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A B S T R A C T

In this study, an integration of pre-treated magnesite, lime, and CO2 bubbling (MLC) was used for
the treatment of acid mine drainage (AMD). The primary aim was to reclaim clean water and
synthesize valuable minerals. This treatment process comprises three steps which include neu-
tralisation (i) using magnesite, gypsum synthesis (ii) using lime and limestone synthesis (iii)
using CO2 bubbling. Reactors at a semi-pilot scale system were used to fulfil the goals of this
study. AMD was mixed with magnesite and lime at 1 g: 100mL S/L and 8 g: 100mL S/L ratios
respectively. Pilot results revealed that amorphous hydroxides of Fe, gypsum, and limestone can
be obtained from the secondary sludge/product. The obtained materials were of high purity
(> 75%). This was further confirmed by X-ray Diffraction, X-ray Fluorescence, and Fourier
Transform Infrared Spectrometer analytical techniques. The product water was suitable for ir-
rigation, industrial and agricultural use as per South African standards. Furthermore, it was
observed that the initial pH of AMD was 2.5 and it was increased to pH ≥ 10 and>12 after
contacting magnesite and lime respectively. To stabilise the pH, CO2 was bubbled and the pH was
reduced to ≤ 7.29 which was suitable for a number of applications. Moreover, ≥ 99% and
≥ 95% of metal species and sulphate were removed from an aqueous system, respectively. The
techno-economic evaluation indicated that it can cost R806.40 (66 USD) to treat 3.5 KL of acid
mine drainage and have a return of R11263.60 (933 USD) from the selling of the recovered
materials, thus making this technology economically viable. From the findings of this study, it
can be concluded that the application of MLC process can neutralise AMD and produce valuable
products. More so, this novel and self-sustainable project will therefore go a long way in cur-
tailing the impacts of AMD by valorising the product minerals and exploit the resultant com-
mercial value hence aiding in off-setting the running costs of the treatment process.
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1. Introduction

Depending on hydrogeology, mine effluents have different physicochemical properties that range from acidic, neutral and basic
drainage [1–3]. Amongst those, acid mine drainage (AMD) forms the crux of the largest liabilities faced by the mining industry due to
the extent of potential impacts, scale and magnitudes of its threat to water resources, human health and the environment [4–7]. Acid
mine drainage results from the weathering of pyrite (FeS2) and other reactive sulphide-bearing minerals when exposed to atmo-
spheric air and water leading to the release of a drainage that is rich in acid, sulphate and metal ions into the environment [8,9], as
shown in Fig. 1(A) and (B). These minerals may be embedded in the tailings or host rocks of a mineral in quest. As such, AMD can be
formed from the tailings seepage (Fig. 1(B)) or decanting from underground voids (Fig. 1(A)).

Acid mine drainage is primarily composed of H+, SO4
2-, and Fe(II), as the major components [10]. Masindi, Gitari, Tutu and

DeBeer [11] further pointed out that AMD also contains Al(III) and Mn(II), As, Cu, Ni, Zn, Co and Cr and alkaline earth metals such as
Mg and Ca. The formation of AMD may be depicted by the following chemical equation [12,13]:

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯ + +
− +4FeS 15O 14H O 4Fe(OH) 8SO 16H2 2 2

bacteria
3 4

2 (1)

High acidity in secondary water increases the solubility, mobility and bio-availability of metals species, hence raising the con-
centration to unacceptable, and often, toxic levels [4,8,14]. The adverse effects of acidification on aquatic ecosystems are associated
with deteriorating quality of water in the receiving environment, destruction of the bicarbonate buffer (neutralizing) capacity of
water, the loss of bicarbonate-dependant photosynthetic organisms as bicarbonate is consumed, the reduction and eventual cessation
of nutrient cycling processes in water bodies, and loss of organisms through damage to carbonate exoskeletons or cell components
[15,16]. The most visual legacy of AMD is undoubtedly the precipitation of ferric (Fe3+) hydroxide and oxy-hydroxide and oxy-
hydrosulphates complexes as a yellow or orange coating in stream channels [17,18]. These precipitates lead to a reduction in
dissolved oxygen concentrations in affected water bodies during their formation, and have abrasive effects on biota and clog
streambeds once formed. It can also prevent the penetration of light to aquatic ecosystem, hence suffocating aquatic organisms
[19–23].

