muscovite is known as mica, and chlorite-serpentine are under
chlorite and serpentine subgroups. These minerals are also regarded as aluminosilicates
(minerals composed of aluminum, silicon and oxygen), which is a major component in
clay minerals. Clay minerals are typically formed as the product of chemical weathering
of silicate minerals at the earth’s surface. More importantly, the presence of clay minerals
can be associated with CO2 adsorption, thus suggesting its potential for CO2 capture most
likely by means of mineral carbonation [56,57]. The importance of mine waste rock for
carbon capture has been highlighted in Hitch et al. [17], and its utilization in concrete-based
materials has been discussed in Steinour [58] among the earliest reported in the literature.

3.2. Physicochemical Composition of Mine Waste

Table 4 shows the results of the particle size distribution of the soil, sediment and
sludge samples to determine the amount of silt and clay in the mine waste. The waste rock
samples were not subjected to particle size distribution as samples are mostly sandy. The
analysis classifies the soil, sediment and sludge samples as containing greater proportion
of fines (clay and silt) (Figure 4). Fineness is a very important characteristic of a material to
be used as partial replacement for cement, i.e., fine particles of greater than 30% [59]. The
soil textural classes were based on the United State Department of Agriculture (USDA)
soil textural triangle. The particle size distribution of the mine waste samples was in the
range of 6.96–19.17% (clay), 38.08–78.23% (silt) and 4.28–42.77% (sand) fractions. Results
indicated that the particle size of the gold mine wastes suggested mostly silt loam. The
highest silt content was found in tailing sludge (78.23%), followed by waste dump (68.06%),
stockpile HS (63.98%), stockpile SLS (60.65%), tailing sediment (53.21%) and stockpile LS
(38.08%). Therefore, the mine waste samples have satisfied the requirement for use as
supplementary cementitious material in terms of their particle size having greater than
30% of total fine particles, i.e., between 57.25 and 95.66%.

Table 4. Particle size classification of gold mine waste samples.

WD HS LS SLS SLU SED

Clay <2 µm 11.16 10.8 19.17 7.25 17.43 6.96
Silt 2–50 µm 68.06 63.98 38.08 60.65 78.23 53.21

Sand >50 µm 20.66 25.17 42.77 32.01 4.28 39.74
Total fines
(clay + silt) 79.22 74.78 57.25 67.9 95.66 60.17

Soil texture class (USDA) Silt loam Silt loam Silt loam Silt loam Silt loam Silt loam

The chemical composition of the mine waste samples are shown in Table 5, which are
given as the percentages of major oxide elements including MgO, Fe2O3, Al2O3, K2O, SO3,
SiO2 and Na2O. It is noticeable that SiO2 was dominating in all samples with the percentage
ranging between 48.46 and 71.06%. It is followed by Al2O3, which ranges between 19.22
and 29.93%. Both SiO2 and Al2O3 were detected at relatively higher amounts compared
to other oxide elements in all samples, confirming that the mine waste samples were of
aluminosilicate material. Alumina-silicate is an important mineral composition that can
be incorporated as supplementary cementitious material and is an essential element in
cement- or concrete-based materials [47,60]. On the other hand, MgO was found in the
waste rock sample of the waste dump, soil sample of the stockpile (HS and LS) and in the
sludge, ranging between 1.74 and 5.74%. Fe2O3 were found in all the soil, sediment and
sludge samples and the waste rocks of the waste dump, ranging between 3.04 and 11.79%.
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Table 5. Chemical composition given as (wt.%) of major oxides of gold mine waste samples.

Percent Composition (wt.%)

Waste Rocks Samples

Chemical Composition WD HS SLS LS
+ Fe2O3 5.71 - - -
+ MgO 5.74 - - -

SiO2 57.81 70.17 71.06 64.35
SO3 0.47 4.85 3.31

Al2O3 24.35 24.17 20.55 22.62
K2O 4.94 5.01 2.60 8.91

Na2O 0.53 - 0.68 -
Pozzolanic oxides ++ 87.87 94.34 91.61 84.97

Percent composition (wt.%)
Soil, sediment and sludge samples

Chemical composition WD HS SLS LS SED SLU
+ Fe2O3 3.60 2.91 3.15 11.79 3.04 3.20
+ MgO - 2.13 - 2.72 - 1.74

SiO2 59.53 64.61 67.9 48.46 64.7 63.39
SO3 - 2.53 - 8.83 4.32 4.37

Al2O3 29.93 24.84 22.82 20.18 19.6 19.22
K2O 6.36 3.00 5.72 7.24 6.63 7.06

Na2O 0.48 0.1 0.31 0.68 0.48 0.45
Pozzolanic oxides ++ 93.06 94.36 93.87 80.43 87.34 84.81

+ Important oxide minerals for mineral carbonation. ++ Pozzolanic oxides (Sum of SiO2 + Al2O3 + Fe2O3).

