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A B S T R A C T

The widespread use and production of Portland cement, amounting to 4.10 billion tonnes annually, poses
challenges in acquiring quality raw materials. Also, the demands associated with the global development had led
to intensified mining and production of significant quantity of mineral wastes including mine tailing. The
quantity of disposed mine tailing is about 217 km3 at present with a predicted annual addition of 12.30 km3 to
this volume. This poses major environmental, economic, social, and legal concerns. The Construction and
Building materials research under Horizon 2020 program of Europe 2020 strategy promotes the materials for
energy efficiency including materials with low embodied energy and materials capable of reusing a high waste
content. Use of mine tailings, with a chemical and oxide composition similar to supplementary cementitious
materials, in cementitious binders emerges as a potential solution to the above-mentioned problems. However,
documented challenges, such as crystallinity, variations physical, chemical, and mineralogical characteristics,
acid mine drainage, and heavy metal leaching, hinder its immediate use as a cement precursor. This study focuses
on developing a suitable treatment for a siliceous mine tailing from graphite mining for its use as a binder
precursor. In this study, mineralogical and activation data are presented with respect to graphite tailings. Me-
chanical and thermal activation protocols were developed, and the processed tailings were assessed in terms of
their physico-chemical properties. The mine tailing exhibited high SiO2 composition 58.5 % and was predomi-
nantly crystalline. The XRD analysis indicated the possibility of activation by milling and calcination. The
characteristics and reactivity of activated samples indicated that the samples calcined at 850 ◦C exhibited higher
heat of hydration in R3 tests and samples milled for 90 min exhibited higher solubility in alkaline environment.

1. Introduction

Concrete is the most widely used construction material and the
second most used material in the world, with only water exceeding its
consumption. Concrete’s existence and quality are of primary impor-
tance for the development of robust civil infrastructure assets, which in
turn support the growth and development of our society. However,
concrete and most specifically its binding compound, cement, have a
significant environmental footprint both in terms of CO2 emissions and
in relation to the depletion of natural resources. Global demand for
cement is projected to yield a rise on its production to a staggering 5 Gt
over the next 30 years [1]. That amounts to about 20 % increase from
the current production levels. In recent years, the importance for
transformation in the sector has been strongly proposed. For example,
the International Energy Agency, in its recently published roadmap for a

sustainable transition in the cement and concrete industries, has
strongly highlighted two important actions: (i) the need to switch to
alternative raw materials by 2025 and (ii) to switch to alternative
cementitious binders by 2035 [2]. This strategy is also promoted by the
European Cement Association in its latest report on decarbonisation of
cement [3]. The Institution of Civil Engineers’ low carbon concrete
routemap further highlights the importance of new sustainable and
innovative developments for the manufacture of binders with low
environmental footprint [4].

At the same time, there are billions of tones of mine tailings produced
as part of the mineral separation processes in the mining sector. These
waste products are typically disposed and stockpilled in landfills and
pose a significant environmental liability [5–7]. The projections suggest
that, as with cement, there will be significant increase of mining activ-
ities for the next 30 years [8]. Subsequently, the existing problem of
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managing tailings will be inflated to a critical point. The mineralogical
similarity of tailings to raw materials used for the manufacture of
cement make them an interesting candidate for their potential use as
cementitious binders [9–13]. The upcycling of tailings for the produc-
tion of cementitious binders can provide a solution to the significant
issues of resource depletion and tailings management. However, the
highly crystalline nature of tailings inhibits their uptake as binders in
cement-based systems. Thermomechanical and chemical treatments are
necessary to rearrange the highly ordered crystal structure of tailings to
an amorphous arrangement of atoms [14]. This transformation will
allow tailings to participate in the chemical reactions within a cemen-
titious matrix.

Graphite is an allotrope of carbon with various industrial applica-
tions including batteries, lubricants, electrodes and graphene com-
pounds. The worlwide production of graphite was about 1.10 million
metric tons in the year 2020 [15]. Production of one tonne of graphite
produces about 10–15 tonnes of graphite tailing [16]. However, global
efforts under the aegis of climate action [17] and EU’s “Clean planet for
all” [18], recommends clean energy technologies such as photovoltaic
conversion, harvesting wind and thermal energy, storage of these en-
ergies, electric mobility, and digital technologies (ICT, robotics, 3D
printing). Production of these technological equipment requires very
high amounts of critical and non-critical minerals posing an increased
demand on mining activities including graphite [18]. The production of
graphite is expected to increase from 1300 kt in the year 2022 to 3550 kt
in the year 2050, which may lead to increased production of more
graphite mining wastes [19]. This poses a need for an urgent and more
sustainable method for disposal of the graphite mining waste.

Past studies have explored different ways to use graphite tailings in
construction which includes use as cement replacement and fine
aggregate [9,20,21]. The graphite mine tailings are predominantly
siliceous and therefore their use as source of silica has also been explored
[22]. Feasibility of producing conductive concrete using carbon fibres
and graphite tailing as an addition (filler) was studied [9] and it was
reported that the compressive strength decreased by 5.26 % at 5 %
addition and by 34.00 % at 15 % addition of untreated tailings. The
study also found that the use of graphite tailing improved conductivity
of concrete and recommended addition of carbon fibres to compensate
for the loss in strength. The mortar made with 20, 30 and 40 % graphite
tailings as sand replacement had a better resistance to freeze thaw cycle
due to increased pore size which catered to the expansion of water
during freezing [16]. A curing temperature of 60ºC is recommended

when 40 % of fine aggregates is replaced by graphite mine tailing. It was
observed that at a curing temperature of 60ºC samples with tailings
showed the formation of hydration products and had better early age
mechanical properties than the specimens cured in standard conditions
[21]. Various studies have been reported on the use of other siliceous
tailings as supplementary cementitious materials [23–27] and as pre-
cursors for alkali activated cements [28–30]. The compressive strength
decreased by 36.00 % with increase in percentage of tailings to 30 %
[24]. However, the use of water reducing admixture improved the
packing density and mechanical properties when siliceous copper coarse
tailing was used [23]. The durability of concrete improved with use of
coal siliceous mine tailing as a cement replacement when the percentage
of replacement was 20 % [31,32]. Yao et al. [33] reported an
improvement in mechanical properties with the inclusion of milled
siliceous tailings. The strength ratio (strength of concrete with mine
tailing to control concrete) improved from 62.70 % to 80 % after 80 min
of milling, at 30 % cement replacement.