In South Africa, recent studies have reported that there are enormous volumes of AMD produced by the Western Basin on the West
Rand basin in Gauteng Province that amount to ~60mL/d, carrying sulphate (SO4) concentrations of ~4.5–5 g/L and ferrous iron
(Fe2+) concentrations of up to ~1.5 g/L depending on seasons and host rock, during and after rainfall it can even go beyond that limit
[2,10]. The Mpumalanga coal basins can have up to± 18 g/L of sulphate and± 6 g/L of Fe-species [10,18,24].

Worldwide, a number of treatment methods, both passive and active, have been proposed and used for abating AMD
[4,14,25–29]. Among these, the common ones include ion-exchange [30–32], adsorption [33–38], bio-sorption [39–43], bio-pre-
cipitation [44–47], neutralisation [29,48–53], coagulation and precipitation [54–59]. The extent of application of most of these
methods has largely been limited by factors such as cost and generation of excessive secondary sludge [14,16,31,60–64]. Adsorption
has been regarded as the best technology for water depollution but its effectiveness is limited to dilute solutions due to quick
saturation of the adsorbent and selective adsorption. In light of the above, precipitation of chemical species coupled with adsorption
has received paramount attention lately. This is attributed to its ability to treat large volumes of water with high efficiency.

The principal aim of this study was to treat AMD using calcined cryptocrystalline magnesite. The treated water was taken to
subsequent reactors for gypsum and limestone synthesis. The resale of recovered products will off-set the running cost of this
technology, hence making it to be self-sustainable. This integrated approach has three phases of water treatment and they include: (i)
neutralisation and metals removal using calcined cryptocrystalline magnesite, (ii) gypsum synthesis in the secondary process using
lime and (iii) bubbling of CO2 into the third reactor to synthesize limestone. The product water is anticipated to meet the discharge
and irrigation requirements as per regulatory frameworks.

Fig. 1. AMD from tailings leachates (A) and underground shaft decant (B).
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2. Materials and methods

2.1. Sampling and reagents acquisition

Raw AMD generated from coal washing and mining processes in Mpumalanga Province, South Africa, was collected and sealed in
high-density polyethylene (HDPE) plastic bottles until utilisation for the defined purpose. The solids and debris in the water samples
were removed by filtration. Industrial grade lime and calcined cryptocrystalline magnesite were obtained from Protea Chemical Pty
(Ltd), South Africa. Carbon dioxide (CO2) was obtained from AFROX gas supplying company in South Africa, Pty (Ltd).

2.2. Characterisation of feed and product materials

The pH, Total Dissolved Solids (TDS) and Electrical Conductivity (EC) were monitored using CRISON MM40 portable pH/EC/
TDS/Temperature multimeter probe. Multi-elemental analysis was performed by ICP-MS (7500ce, Agilent, Alpharetta, GA, USA). The
accuracy of the analysis was monitored by analysis of National Institute of Standards and Technology (NIST) water standards.
Mineralogy of synthesized materials were determined using X-ray Diffraction (XRD) (Philips PW 1710 Diffractometer; graphite
secondary monochromatic source). Elemental constituents were evaluated using X-ray fluorescence (XRF) (Thermo Fisher ARL-9400
XP+ Sequential XRF equipped with WinXRF software). Morphological properties were determined using an Auriga Cobra FIB FESEM
instrument high resolution scanning electron microscope (HR- SEM) with the precision milling and nanofabrication abilities of high
resolution focused ion beam (FIB) at an accelerating voltage of 3 KeV (Model: Sigma VP FE-SEM with Oxford EDS Sputtering System,
Make: Carl Zeiss, Supplier: Carl Zeiss, USA). Mapping of gypsum was ascertained using High Resolution Transmission Electron
Microscopy (HR-TEM) (JEM – 2100 electron microscope, Angus Crescent, The Netherlands). Functional groups and their wave-
numbers were identified by Perkin-Elmer Spectrum 100 Fourier Transform Infrared Spectrometer (FTIR) equipped with a Perkin-
Elmer Precisely Universal Attenuated Total Reflectance (ATR) sampling accessory equipped with a diamond crystal. The thermal
stability of the materials was determined using a Thermo Gravimetric Analyser (TGA Q500, TA instrument) under air atmosphere
with a flow rate of 50mL/min and a heating rate of 10 °C/min. Surface area analysis was done using Brunauer-Emmet-Teller (BET)
with micromeritics VacPrep 061 equipped with a−195.800 °C liquid nitrogen bath and samples degassing system (Micromeritics Tri-
Star II, Surface area and porosity, Poretech cc, USA). Degassing of samples was done at 100 °C for 20 h.