Clearly, the presence of MgO and Fe2O3 in the samples can be associated with minerals
muscovite K(Mg,Fe)3(AlSi3O10)(OH)2, illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]
and aerinite [(Fe+2,Fe+3,Al)3Mg3(Ca,Na)4(Si13.5Al4.5O42)(OH)6].12H2O, as noted earlier,
while Al2O3 is attributable to minerals kaolinite Al2Si2O5(OH)4, chlorite-serpentine
(Mg,Al)6(Si,Al)4O10(OH)8, muscovite, illite and aerinite. This shows that the mine wastes
have a considerable amount of silicate minerals, which contain important oxide minerals
known to be essential for mineral carbonation. In particular, the presence of Mg- and
Fe-bearing silicates in the samples are ideal for mineral carbonation, the process that
captures CO2. It was noticeable that MgO is present in some samples of the gold mine
waste. The importance of Mg-silicates for carbonation in a cementitious product has been
highlighted in Mo et al. [44]. Additionally, Fe2O3 is noticeable in most samples, which is
another important oxide mineral that can influence mineral carbonation. However, the
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contribution of Mg- and Ca-silicates/oxides for mineral carbonation has been known to be
more influential than other silicate/oxide minerals [29]. The process of mineral carbonation
can naturally occur in the presence of metal oxide-bearing minerals such as magnesium,
calcium and iron oxides, which are converted into carbonate minerals and elemental silica
upon reaction with CO2 [19]. These minerals are likely suitable for carbon sequestration
as the product is geologically stable and thus can potentially capture CO2 emission over
time [61].

As can be seen in Table 5, the mine waste samples are highly pozzolanic, as they
contain pozzolanic oxides of SiO2, Al2O3 and Fe2O3, i.e., greater than 70%. Pozzolans are
materials with an amorphous siliceous or siliceous and aluminous content that react with
calcium hydroxide, Ca(OH)2 (lime), in the presence of water to form cementitious hydra-
tion products, e.g., calcium silicate hydrates and calcium silicate aluminate hydrates [62].
Pozzolans have been used to improve the properties of lime and most commonly the
ordinary Portland cement in building structures. Furthermore, it has been studied that
pozzolan properties such as particle size, specific surface, chemical and mineral composi-
tion, amorphousness and water demand affect the reactivity and strength of cementitious
materials [62]. Therefore, the chemical and mineral properties of the mine waste samples
are of great importance that could influence the pozzolanic behavior as well as the potential
for carbon sequestration.

Figure 5 shows the SEM images of the mine waste samples at ×3.00 k magnification.
SEM images support the XRD results that quartz and muscovite were dominating in waste
rocks. Quartz can be seen as euhedral crystals and indented contacts between detrital grains
of quartz in Figure 5a–d. Detrital muscovite is present as flexed mica crystals in Figure 5c,d,
while it has been known that muscovite mica can be attributed to an overlapping set of
parallel plates, a lamellar structure [63]. Some alteration of muscovite to kaolinite can
be possible as seen in previous studies of clay minerals [63,64]. Both illite and kaolinite
were mostly distributed in the soil, sludge and sediment of gold mining waste. As shown
in Figure 5g–i, there are pseudohexagonal shapes of crystals that are often identified as
kaolinite, i.e., cluster or blocky kaolinite of 5–10 µm in thickness [64], although other larger-
structured minerals may have the same shape [65]. The appearance of a sheet-like to curled
form and a flaky form with a scale-like morphology is identified as illite (Figure 5e–j) [66].
Chloride-serpentine formations that are present as shown in Figure 5a,i,j are indicated by
the tabular shape of crystals as relatively coarse detrital grains in the figures [66].
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3.3. Mine Waste Utilization as Supplementary Cementitious Material for Carbon Capture