From the literature it is evident that only a very limited number of
studies have dealt with the use of graphite mine tailings in cementitious
binders. In addition, various researchers have followed different ap-
proaches that include the use of tailings as fillers, the use of tailings as
aggregate replacement and the use of tailings as cementitious com-
pounds. In the absence of sufficient data and the variability of the
adopted methods, the reported results are either limited or not conclu-
sive [14]. Therefore, the present study focuses developing a suitable
treatment for a siliceous mine tailing from graphite mining for its use as
a binder precursor. In this study, mineralogical and activation data are
presented with respect to graphite tailings. Mechanical and thermal
activation protocols were developed, and the processed tailings were
assessed in terms of their physico-chemical properties.

2. Materials

2.1. Mine tailings

The mine tailings (MT) used in this study, were a waste product in
graphite mining process and were provided in dry state Fig. 1 shows a
visual comparison of mine tailing with cement, fly ash and silica fume.
The mine tailing, in its raw form, is a grey powder and can be denoted by
N4 as per Munsell scale; fly ash, cement and silica fume were N4, N5 and
4PB5/3 respectively [34].

Fig. 1. Colorimetric comparison of cement, mine tailing, fly ash and silica fume.
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2.2. Chemicals and reagents

Laboratory grade chemicals and reagents were used in this study.
Sodium hydroxide pellets of 98 % extra pure grade from Acros Organics
were used to prepare sodium hydroxide solution of required molarity
using deionized water for dissolution studies. Potassium hydroxide, of
85 % extra pure flakes, calcium hydroxide of 98 % purity, and granular
potassium sulphate of 99 % purity from Acros organics were used in
anhydrous form for R3 tests along with calcium carbonate precipitate in
powder form that was purchased from Fisher.

Concentrated hydrochloric acid of specific gravity 1.18 and con-
centration 37 % from Fisher scientific was used for pH adjustment of
leachate for dissolution studies. Concentrated HCl was diluted using
deionized water to prepare a 1 M HCl solution. Isopropyl alcohol was
used for dispersion and cleaning to avoid contamination during
analytical studies (SEM, TEM, ICP, XRD). Commercially available fly ash
and silica fume were used for benchmarking purposes. The Si and Al
standard solution of concentration 1000 mg/mL in HNO3 from Reage-
con was used for calibration of the instrument in dissolution studies.
Anatase from Thermo scientific of purity 98 + % was used as an internal
standard to quantify the amorphous phase present in mine tailing using
Rietveld analysis.

3. Experimental methodology

The selection of the activation methods and the associated parame-
ters was done following the identification of the mineral phases present
in the mine tailing. The treated tailings were then characterized and
compared with the characteristics of raw mine tailing (MTR) to under-
stand the change in properties following activation.

The raw tailing was oven dried at 80ºC for 24 h and sieved through a
600 μm sieve to avoid any lumps and achieve sample uniformity. The
oven-dried sample was stored in airtight containers in a vacuum
chamber and used for further tests that are described in Sections 3.1 to
3.6. For tests which required finer samples, the powders were further
crushed and material passing through a 150 μm sieve were used. The
summary of the experimental methodology reported here is shown in
Fig. 2.

In the initial stage the X ray diffraction analysis and thermo

gravimetry analysis were performed on raw mine tailings. Based on the
mineral characteristics different activation methods were employed.
The research entailed analysis and comparison of the characteristics of
untreated mine tailings and treated mine tailings based on particle size
analysis, microstructural analysis, mineralogy, X ray fluorescence
analysis, Fourier Transformation Infrared Spectroscopy, x ray diffraction
analysis and thermogravimetric analysis, and reactivity assessment tests
such as dissolution and adapted rapid, relevant and reliable pozzolanic
reactivity test (adapted R3 test). The protocols followed for the tests are
discussed in Sections 3.1 to 3.6:

3.1. PSA-particle size analysis

The particle size distribution of the raw and ball-milled samples was
determined using a laser particle size and particle distribution instru-
ment (HELOS/KF) with RODOS dry dispersion. In this study, the R5 lens
was used, covering the size range between 0.5 – 875 µm.

3.2. Microstructural analysis and mineralogy

3.2.1. SEM-scanning electron microscopy
Morphology observations of the samples before and after thermal

and mechanical activation were conducted using a scanning electron
microscope (SEM) (JSM-5700F, JEOL) operated at 20 kV. The samples
were secured on carbon tape and sputter coated with gold. Energy
dispersive X-ray microanalysis (EDAX) was also performed to identify
the elements present. An acceleration voltage of 20 kV was adopted to
get a clear image based on trials. An average of two obtained spot values
are reported in this study.