2.3. Treatment of field AMD at optimized conditions

An integrated process for the treatment of acid mine drainage is depicted by Fig. 2 below.
As shown in Fig. 2, calcined cryptocrystalline magnesite, lime and CO2 bubbling (MLC process) was used to recover valuable

minerals that have commercial value and to produce water that is fit for many defined uses such as irrigation and industrial processes.
The minerals recovery and water reclamation process used authentic AMD from coal mining processes. A sequential and fractional
precipitation approach was employed to precipitate metals as hydroxide in the first reactor.

Masindi, Gitari, Tutu and De Beer [9] reported that the interaction of magnesite with AMD lead to the precipitation of metals as
hydroxides (solids). Magnesium formed a complex of MgSO4 (l) on contact with sulphate rich mine water (Eq. (3)). The sulphate was
taken to a lime reactor. Interaction of lime and magnesium sulphate will lead to the formation of gypsum (solids) as shown by the
reactions below [65,66]:

+ →CaO H O Ca(OH)2 2 (2)

Fig. 2. Treatment process for the treatment of AMD using MLC process. Note: *) = Step 1: AMD neutralisation by calcined cryptocrystalline
magnesite. **) = Step 2: Gypsum synthesis by lime.
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+ + → +MgSO Ca(OH) H O Mg(OH) CaSO . H O4(l) 2(s) 2 2(s) 4 2 (s) (3)

For formation of gypsum, Eq. (3), as a result of ion exchange between MgSO4(l) and Ca(OH)2(s), the following applies:

Species present: Mg2+ ions and SO4
2- ions (from MgSO4 complex)

Ca2+ ions and OH- ions (from Ca(OH)2)
H+ ions and OH- ions (from dissociation of water)
H2O molecules (solvent)

Species that could be reduced: Mg2+ ions
Ca2+ ions
H+ ions (Negligible, because concentration is low as the mixture is very
alkaline at this stage)
H2O molecules

As H2O molecules have the highest standard potential compared to Mg2+ ions and Ca2+ ions, they will be reduced.

− + → +
−Reduction half reaction:2H O 2e – H 2OH2 (l) 2(g) (aq) (4)

Mg2+ has a higher standard potential than Ca2+ ions, and OH- ions have the lowest standard potential SO4
2- ions. Therefore,

Mg2+ will bond with OH- ions and Ca2+ with SO4
2.

Species that could be oxidised: SO4
2- ions

OH- ions (Negligible)
H2O molecules

As OH- ions have the lowest standard potential than the other species, but their concentration is negligible due to high con-
centration of SO4

2- ions in the medium.

− → + +
+ −Oxidation half reaction: 2H O O 4H 4e2 (l) 2(g) (5)

To balance the two half reactions, the oxidation-half reaction is multiplied by 2.

→ + + +
+ −Overall(redox)reaction: 6H O O 4H 2OH 2H2 (l) 2(g) 2(g) (6)

This makes sense as the introduction of H+ reduces the pH of the medium as the reaction proceeds further with continuous
precipitation of magnesium and calcium, which contribute to high alkalinity. The produced H+ and OH- ions form water that has
undergone treatment. The pH is further reduced by CO2 (Eq. (7))

The residual calcium reacted with CO2 to stabilise the pH and remove Ca as limestone as shown in Eq. (4).

+ + → +
+ +CO Ca H O CaCO 2H2(g) (aq)

2
2 3(s) (7)

In this reaction chemistry and thermodynamics, CO2 (g) is a typical acid forming gas because when it dissolves in water, it forms
carbonic acid. The cationic acid donates the protons (hydrogen ions) and form bicarbonate ions. The bicarbonate ions donates
protons and generates a carbonate ion

+ ↔CO H O H CO2 2 2 3(aq) (8)

↔ +
− +H CO HCO H2 3(aq) 3(aq) (aq) (9)

↔ +
− +HCO CO H3(aq) 3(aq)

2_
(aq) (10)

The equilibrium constant at room temperature for Eqs. (5) and (6) could be written as:

= = = =

− +

−

− +

−

−K
[HCO ][H ]

H CO
10 ,K

[CO ][H ]
HCO

101
3

2 3

6.37

2

3
2

3

10.26

(11)

That is the reason the pH of the water was reduced to ≤ 7.3 which is suitable for other defined uses.