An important aspect of the sequestering potential is carbon storage and its utilization.
From the point of view of CCUS, the use of mine waste can be regarded as a beneficial
feedstock for mineral carbonation and can serve as a supplementary cementitious material
in the production of cement-based products. In this study, a cement-based product (brick)
was developed using the mine waste while assessing its potential in capturing CO2 during
the production phase. The proportion of mine waste was varied from 40% to 60% as partial
replacement for ordinary Portland cement, thereby reducing the use of manufactured
cement often associated with waste-oriented material. This is mainly due to the composition
of minerals of the mine waste that is pozzolanic, which can help improve the strength
properties of the material. From a carbon sequestration perspective, the carbonation
reaction of components such as CaO and MgO will produce carbonate minerals that can act
as additional binders, which can increase the strength of cement-based materials. Similarly,
aluminosilicate minerals are preferable as a supplementary cementitious material in the
production of cement-based materials.

The criteria of the brick material fabricated using the mine waste are as presented
in Table 6. Notably, all the bricks made of the gold mine waste have surpassed the stan-
dard specifications for load-bearing bricks according to Malaysian Standards, MS 1933-1:
2007 [67]. The compressive strength of the bricks was in the range of 19.5–29.5 N/mm2,
which is classified as classes 2–4 of load-bearing brick. The water absorption ranged
between 1.4 and 2.2%, which is below the 7.0% level of maximum absorption. There-
fore, incorporation of mine waste has met the standard criteria and has been useful in
reducing the use of commercial ordinary Portland cement while securing its potential for
carbon capture.

The availability of storage capacity of mine waste gives it potential for carbon to be
sequestered. This was evaluated through the sequestering potential of the mine waste
brick as given by the amount of CO2 that can be captured through its production phase.
Mineral carbonation was incorporated through the process of carbonation curing during
brick fabrication. The bricks were exposed to a carbonation curing period of 1 to estimate
the amount of CO2 captured. Table 7 demonstrates the sequestered amount of CO2 of the
carbonated brick product. It can be seen that the CO2 uptake is between 0.24 and 0.57%
for the bricks containing 40 to 60% of gold mine waste. Note that CO2 uptake was also
detectable for the control brick (not containing mine waste), suggesting that cementitious
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compound may also capture CO2. The resulting amount of sequestered CO2 of the mine
waste bricks was estimated to be between 7.2 and 17.1 g CO2/brick product.

Table 6. Criteria of the cement-based product (bricks) and sequestered CO2 in carbonated brick product at 1 h carbonation.

Brick Type Compressive Strength
(N/mm2) Water Absorption (%) CO2 Uptake (%) Sequestered CO2

(g CO2/brick)

NB 24.1 1.4 0.17 5.1
GMW40 19.5 1.7 0.30 9.0
GMW50 23.3 1.4 0.24 7.2
GMW60 29.5 2.2 0.57 17.1

Standard specifications

Load bearing brick 7–103.5 N/mm2 No specific
requirements

Engineering brick 48.5–69 N/mm2 4.5–7.0%

NB—Normal brick without the addition of mine waste (control). GMW40, GMW50, GMW60—replacement with 40%, 50% and 60% of gold
mine waste, respectively.

Table 7. Chemical compound (%) after carbonation.

Chemical Composition Uncarbonated 1 h 3 h

CaO 32.2 41.2 46.7
Fe2O3 3.6 3.9 5.4
MgO 1.3 1.9 2.8
SiO2 43.7 36.2 29.6
SO3 1.5 0.9 1.1

Al2O3 14.7 12.5 12.3
K2O 3.5 2.8 2.7

Na2O 0.4 0.4 0.3
Chemical compound of GMW50.