3.2.2. TEM-transmission electron microscopy
Transmission electron microscopy (TEM) was performed at 200 kV

using a JEOL JEM-1400F for observations of physical and morphological
changes in the individual particles with the applied treatment. Isopropyl
alcohol was added to 1 g of mine tailing sample in a test tube till it
formed a colourless suspension. This suspension was subjected to
ultrasonication for 1 minute at a frequency of 20 kHz. A drop of this
dispersed sample was mounted on a holey carbon grid using a micro-
pipette. The grid was allowed to dry in a drying chamber at 27 ºC for 3 h

Fig. 2. Experimental methodology flowchart.
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allowing the isopropyl alcohol to evaporate completely.

3.2.3. XRF - X-ray fluorescence analysis
The oxide composition of the mine tailing was determined using

Panalytical Zetium WDXRF (Wavelength Dispersive X-ray Fluorescence)
operated using Panalytical SuperQ software. The data was calibrated
WROXI (wide-ranging oxides) standard to determine the oxide con-
centration in weight %.

3.2.4. XRD - X-ray diffraction analysis
X-ray diffraction was performed using a Bruker D8 Advance X-ray

diffractometer (XRD), with Cu-Kα radiation of wavelength 1.54 Å and
radiation energy of 8.04 keV to study the mineralogy. The XRD analysis
for performed for a 2θ value ranging between 5º and 80º, at a speed of
0.01 º / step and 1 sec/ step for characterization of raw and activated
mineral waste samples. Prior to measurements, mine tailing samples
were passed through a 150 μm sieve. The fine powder was spread on the
sample holder and a glass plate was used to remove the excess material
and achieve a flat and smooth surface. The smooth surface ensured that
there are no preferred orientation and eliminates any variations in in-
tensity arising because of it. HighScore Plus X-ray diffraction software
was used for the analysis of the XRD results [27]. Rietveld analysis was
performed using Anatase as an internal standard. 1 g Anatase was uni-
formly mixed with 9 g of test sample. Rietveld analysis was performed
on this sample and the phase quantities were obtained. The resulting
composition was normalised to 100 %, giving the absolute composition
of individual crystalline phases. The quantities of the individual phases
in the actual sample were calculated from the known quantities of
Anatase in the crystalline composition and total composition of the
material.

3.2.5. FTIR - fourier transform infrared spectroscopy
FTIR studies were performed to identify the phase composition and

functional groups using a Shimadzu IRSPIRIT ATR Infra-red spectrom-
eter instrument. Mine tailing passing through the 150 μm sieve was used
for the tests. A micro spatula was used to place the powder sample on the
ATR crystal, a diamond surface in this case. Measures were implemented
to ensure a consistent pressure was maintained between the press and
the crystal for all the samples. For each sample, 16 scans were taken
between 4000 cm− 1 and 600 cm− 1 using the LabSolutions IR Spectrum
software.

3.3. Thermogravimetric analysis

The mine tailing samples passing the 600 μm sieve were investigated
using TGA 8000 thermogravimetric analyser by Perkin Elmer in nitro-
gen environment between 50 ◦C and 1100 ◦C and the evolved gases were
continuously analysed using Spectrum Two FT-IR Spectrometer (LiTaO3
Detector). For each sample, 4 scans were taken between 4000 cm− 1 and
600 cm− 1 using the LabSolutions IR Spectrum software.

3.4. Activation of tailings

3.4.1. Mechanical activation
Milling of materials in this study serves the purpose of size reduction

and mechanical activation of materials. The milling was carried out in a
Fritsch Pulversiette 6 planetary ball mill. The XRD analysis of the raw
mine tailing indicated the presence of minerals of hardness 2–7 in the
Mohs hardness scale. Indicatively, diamond’s hardness is a 10 on the
Mohs scale while calcite is at 3. Therefore, balls and jar made of tungsten
carbide of hardness 9 at the Mohs scale were used for grinding; to pre-
vent wear and tear of the balls and jar, and subsequent contamination of
the material. Milling times of 30 min (MTBM30), 60 min (MTBM60) and
90 min (MTBM90) were adopted following observations reported in the
literature [33], where 20 min of milling led to reduction of the integral
intensity of crystalline peaks and after 80 min of milling there was

Fig. 3. Heat treatment adopted in the study (CT650, 750 and 850 indicates for
calcined at the temperatures 650ºC, 750 ºC and 850 ºC respectively).
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reduction in crystallinity of quartz, albite (plagioclase) and muscovite.
The kinetic energy imparted during milling is directly proportional to
the diameter of the balls raised to the power four [35]. As the maximum
particle size of the material used for grinding is expected to be less than
600 µm after sieving, a maximum suitable size of 10 mm balls was used,
to optimize the diameter and the imparted collision energy (kinetic
energy) [35].

3.4.2. Thermal activation
The calcination temperatures were determined based on the miner-

ology and recommendations from existing literature. As the initial XRD
indicated presence of kaolinite and phlogopite, the calcination temper-
atures above 650ºC were chosen. Published work [36] suggests that
heating above 900ºC leads to formation of new crystalline alumino sil-
icate mineral phases which may reduce the reactivity of the activated
tailing. Therefore, calcination temperatures of 650ºC, 750 ºC and 850 ºC
were adopted and the samples calcined at this temperature are desig-
nated MTCT650, MTCT750 and MTCT850, respectively.

A ramp up rate of 300ºC/ hour was used to comply with the thermal
expansion of the crucible and prevent fracture due to thermal shock. The
samples remained at the set temperature for 2 h to ensure complete
calcination. The sample was allowed to cool gradually in the furnace to

avoid thermal shock due to sudden exposure to the atmosphere and
removed when it reached room temperature. The entire calcination
cycle is as shown in Fig. 3. A tray-shaped fused alumina crucible (of
internal dimensions 217x95x60 mm and a wall thickness of 16 mm) was
used for this purpose. To ensure uniform heating of the sample the
powders were evenly spread in the crucible to a height of 15 mm.