2.3.1. Neutralization of AMD
Field AMD samples were treated using calcined cryptocrystalline magnesite at 60mins of equilibration, 1 g: 100mL S/L ratios,

650 rpm shaking speed and≤ 32 µm particle size as reported by Masindi, Gitari, Tutu and De Beer [12]. Physico-chemical parameters
were determined as mentioned in Section 2.2. Validity of the obtained results was maintained by inter-laboratory analysis (in ac-
credited laboratories) and executing experiments in triplicate with the data reported as mean value.

2.3.2. Synthesis of gypsum
An industrial grade lime was used as a precursor for synthesis of gypsum. Lime was added to magnesite-treated water which is
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rich in magnesium sulphate. Specified grams of lime were added into the reactor at 8 g: 100mL S/L ratios as reported by Benatti,
Tavares and Lenzi [67]. The mixture was equilibrated at 650 rpm shaking speed for 60mins using an overhead stirrer. The resultant
residues and water were taken for analysis as described in Section 2.2.

2.3.3. Synthesis of limestone
An industrial grade Carbon dioxide (CO2) from Afrox was used for precipitation of limestone (CaCO3). Carbon dioxide was

bubbled through magnesite treated water from the bottom of the reactor as shown in Fig. 2. The pH meter was also dipped into water
to monitor the pH fluctuations. Due to legislative requirements, the targeted pH was maintained at a range of ≈ 7–7.5. The resultant
residues and water were taken for analysis as described in Section 2.2.

3. Results and discussion

3.1. Treatment of authentic AMD effluents

The chemical compositions of AMD before and after contacting magnesite, lime reacted water and CO2 bubble water are shown in
Table 1.

The initial pH of AMD used in this study was observed to be 2.5. It was therefore increased to 10, 12, and 7.3 after using calcined
cryptocrystalline magnesite, lime and CO2 bubbling, respectively. The Total dissolved solids (TDS) and electrical conductivity (EC)
were also observed to have decreased on a stepwise fashion for magnesite, lime and CO2 treated waters. A reduction in TDS and EC
may be attributed to precipitation of notable quantities of dissolved metal species and sulphates from aqueous system. The sulphate
recorded in this sample was 11,789mg/L making this anion dominant. Major cations included Ca, Mg, Al, Mn and Fe. The pre-
dominance of Fe and SO4

2- indicated that this mine water was subjected to pyrite oxidation. From the obtained results, the treated
water is suitable for irrigation as shown in the DWS water quality guidelines. Some parameters were within the WHO waste quality
standard hence requiring the water to be further treated for it to meet the drinking water quality specifications.

3.2. Mineralogy characterisation

The mineralogical compositions of hydroxides, gypsum and limestone are presented in Fig. 3.

Table 1
Chemical compositions of AMD before and after contacting magnesite, lime reacted water and CO2 bubble water.

Element Units Raw Magnesite Lime CO bubbling % Removal WHO DWS

Aluminium mg/L Al 60 0.1 < 0.1 0.1 99.83 0.1 5
Ammonia mg/l NH3 8 5 2 1 87.50 0.2 2
Antimony mg/L Sb 0.1 0.1 < 0.1 0.1 0.00 0.02 0.1
Arsenic mg/L As 0.1 < 0.1 < 0.1 0.1 0.00 0.01 0.1
Barium mg/L Ba 0.1 0.1 < 0.1 0.1 0.00 0.7 N/A
Boron mg/l B 0.02 0.21 0.11 0.01 50.00 0.5 0.5
Cadmium mg/L Cd 0.1 0.1 < 0.1 0.1 0.00 0.003 10
Chloride mg/l Cl 4.1 2 6.6 1.2 70.73 0.7 1
Chlorine (free) mg/l Cl2 0.07 < 0.020 < 0.02 0.03 57.14 5 N/A
Chromium mg/L Cr 1 0.1 < 0.1 0.1 90.00 0.05 0.1
Colour mg/l Pt 363 8 9 24 93.39 N/A N/A
Copper mg/L Cu 0.5 0.1 < 0.1 0.1 80.00 2 0.2
Cyanide total mg/l CN 0.02 < 0.010 < 0.01 0.01 50.00 0.07 N/A
Conductivity mS/m 1018 1128 913 27.7 97.28 N/A N/A
Fluoride mg/l F 0.2 < 0.20 < 0.20 0.2 0.00 1.5 2
Iron mg/L Fe 2000 < 0.1 0.1 0.1 100.00 2 5
Lead mg/L Pb 0.1 < 0.1 0.1 0.1 0.00 0.01 0.2
Manganese mg/L Mn 100 < 0.1 0.1 0.01 99.90 0.4 0.02
Mercury mg/L Hg 1 < 0.1 0.1 0.01 99.00 0.006 N/A
Monochloramine mg/l Cl2 0.04 0.41 0.01 0.01 75.00 0.7 N/A
Nickel mg/L Ni 5 < 0.1 0.1 0.1 98.00 0.07 0.2
Nitrate +Nitrite mg/l N 0.2 < 0.20 0.20 0.2 0.00 50 10
Nitrate Nitrogen mg/l N 0.2 < 0.20 0.20 0.2 0.00 50 0.5
Nitrite Nitrogen mg/l N 0.2 < 0.20 0.20 0.2 0.00 50 0.5
pH pH 2.55 10 12 7.3 N/A 6.5–9.5 6.4–8.4
Selenium mg/L Se 0.1 < 0.1 < 0.1 0.1 0.00 0.01 0.02
Sodium mg/l Na 0.1 < 0.1 < 0.1 0.1 0.00 20 70
Sulphate mg/l SO4 11,789 9079 79 50 99.58 500 N/A
TDS mg/l 15,000 5990 3840 735 95.10 N/A N/A
Turbidity NTU 789 < 10 < 10 10 98.73 N/A N/A
Uranium mg/L U 765 < 0.1 < 1.0 1 99.87 0.015 0.01
Zinc as Zn mg/L Zn 14 < 0.1 < 1.0 1 92.86 0.05 1