3.4. Carbon Capture and Storage in Cementitious Product

The effect of carbonation on brick performance was further evaluated using brick
specimens exposed to 1, 2 and 3 h of carbonation (Figure 6). It can be seen that as carbona-
tion time increases to 3 h, compressive strength notably increased, while water adsorption
greatly decreased. It is noticeable that at 3 h carbonation, brick performances (compressive
strength and water absorption) markedly improved compared to 1 h and 2 h carbonation
time (differences are significant at p < 0.01). For each ratio of mine waste in the bricks,
greater performance was clearly observed for carbonated bricks compared to uncarbonated
ones, suggesting that carbonation may help improve brick properties. Generally, it is
known that the strength of cement-based material is derived from its formation of calcium
silicate hydrate (C-S-H) when hydrated. In carbonated bricks, improvement in strength can
be associated with the formation of carbonated particles such as Ca and/or Mg carbonates
which are the micro-sized particles that can fill the pores in cementitious material that
reduces porosity, thus increasing the compressive strength [46]. In addition, the availability
of alumino-silicate minerals has also been known to help increase the development of
strength, which is activated by the alkaline nature of the mine waste used in the brick
fabrication. The difference with the normal brick (without the addition of mine waste) was
that the performance of the gold mine waste bricks was supplemented by the availability
of more Mg and Fe silicates, originating from the mine waste and Ca-containing cement
matrix, which provides greater capacity for carbonation to occur. The alkaline nature of the
mine waste also provided greater capacity for CO2 adsorption [68,69]. MgO-containing
material has been a preferred sorbent for CO2 capture as they offer promising capacity
such as due to high surface area, large pore size and large pore volume, which provides
more active sites for adsorption [70,71]. MgO’s unique features such as its basic surface
may induce CO2 uptake performance. MgO possesses an advantage in that it helps in
the adsorption process, which occurs when acidic CO2 reacts with the basic Mg2+ sites
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and forms carbonate species such as carbonate and bicarbonate [1]. The Fe oxide mineral
is one of the metal-bearing oxides other than Mg and Ca silicates that can undergo a
chemical reaction with CO2 to form stable solid carbonates through the process of mineral
carbonation [33–35].
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In terms of CO2 uptake (Figure 7), as anticipated, longer carbonation time resulted
in greater CO2 uptake, such that the uptake capacity was notably high at 3 h carbonation
time (the difference is significantly high at p < 0.01 compared to 1 h and 2 h carbonation,
respectively). The CO2 uptake increased as with the increase in mine waste ratio in bricks.
Even though a greater amount of sequestered CO2 and higher strength of brick were
observed at a greater proportion of gold mine waste, the addition of a higher percentage of
waste-oriented material is not always preferable due to some engineering restrictions and
requirements. Hence, the proportion is limited to only 60%.
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The carbonation reaction can be evidenced from the compositional changes of the
aggregates in bricks with 50% partial replacement with gold mine waste (Table 7). Despite
being initially absent in the mine waste, CaO was derived from the Portland cement used
in brick making. Upon reaction with CO2, i.e., at 1 and 3 h carbonation, the percentage
of CaO, Fe2O3 and MgO were increased, which implies their reaction with CO2 in the
formation of carbonate minerals. These oxide components are the reactive minerals in the
mine waste, which reacted with CO2 to form carbonate minerals such as CaCO3, FeCO3
and MgCO3 [35,72,73]. While silica was abundantly present in the mine waste, it reacted
with CaO, thus forming calcium silicate, which can further react with CO2. It can be seen
that after 1 to 3 h of CO2 exposure, SiO2 content was reduced, suggesting that silicate
compound was utilized during the carbonation reaction. On the other hand, Fe2O3 has
been shown to have active sites on the surface that reacted with CO2 gaseous and is a
desirable sorbent, as they can be regenerated and carbonated many times [35].

Clearly, after carbonation, the composition of the aggregate is dominated by CaCO3
as indicated by the relatively high percentage of CaO compared to other oxide components.
The formation of CaCO3 is essential in that it helped improve material strength develop-
ment and properties of a binder system in brick making. This is because the carbonated
products, i.e., CaCO3 particles, have the capacity for filling the pores, thus refining the
pore structure of the material [46]. Similarly, the carbonation also led to a reduction in total
porosity that improved its strength [43].