3.5. Dissolution of Si and Al

The Solubility of Si and Al in NaOH are good indicators of the
availability of Si and Al within an alkali activated system for conden-
sation and gel formation [37,38]. By identifying, the solubility of Si and
Al, conclusions can be drawn as to whether the activated tailing can be
utilized to produce alkali-activated binders.

The solubility tests were carried out using 8 M NaOH. The NaOH
solution was prepared in advance and allowed to cool down to room
temperature. The solution was prepared in batches of 2 L. And a tem-
perature setting of 23◦C and a mixing speed of 200 rpm was adopted. For
each 1 g oven-dried material passing through the 150 μm sieve, 50 g
NaOH solution was added and mixed using a magnetic stirrer for 6 h at
23◦C and a mixing speed of 200 rpm. The solution was filtered through a
0.45 µm pore size filter. The leachate was diluted using deionized water
at 1:50 ratio. This diluted leachate was acidified to a pH of 2 to prevent
settling of the ions by slow addition of 1 M HCl using a pipette. An
Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES)
fitted with a sea spray nebulizer and SPS3 autosampler was used for
determining Si and Al that leached into the alkaline solution from the
mineral waste.

3.6. Pozzolanic activity

The assessment of the chemical reactivity (pozzolanicity) of the
treated tailings within a simulated cementitious matrix was performed
following the provisions of rapid, relevant and reliable pozzolanic
reactivity test - R3 test, (ASTM C1897(2020)) but at modified temper-
ature (60 ◦C instead of 40 ◦C). Due to the low reactivity observed in the
MTR samples, the heat of hydration for these samples in R3 test were
rather low when the test was performed at 40 ◦C, this resulted in heat
flow values indistinguishable from system noise. It has been reported
[39] that the latent hydraulic reaction and pozzolanic reactions in
presence of calcium hydroxide can be activated by increase in temper-
ature. Therefore, the test temperature was increased from 40 ◦C to 60 ◦C
consequently, enhancing the reactivity for non- reactive and less

Table 1
Oxide composition of graphite mine tailing used in the present study in comparison with oxide composition of graphite mine tailing, fly ash, silica fume, GGBFS and
cement.

Oxides As-received mine tailing Graphite mine tailing [22,43,45] Fly ash [49] Silica Fume [49] GGBS [49] Cement [50]

SiO2 58.46 59.24–64.50 48.20–51.90 94.00–98.00 33.00–37.00 19.30
Al2O3 14.56 10.21 – 15.05 26.00–30.10 0.10–0.40 8.00–35.00 3.70
Fe2O3 9.72 5.07–5.80 5.50–11.30 0.02–0.15 0.50–2.00 4.10
Na2O 4.36 ​ 1.00–3.70 0.10–0.40 ​ 0.28
MgO 5.91 1.82 – 3.91 ​ 0.30–0.90 6.00–14.00 2.10
K2O 2.31 2.26 ​ 0.20–0.70 ​ 0.88

CaO 2.43 0.84–15.55 2.10–4.20 0.08–0.30
34.00–43
00 63.20

SO3 0.27 ​ 0–0.10 ​ 0.80–2.00 4.00
TiO2 1.08 ​ ​ ​ ​ 0.29
BaO 0.43 ​ ​ ​ ​
Mn3O4 0.02 ​ ​ ​ 0.30–1.10
V2O5 0.05 0.31 ​ ​ ​
ZnO 0.06 ​ ​ ​ ​
ZrO2 0.03 ​ ​ ​ ​
Cr2O3 0.05 ​ ​ ​ ​
CuO 0.03 ​ ​ ​ ​
NiO 0.03 ​ ​ ​ ​
P2O5 0.19 0.16 ​ ​ ​ 0.17
PbO 0.02 ​ ​ ​ ​

Fig. 5. Appearance of mine tailings before and after activation.
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Fig. 6. SEM images of samples used in this study: (a) MTR, Inner image – Sheet-like appearance of phyllosilicates in MTR samples. Red arrow points at the layered
appearance of phyllosilicates; (b) MTCT650 shows appearance of flocculant particles; (c) MTCT750; (d) MTCT850; e) MTBM30, inner image - SEM image showing
the development of cracks in particles of MTBM30; (f) MTBM60; and (g) MTBM90. Note: CT refers to calcined tailings and BM refers to ball milled tailings.
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reactive materials [39]. Nevertheless, it is crucial to take into account
that performing the test at an elevated temperature renders the results
not comparable to the typically performed R3 test values and also results
in a reduction in the recorded heat of hydration [39].

The experimental procedure involved producing a mix containing
10 g mineral waste, 30 g calcium hydroxide, 5 g calcium carbonate and
54 g potassium solution. The potassium solution contains 4.00 g/L po-
tassium hydroxide and 20.0 g/L of potassium sulphate dissolved in
deionised water. The heat of hydration of this mix was monitored, using
an I-Cal HPC - High Performance Calorimeter, for a period of 7 days
under the constant temperature of 60 ◦C. The first 75 min of the tests
were not taken into consideration due to temperature differences as

recommended [40–42]. Cumulative heat, at the end of three and seven
days, per gram of material was reported. The higher heat of hydration
indicates a higher degree of reactivity.

To minimize the difference in temperature all the materials and the
containers used were conditioned at 60 ºC for 24 h prior to the start of
the procedure. In addition to the tailing samples, for benchmarking
purposes the R3 test was performed for silica fume and fly ash which are
known for their reactivity in cementitious systems.