Note: DWS stand for the Department of Water and Sanitation and WHO stand for World Health Organisation.
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As shown in Fig. 3(A), the product from the magnesite reactor was rich in brucite, gypsum, calcite, quartz and hydrotalcite. This
may be attributed to the formation of gypsum from the reaction of Ca and sulphate in water. Brucite may be originating from the
precipitation of magnesium from solution. Quartz is from feed magnesite as reported in literature [68]. The reaction of magnesite
treated water resulted in the formation of basanite, gypsum, brucite, quartz and montmorillonite (Fig. 3(B)). Calcium sulphate
constituted 57.24% and brucite was 37.66%. This may be explained by the information in literature, that indicates that Mg pre-
cipitates at pH> 10 [69]. The rest were impurities of Si and Al. As shown in Fig. 3(C), the synthesis of limestone yielded a high
purity material. Similar results were reported by Benatti, Tavares and Lenzi [67]. As shown in Fig. 3(C), aragonite and brucite were
the major components. This may be attributed to the reaction of carbon dioxide with calcium leading to the formation of calcium
carbonate. Moreover, hydromagnesite was also observed hence indicating that carbon dioxide is also reacting with residual mag-
nesium. The purity of limestone is 70.45% and fractions of magnesium based materials (27.94%) hence making this product the best
candidate for agricultural purposes.

3.3. X-ray fluorescence analysis

The elemental composition (wt%) of hydroxides, gypsum and limestone are shown in Table 2.
As shown in Table 2, the elemental composition (wt%) of synthesized hydroxides, gypsum and limestone. After the interaction of

Fig. 3. XRD spectra of hydroxides, gypsum and limestone.

Table 2
Elemental composition (wt%) of hydroxides, gypsum and limestone against certified materials.

Element (wt%) Certified Analysed Hydroxides Gypsum Limestone

SiO2 99.6 99.70 11.90 0.02 1.64
TiO2 0.01 0.00 0.42 < 0.01 0.05
Al2O3 0.05 0.01 7.52 < 0.01 0.87
Fe2O3 0.05 0.01 20.10 0.05 2.51
MnO 0.01 0.00 3.61 < 0.01 0.34
MgO 0.05 0.01 7.47 10 1.10
CaO 0.01 0.01 36.90 58.00 67.40
Na2O 0.05 0.02 < 0.01 0.20 < 0.01
K2O 0.01 0.01 < 0.01 < 0.01 < 0.01
P2O5 0 0.03 0.82 < 0.01 0.10
Cr2O3 0 0.00 0.14 < 0.01 0.02
NiO 0 0.01 < 0.01 < 0.01 < 0.01
V2O5 0 0.00 0.13 < 0.01 < 0.01
ZrO2 0 0.01 < 0.01 < 0.01 < 0.01
SO3 0 0.00 1.63 21.30 1.85
ZnO 0 0.00 0.02 < 0.01 < 0.01
Nb2O5 0 0.00 0.03 < 0.01 < 0.01
SrO 0 0.00 < 0.01 0.03 0.02
LOI 0 0.10 9.23 10.40 24.10
Total 100 99.92 99.90 100.00 99.99