XRD patterns of the samples were obtained as illustrated in Figure 8. In the uncarbon-
ated brick, i.e., standard curing, obvious diffractogram peaks were noticeable for calcium
hydroxide (Ca(OH)2), alite (C3S), belite (C2S) and ettringite (AFt), while weak peaks of
calcite (CaCO3) were also seen. Alite and belite are tricalcium silicate and dicalcium silicate,
respectively, which are compounds in Portland cement-based materials. The compounds
can make the cement phases more reactive when mixed with water, and they react to
form calcium silicate hydrate (C-S-H), which is the primary binding material in cement
paste. Ettringite, (CaO)6(Al2O3)(SO3)3·32H2O, is a hexacalcium aluminate trisulfate hy-
drate, which is a hydration product that results from the reaction of calcium aluminate
and calcium sulfate. In contrast, for the carbonated samples (1 h and 3 h carbonation), it
is apparent that strong peaks of calcite were observed, while the peaks for Ca(OH)2 were
reduced. Calcite might be formed owing to the carbonation of Portlandite (Ca(OH)2) in the
mixture during the curing process [44]. This implies that Ca(OH)2 was transformed into
CaCO3 as a result of the carbonation curing, forming a more densified structure typically
associated with lower porosity [44,46]. Disappeared or reduced peaks for ettringite and
C3S/C3S can be observed after carbonation, which can be attributed to further hydration
and interconnection of the hydration products with calcium carbonate. However, no mag-
nesium carbonates were identified from the XRD, although it is known that Mg silicates
can co-precipitate with calcium ion forming magnesian calcite [74]. This implies that the
Ca carbonated product was greatly dominating in the bricks compared to Mg carbonate
which was not evidently seen, although it is known that the role of MgO in carbonation
cannot be ruled out. Therefore, it is likely that MgO helped more importantly in providing
basicity, the condition that is essential to facilitate carbonation.

Further evidence of the carbonation reaction can be seen from the SEM morphology
of the specimens (Figure 9). In uncarbonated specimens, the formation of hydration
products such as calcium silicate hydrate (C-S-H) and needle-like ettringite (AFt) can be
seen due to the hydration of calcium silicate mineral in the specimen (Figure 9a). The
hydration products agglomerated loosely and form a porous microstructure. However, the
clusters seen may be associated with calcium carbonate, as identified from the XRD analysis
(Figure 8), such that the uncarbonated sample also contains calcite, although the amount
is relatively minimal compared to the carbonated samples. After 3 h carbonation, a more
densified microstructure can be seen, with interconnected calcium carbonate being formed
(Figure 9b). Ettringite was no longer clearly seen, which was also supported by the XRD
patterns. A more clear formation of crystalline, irregular shape of calcium carbonate can
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be seen in Figure 9c, indicating the formation of the carbonated products. The carbonated
products comprise a large number of calcium carbonate crystals interconnected with the
hydration products, forming a densified structure [75]. It is clear that the formation of
calcium carbonate, which is the dominant product of the carbonation, was seen.
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The findings from this study are comparable to those of other studies on different types
and proportions of waste materials as raw substances in brick making. The strengths at-
tained for brick in this study, i.e., 7.8–20.0 N/mm2, are in line with other cement-based prod-
ucts partially made of waste materials such as fly ash (6.75 N/mm2) [76], 10–30 wt.% palm
oil fuel ash (15–22.5 N/mm2) [77], 50 wt.% iron ore tailings (33–36 N/mm2) [78], 4–10 wt.%
copper mine tailings (5–35 N/mm2) [79], 25–90 wt.% gold mine tailings (3–20 N/mm2) [80]
and 25–35 wt.% cement kiln dust (12.5–16.5 N/mm2) [81], among others, but are relatively
low compared to the use of 35–70 wt.% recycled brick aggregates (43–59 N/mm2) [82].
In terms of CO2 sequestration performance, the findings are also comparable with some
other studies, such as the improvement in material strength after carbonation, e.g., with
2–18 h carbonation time [45], 4 h carbonation [46] and 1–14 d carbonation curing [44,83].
Application-wise, various cement-based products have been studied as potential CO2
sink for carbon capture and storage, e.g., concrete [44,83], cement-bonded fibreboards [45],
cement boards [12], concrete blocks [42,84] and cement mortar [84]. It has been found
from the previous studies that the CO2 uptake of the carbonated products were 2–3.5%
(concrete) [85], 9.8–14.1% (concrete) [44], 20% (cement fibreboards) [45], 9.4–13.9% (cement
mortar) [46], 24% (concrete blocks/bricks) [42], while it was between 0.4 and 1.3% in this
study (cement-sand bricks fabricated with carbonation curing at ambient pressure and
temperature). The greater CO2 uptakes found in other studies were mostly attributed to
accelerated carbonation such as carbonation with exposure at certain temperature ranges,
carbonation at a particular CO2 pressure, use of alkali activator, use of couple mineral
admixtures and carbonation curing, and other techniques. Therefore, it has been demon-
strated that gold mine waste can be used as a partial replacement or supplementary
cementitious material that can promote carbonation reaction, thus stimulating its potential
for long-term CO2 capture. The important characteristics of the mine waste potentially
useful for carbon sequestration have been investigated, and its utilization as a carbon
storage product has been highlighted.