4. Results and discussions

4.1. Particle size distribution

The mine tailing used in this study was fine in its raw form, with
99 % of the particles finer than 67.00 μm which was further reduced to
15.66 μm after 90 min of milling. The particle size distribution as shown
in Fig. 4a indicates a uniform size distribution of the samples and the
gradual reduction in particle size after milling for 30 min (MTBM30),
60 min (MTBM60) and 90 min (MTBM90). The reduction in D50 and D90
values with milling is given in Fig. 4b. The median particle sizes (D50)
were reduced by 37.82 %, 46.67 % and 55.54 % from the initial particle
size after 30, 60 and 90 min of milling respectively, whereas for D90 the
reductions were 4.36 %, 15.06 % and 76.62 % respectively. This indi-
cated that the longer duration of milling is more effective for reducing
the particle size of coarser particles and did not have a significant effect
on the finer particles. However, further milling would have led to the
aggregation of finer particles, and thus affecting the reactivity
negatively.

4.2. Chemical composition, microstructure, and mineralogy

Table 1 shows the chemical composition of the as-received mine
tailing. It is evident that silicon dioxide has a dominant presence in the
material, something that is in agreement with other graphite tailings
mentioned in the literature [43–45]. While the high concentration of
SiO2 that exists in silica fume cannot be easily matched, the mine tailing
with about 58.50 % SiO2 content is very comparable to commercially
available fly ash.

Other major oxides include alumina and ferric oxide with 14.60 %
and 9.70 % respectively. Oxides of sodium, magnesium, potassium, and
calcium were also present in the range of 2.3–5.9 %.

The modulus of hydraulicity (Mh) as determined by Eq. (1) assesses
the ability of a material to undergo hardening through the formation of
reaction products upon contact with water [46,47].The strength activity
index is reported to increase with increase in modulus of hydraulicity
[47]. The Mh value of MTR is 0.03.

Mh =
CaO

Fe2O3 + SiO2 + Al2O3
(1)

Similarly, the modulus of basicity/ basicity coefficient (Mb) [48]
determined by Eq. 2 is 0.11 for MTR.

Mb =
CaO + MgO
SiO2 + Al2O3

(2)

The recommended range for modulus of basicity is between 0.70 –
1.20 [48] for the material to be suitable for alkali activation. This gives
an indication on whether the chosen material is suitable for alkali
activation without use of an alternative/ additional source for silica or
alumina, especially in case of amorphous precursors such as fly ash and
ground granulated blast furnace slag. Nevertheless, the computed values
of basicity modulus and hydraulicity modulus for MTR do not accurately
represent the reactivity of this material. This is because these ratios are
developed to estimate the reactivity of amorphous materials. Therefore,
they do not consider the proportion of ions that are readily available for
reaction, as well as the presence of non-reactive ions in crystalline form
as observed in case of a highly crystalline material.

Fig. 7. TEM images of untreated and processed mine tailing samples. (a) MTR
particle shows crystalline characteristics and is angular; (b) MTCT650 shows
beginning of sintering and aggregation in particles; (c) MTCT750 particles
exhibiting aggregation and sinter necks; (d) MTCT850); (e) MTBM30 particles
showing softened edges after milling; (f) MTBM60; (f) MTBM90 particles with
rounded edges after milling. Note: CT refers to calcined tailings and BM refers
to ball milled tailings.
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The visual observation indicated that MTR samples were grey in
colour [34] and calcined samples turned to brick red colour due to
oxidation of Fe present in the mine tailing to Fe2O3 as shown in Fig. 5. Of
these MTCT750 and MTCT850 had a brighter red hue when compared to
MTCT650. This indicates that the samples calcined at and above 750ºC,
are oxidized completely.

The microstructure of samples observed by SEM is given in Fig.6 (a)
to (g). The MTR samples (Fig. 6 (a)) were highly crystalline with dense
particles of size ranging from about 1 μm to 70 μm. The particles were
angular with sharp edges and with an uneven particle size distribution.
The smaller particles were found to adhere to the surface of the larger
particles. The observations were similar to those made by Yu et al. [51]

Table 2
Elemental Composition of MT.

Sample ID Image Elemental composition

MTR

Element Weight (%) Atom (%)
O 51.32 65.50
Na 3.81 3.39
Mg 3.29 2.77
Al 7.43 5.62
Si 26.76 19.46
S 0.80 0.51
K 1.19 0.62
Ca 0.94 0.48

Fe 3.96 1.45

​

MTCT650

Element Weight (%) Atom (%)
O 47.29 61.96
Na 3.88 3.54
Mg 4.37 3.76
Al 7.91 6.14
Si 27.49 20.52
S 0.86 0.56
K 1.47 0.79
Ca 1.04 0.55

Fe 4.88 1.83

​

MTCT750

Element Weight (%) Atom (%)
O 48.02 62.95
Na 3.62 3.30
Mg 3.74 3.23
Al 7.57 5.88
Si 26.53 19.82
S 1.38 0.90
K 1.43 0.77
Ca 1.48 0.77

Fe 5.43 2.04

​

MTCT850

Element Weight (%) Atom (%)
O 48.04 62.76
Na 4.32 3.92
Mg 3.46 2.97
Al 7.78 6.03
Si 27.21 20.25
S 0.76 0.50
K 1.54 0.82
Ca 1.02 0.54

Fe 5.29 1.98

​

MTBM30

Element Weight (%) Atom (%)
O 31.94 48.12
Na 2.52 2.64
Mg 3.89 3.86
Al 8.05 7.19
Si 32.28 27.72
S 1.63 1.22
K 2.56 1.57
Ca 1.69 1.02

Fe 15.45 6.68

​

(continued on next page)
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and Ren et al. [52]. Wu et al. [24] suggested that this particle agglom-
eration of mine tailing can negatively influence the rheology of mine
tailing-based cements.

On a higher magnification as shown in Fig. 6a (inner image), sheet-
like layers observed indicating phyllosilicate crystals are observed in
MTR [53]. Fig. 6b to d are images of calcined tailing. The calcination
process results in the formation of particles of flocculant appearance as
shown in Fig. 6b (inner image). Similar changes were observed by Yu
et al. [51]. Fig. 6c and d show partial vitrification and melting which
indicate that further heating could lead to the fusing and melting of
certain phases as reported by Luo et al. [54].

The sample after milling had more small sized particles of size less

than 5 µm (Fig. 6e to g) and the large sized particles (25 µm or larger)
appeared to have cracks as shown in Fig. 6e and f. No agglomeration of
samples was observed until 90 min of milling. The presence of fewer
large sized particles and more smaller size particles can be attributed to
a phenomenon called selective grinding. Here the minerals of higher
hardness had a larger particle size, and the minerals of lower hardness
had a better particle size reduction for the same milling energy [55].
This is also in agreement with the observations made from particle size
analysis where the D90 of the particles was about 5.70 times that of D50
before milling, whereas that value was 8.80 times D50 after 30 min of
milling. This indicates that the initial milling had an effect on particles of
lesser hardness and not on the ones with higher hardness leading to

Table 2 (continued )

Sample ID Image Elemental composition

MTBM60

Element Weight (%) Atom (%)
O 36.22 52.24
Na 3.06 3.08
Mg 3.62 3.44
Al 8.30 7.10
Si 31.16 25.60
S 1.93 1.39
K 2.05 1.21
Ca 1.83 1.06

Fe 11.85 4.91

​

MTBM90

Element Weight (%) Atom (%)
O 34.30 50.71
Na 2.44 2.52
Mg 4.90 4.76
Al 8.30 7.28
Si 29.43 24.81
S 1.22 0.90
K 3.15 1.90
Ca 1.50 0.89

Fe 14.79 6.27

Fig. 8. XRD phases of mine tailing samples before and after activation. Phl – Phlogopite, Kln – Kaolinite, Chl – Chlorite, Ab – Albite, Ms – Muscovite, Gr – Graphite,
Qr – Quartz, Pl – Plagioclase, Hbl – Hornblende, Bt – Biotite. Note: CT refers to calcined tailings and BM refers to ball milled tailings.
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significant change in the difference between D50 and D90.
Individual crystals were also observed using TEM (Fig. 7a to g). The

primary particle observation indicated that the mine tailing particles
were polycrystalline. The mine tailing particles had sharp angular edges.
Though the mine tailing particles appeared crystalline after calcination
at 650◦C and 750◦C, some particles exhibited signs of aggregation and
sinter necks at 750◦C as shown in Fig. 7(b), (c) and (d). This could be due
to the primary crystallites forming solid bridges during the calcination
process [56]. However, it is evident that with increasing temperatures
the morphology of the particles changes. The originally solid angular
MTR crystals gradually change to an amorphous material.

The EDAX analysis of samples given in Table 2 has confirmed that the
as-received tailing is predominantly in the form of silicate with high

Fig. 9. Mineral Phases and their respective % composition. Note: CT refers to calcined tailings and BM refers to ball milled tailings.

Table 3
Mineral phases in mine tailing and their respective percentages.

Mineral phases MTR MTCT650 MTCT750 MTCT850 MTBM30 MTBM60 MTBM90

Kaolinite 0.64 0.25 0.34 0.11 0.61 0.54 0.59
Quartz 8.55 11.05 10.51 12.42 10.12 8.81 9.88
Anorthite 5.09 7.90 7.56 7.11 2.27 3.68 5.03
Biotite 0.75 4.63 5.28 9.58 0.74 0.97 1.95
Hornblende 1.85 2.78 1.14 1.37 2.39 2.11 1.95
Phlogopite 10.52 8.77 15.00 1.47 13.80 10.76 12.19
Chlorite 0.12 0.00 0.00 0.00 0.00 0.00 0.00
Albite 2.31 2.35 2.27 1.26 3.25 3.08 3.20
Clinochlore 0.12 0.00 0.00 0.00 0.43 0.32 0.30
Graphite 13.29 6.98 0.91 0.68 8.53 8.54 6.45
Muscovite 0.81 1.11 0.74 1.05 0.98 0.86 0.89
Anhydrite 0.29 0.19 0.11 0.32 0.25 0.22 0.18
Oligoclase 13.06 15.68 12.90 17.11 17.79 14.22 16.45
Amorphous 42.60 38.33 43.24 47.53 38.83 45.89 40.95

Fig. 10. FTIR spectra of MT before and after activation. Note: CT refers to
calcined tailings and BM refers to ball milled tailings.

Table 4
FTIR absorbance bands and assignments.

Wavelength (cm− 1) Assignment Ref.

667–795 Si-O-Si symmetrical streching [64,65]
950–1200 Asymmetric streching of Al-O and Si-O [58–60]
1600–1700 Bending vibration H-O-H [60]
2200–3600 Stretching of O-H- [59,60]
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amounts of alumina. The high amounts of silicate and alumina are not
typically affected by any of the treatment methods adopted in the study.