4. Conclusions

This study has discovered the potential of gold mining waste for CO2 sequestration
and its utilization for long-term carbon storage in cementitious material. Mine wastes’
characterization has been performed based on their mineralogical and chemical composi-
tion to identify the potential for sequestering atmospheric CO2. Overall, the mine waste
samples, which included waste rocks, soil, sediment and sludge, were composed of po-
tential minerals for carbonation such as Mg-Fe silicates, mainly of muscovite and illite,
alongside mineral quartz and kaolinite (major mineral phases). Other silicate minerals
included chlorite-serpentine, aerinite, albite and stilpnomelane (moderate/minor phases).
SiO2 and Al2O3 were found to be relatively higher than other oxide minerals, suggesting
that the mine waste samples were of aluminosilicate material. The mine wastes were found
to contain important oxide minerals known to be essential for mineral carbonation. The
presence of MgO and Fe2O3 was associated with minerals muscovite, illite and aerinite,
whilst Al2O3 was attributable to minerals kaolinite, chlorite-serpentine, muscovite, illite
and aerinite. The mine waste samples can be categorized as highly pozzolanic as they con-
tain a great amount of pozzolanic oxides of SiO2, Al2O3 and Fe2O3. Clearly, the chemical
and mineral properties of the mine waste samples were of great importance such that they
influenced the pozzolanic behavior as well as the potential for carbon sequestration.

In terms of mine waste utilization for carbon storage, it has been used as a partial
replacement for cement in brick making and as an agent for CO2 capture in the product.
The pozzolanic behavior of the mine waste has a great role in improving the strength
properties of the brick product. Carbonation reaction components such as CaO and MgO
produced carbonate minerals that served as an additional binder, which has increased the
strength of the cement-based material. The availability of storage capacity of the mine waste
gives it potential for carbon capture and storage. It has been estimated that CO2 uptake of
the product was between 0.24 and 0.57% for the bricks containing 40–60% of gold mine
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waste. The resulting amount of sequestered CO2 of the mine waste bricks was estimated
to be between 7.2 and 17.1 g CO2/brick product. Greater performance was observed for
carbonated bricks compared to the uncarbonated bricks, i.e., compressive strength notably
increased, while water adsorption greatly decreased as carbonation time was increased
up to 3 h. Similarly, greater CO2 uptake was observed at 3 h carbonation curing. The
carbonation reaction can be evidenced through the compositional changes of the major
oxide elements such as increased percentage of CaO, Fe2O3 and MgO and reduced SiO2
content. Further evidence was obtained from the XRD patterns that strong peaks of calcite
were observed, while the peaks for Ca(OH)2 were reduced for carbonated bricks. This was
supported by a more densified, crystalline and interconnected microstructure of material,
which implies the formation of calcium carbonate due to the carbonation reactions. It
is worth noting that this work is limited to only a short exposure time for carbonation,
while it is known that a longer carbonation time may influence the carbonated product.
While this study utilized pure CO2 gas for carbonation curing, it should be noted that
carbonation of cement-based product in flue gas may result in a lower carbonation efficiency.
Future research may look into a wider range of mine waste types, waste proportion and
carbonation times in determining the effect of the carbonation process while adopting
accelerated carbonation to improve the uptake of CO2. Various other applications for CO2
storage may be applied to explore the utilization part of the captured carbon.

Therefore, it has been observed that gold mine waste can be a potential feedstock
for mineral carbonation given its capacity for CO2 capture and storage. Its utilization as
a supplementary cementitious material would be advantageous in that it minimizes the
use of manufactured cement for the construction industry while using waste materials.
The carbonated product provides an option for permanent and long-term storage of CO2,
which is a beneficial application in response to sustainable climate mitigation strategies.
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