The XRD diffractograms (Fig. 8) indicated that the mine tailing was
highly crystalline. The mineral phases identified from Fig. 8 and their
corresponding COD reference ID are as follows: Chlorite
(96–900–4189), Clinochlore (96–901–0130), Kaolinite (96–155–0599),
Muscovite (96–901–5624), Phlogopite (96–900–2830), Biotite
(96–900–0468), Quartz (96–50–0036), Hornblende (96–900–1245),
Graphite (96–901–2231), Anhydrite (96–500–0041) and Plagioclase
minerals such as Oligoclase (96–901–1423), Anorthite (96–900–0362)
and Albite (96–900–9664), are the mineral phases present in MTR and

no new phases were observed in the activated mine tailing. In order to
enhance the comprehensibility of the X-ray diffraction (XRD) patterns,
certain subgroup minerals, such as clinochlore, are annotated with the
corresponding parent group to which they belong, such as chlorite.
Similarly, oligoclase and anorthite are marked as plagioclase. The
quantities of various phases present are given in Fig. 9 and Table 3. It can
be observed that the MTR was 42.60 % amorphous and the treated mine
tailings were in the range of 38.33–47.52 % amorphous. However, it is
to be noted that about 4.75 % - 12.38 % of the crystalline phase
constituted by graphite disappears due to calcination/ heat generated
during mechanical activation. This phase will be converted to carbon

Fig. 11. TGA analysis of the MTR.

Fig. 12. FTIR analysis of gases evolved during TG analysis.
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dioxide and will not contribute to amorphous phase quantities or crys-
talline phase quantities. This reduction in the total quantity of the ma-
terial might contribute to the seemingly increased quantities of phases
such as biotite, quartz and phlogopite at calcination temperatures 650ºC
and 750 ºC. The decomposition of phlogopite begins at 800ºC and this
leads to a decrease in the quantity of phlogopite at 850ºC.

FTIR spectra of the mine tailing before and after activation are given
in Fig. 10 and peak assignments based on literature are given in Table 4.
The peaks at 779 cm− 1and 795 cm− 1 correspond to Quartz and these
peaks remain without any significant alteration after activation [57].
The major peak occurs at around 986 cm− 1, which is in general attrib-
uted to asymmetric stretching of Si-O and Al-O [58–60]. These peaks
were also observed to shift slightly towards the higher wave number.
The observed phenomenon can be attributed to the alterations in the
structural configuration of the Al-O and Si-O chemical bonds within the
constituent phases found in tailings. The lower internal order of the
bonds in the tailing due to calcination may lead to peak broadening of
the entire envelope, which in this case might be attributed to formation
of Q◦ silicate tetrahedra species [61]. The observed peaks within the
spectral range of 1900–2350 cm− 1 are also indicative of distinct carbon
bonds, including C-OH, C-H, CO, C-C, and OH. The alterations in the
shape, intensity, and symmetry of these peaks of can also be ascribed to
oxidation and chemical interactions occurring within the graphite phase
during the calcination processes [62]. The peaks at wavenumbers
1558 cm− 1 and 1653 cm− 1 are indicative of the bending vibrations of
the H-O-H bond. These peaks intensified upon calcination indicating the
changes in phases with H-O-H bonds upon calcination. The spectral
region spanning from 3300 to 3750 cm− 1 which can be associated with
the stretching and bending vibrations of O-H bonds exhibits a devel-
opment of new peaks and intensification of existing peaks. The observed
alterations in O-H bonds may be attributed to the variations in the
crystal structure and composition of chlorite, biotite, phlogopite,
kaolinite and hornblende following the process of calcination [59,60,
63]. All these compounds possess O-H bonds and demonstrate changes
in their crystal structure upon calcination, as indicated by the XRD
patterns and quantitative analysis.

FTIR spectrum of the ball milled samples showed peaks at 779 cm− 1

and 795 cm− 1 are indicative of the presence of Si-O-Si bonds within the

quartz crystal. The peaks exhibited minimal alterations both prior to and
subsequent to the milling process. The peak observed at around 966 cm-
1 is widely recognised as being indicative of the asymmetric stretching
of Si-O and Al-O bonds that are typically found in the alumino silicate
mineral phases present in tailings. A small shift towards the lower
wavenumber accompanied by a marginal decrease in intensity of less
than 5 % was observed for milled samples. The observed behaviour can
be explained by the changes in the structural arrangement of the Al-O
and Si-O chemical bonds present in the constituent phases present in
tailings. The observed shift in this study can be related to alterations in
the Al-O and Si-O bonds of alumino silicate minerals, specifically
phlogopite and biotite [59,60,63]. The peak intensity of these minerals
notably decreased during the milling process, as indicated by the XRD
results.

The TG analysis of the mine tailing given in Fig. 11. The sample
exhibits a gradual weight loss between 50 ◦C and 600 ◦C. The initial
weightloss observed from 50 ◦C to 400 ◦C corresponds to loss of physi-
cally adsorbed water [66]. The weight loss observed in the region 600 ◦C
- 850 ◦C correspond to dehydroxylation of kaolinite and decomposition
of chlorite. The change in weight between 800◦C to 1050◦C corresponds
to the decomposition of chlorite, phlogophite, biotite and clinoptilolite.
This observation is also in agreement with the findings of the XRD phase
analysis which shows about 86 % reduction in phlogophite, and the
disappearance of the chlorite and clinochlore phases. The changes above
1000◦C can be attributed to the beginning of decomposition of phlo-
gophite minerals and the continued decomposition of plagioclase phases
such as albite, anorthite and oligoclase.

However, as the TG analysis was performed in an inert environment
the graphite phase which might have otherwise been converted to CO2
remains inert.

The evolved gas were recorded continously using FTIR and the gas
spectrum at five different temperatures corresponding to changes in
TGA curve are reported in Fig. 12. Fig. 12 shows the evolution of traces
of CO2 and H2O. Though these gases are emitted at all temperatures the
spectrum at 803 ◦C records a higher transmittance. This is in line with
the TGA analysis where the major weight loss is observed at around 800
◦C to 900 ◦C.

Fig. 13. Heat of hydration from R3 test of MT at 60 ◦C. Note: CT refers to calcined tailings and BM refers to ball milled tailings.
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4.3. Chemical reactivity by modified R3 test

The heat of hydration with time is reported in Fig. 13. The data show
that the initial high heat of hydration followed by slower or almost no
heat of hydration shows a typical trend of a highly reactive supple-
mentary cementitious material as reported in the literature. From
Fig. 13, it is evident that the behaviour of silica fume fits this description
[39,67].

While MTCT650 samples were found to be almost inert, MTR,
MTBM30, MTCT750, and MTCT850 show a trend like that of a slow
reactive material [39,68], a trend which is also verified by the behaviour
of fly ash. From Fig. 13 it can also be inferred that reactivity of fly ash
and MTCT850 was better than that of silica fume at later ages (after 3
days) and MTCT750 was almost equal to that of silica fume at the end of
seven days. These findings link very well with previous observations
made in this study. It seems that while the calcination at 650 ◦C does not
have any influence on the mine tailing, treatment at 750 ◦C and 850 ◦C
has yielded a reactive compound that resembles fly ash in terms of
pozzolanic behaviour. In the case of MTCT850, the performance of the
tailing appears even better than that of fly ash, with heat of hydration
about 1.35 times higher compared to fly ash.

Ball-milling seems to have a similar effect for the longest milling

duration, with MTBM90 being very similar to MTCT750.

4.4. Dissolution of Si and Al

The solubility of Si and Al in alkaline environment is obtained from
ICP. This gives an indication of the Si and Al available for formation of
hydration products in an alkaline environment and hence the value is
directly proportional to the reactivity of the material in an alkali acti-
vated cement or in a cementitious system [37]. The Si/Al ratio obtained
from the test can provide an indication on type of activator that would
be suitable if mine tailing is used as a precursor for alkali activation
(sodium hydroxide, sodium silicate etc) or if it should be used in com-
bination with an Al rich source (in the form of alumina, red mud,
kaolinite etc). The results of the tests (of the diluted leachate) reported in
Fig.14(a) and (b), show that samples MTCT650, MTCT750, MTBM60
and MTBM 90 had higher Si and Al in the leachate. It is observed that the
percentage of Si and Al in the leachate increased with milling. The
amount of Al was 154 % higher and Si was 196 % higher than MTR for
MTBM90. In the case of calcination, Al quantity increased 60–66 %,
while Si was 116–134 % higher for MTCT650 and MTCT750 than MTR.
However, in case of MTCT850 there was an increase of 47 % for Si and
decrease of 49 % for Al than MTR. This implies that milling of samples
was more effective in improving the dissolution of Si and Al from mine
tailings than calcination. This phenomenon can be used to imply that the
milled samples are more suitable for alkali activation than the calcined
samples.

5. Conclusions

This paper presented characterization studies of raw and activated
graphite mine tailing. The findings of the study showed that the tailing
used was predominantly silicate. Mineralogical composition of the
sample was assessed with X-ray diffraction (XRD). The MTR samples
exhibited the presence of various minerals including chlorite, clino-
chlore, kaolinite, muscovite, phlogopite, biotite, quartz, hornblende,
graphite, anhydrite, and plagioclase minerals such as oligoclase, anor-
thite, and albite. The mineral composition indicated a possibility of
activation by calcination and high energy milling. The activated samples
when tested had a modified morphology and performance. The Rietveld
analysis, Fourier Transform Infrared Spectroscopy (FTIR), determina-
tion of elemental composition, and examination of microstructure
collectively revealed alterations in the mineral phases and morphology
resulting from the treatment processes employed. The reactivity of the
activated samples was evaluated by examining their solubility in an
alkaline environment using ICP-OES and measuring their heat of hy-
dration using adapted R3 tests. These tests also helped in determining
the optimum treatment method. It was determined that tailing calcined
at 850◦C exhibited a higher heat of hydration and thus shows potential
for use as a supplementary cementitious binder. And the samples milled
for 90 min exhibited greater concentration of soluble silicon (Si) and
aluminium (Al) in sodium hydroxide solution, in comparison to the MTR
samples. A property which might prove beneficial in alkali activated
cementitious systems.

The aforementioned tests produced findings that both collectively
and individually suggest that the treatment processes employed, (i.e.)
calcination and ball milling, has resulted in effective alterations to the
particle size, morphology, and mineralogy of the material. This dem-
onstrates that the strategy for selection of treatment process for the
material based on its mineralogical composition has proven to be suc-
cessful. The mine tailing, when subjected to suitable treatment,
demonstrated promise as a viable component in cementitious binders.

Extensive analysis and tests are needed to find the performance of
this material in a cementitious systems. Future study in this topic should
encompass not only the technical aspects of mineral waste utilisation but
also acknowledge and address the existing constraints and problems that
impede the widespread implementation and large-scale valorisation.

Fig. 14. Solubility of Si and Al from: (a) raw and thermally treated mine tailing
and (b) raw and mechanically treated tailing. Both studies performed in
8 M NaOH.
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Key points to emphasize include the urgent need for a more profound
understanding of these materials, the development of appropriate
legislation and standards, and addressing environmental concerns
related to heavy metal content. Furthermore, collaborative efforts
among researchers, industry stakeholders, and regulatory bodies are
essential to propel this emerging field forward and establish sustainable
practices for mineral waste management and repurposing. This is an
emerging area with significant potential, but it requires comprehensive
multidisciplinary efforts to overcome existing hurdles and unlock its full
benefits for a greener future.
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