Note: LOI is loss of ignition.
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calcine cryptocrystalline magnesite with AMD, the content of Fe, Al and Sulphate in the resultant residues were high hence indicating
that there was precipitation of chemical species from AMD during the reaction process. This corresponds very well with the quality of
product water and the XRD results. Similar results were reported by Masindi, Ndiritu and Maree [69]. Ca and S were also observed to
be resent at notable levels hence indicating a possible precipitation of gypsum. This can also be confirmed by XRD results. Mg was
also observed to have increased in the product residue hence indicating the formation of brucite as depicted by the XRD peaks. After
bubbling CO2, there was an increase in Ca and CO2 contents thus proving that limestone was formed. The obtained results are well-
aligned to the XRD results.

3.4. Scanning Electron Microscope (SEM) analysis

SEM was utilized to assess the change in morphology of the starting materials and resulting solid residues. Fig. 4(A) and (B)
shows the morphology of calcined cryptocrystalline magnesite at different magnifications. Fig. 4(C) and (D) shows the morphological
changes that took place after interaction of calcined cryptocrystalline magnesite with AMD.

As shown in Fig. 4, before contacting AMD, the morphology of calcined cryptocrystalline magnesite contained spherical and leafy
like shaped structures hence indicating that the material is heterogeneous. After contacting the AMD, there was platelet; sheet and
rod-like structures which were observed hence indicating that there was precipitation of metals from the treatment of acid mine
drainage. This verifies the results obtained from XRF and XRD. Bulky solution precipitation could be responsible for the formation of
mineral phases which are deposited in-between the secondary residues to form fibre-like, rod shaped and grape structured lumps of
tetrahedral folding appearances, thereby acting as a binding link between the micro-particles hence the dense lumps observed in the
SEM micrographs. Three main features are observed in the solid residues by SEM technique Fig. 4(C) and (D).

• Appearance of spherical, rod and fibre-like and aggregated lump-like structures indicates formation of new mineral phases in the
solid residues.

• Rods-like structures of varying length and thickness/some are flat shaped and are observed over the whole solid residue samples.
Lumps with aggregated substances that are lamella and rose-like shaped.

• Aggregation of the small particles forming lumps and rod and grape tetrahedral folding appearances and shaped structures with
varying sizes hence confirming the deposition of new mineral phases.

• Sheet of flowers like structures outflowing in a petal fashion and arrangement.

The SEM images of industrial grade lime, synthesized gypsum and industrial grade gypsum are shown in Fig. 5(A) –(F).

Fig. 4. SEM images of raw magnesite (A and B) and AMD-reacted magnesite (C and D).
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The industrial grade lime was observed to have spherical and compacted morphology. The synthesized gypsum showed the
presence of rod like structures and aggregated rods. Similar results were observed for industrial grade gypsum. This shows that the
synthesized product is gypsum with minor impurities as indicated by the XRD.

The synthesized limestone and industrial grade limestone are shown in Fig. 6(A)–(D).
Both synthesized and industrial grade limestone contained some rod and carrots like structures. The morphology was homogenous

hence indicating that the recovered material in very pure and contain less impurities.

3.5. High Resolution Transmission Electron Microscopy (HR-TEM) analyses

The TEM diffraction mapping and micrographs of synthesized gypsum are shown in Fig. 7.
The TEM micrographs indicated the presence of rod like structures Fig. 7(E) and (F)). This was conforming to the results reported

in SEM micrographs (Fig. 7(C) and (D)). The HR TEM mapping indicated that the rods contains Ca, O and S hence proving that the
material that is being synthesized is CaSO4 (Fig. 7(A)–(D)). This was further supported by the XRD results. The precipitation of
Sulphur could also be better explained by the product water and XRF results.

Fig. 5. SEM images of industrial grade lime (A and B), synthesized gypsum (C and D) and industrial grade gypsum (E and F).
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Fig. 6. SEM images of synthesized limestone (A and B) and industrial grade limestone (C and D).

Fig. 7. TEM diffraction mapping and micrographs of synthesized gypsum.
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3.6. Surface area

The surface area of hydroxide, gypsum and limestone are shown in Table 3.
As shown in Table 3, the obtained results revealed that the surface area of recovered hydroxides was the lowest, followed by

limestone and gypsum. This is an indication that these materials can be used as additives to a number of metallurgical processes.

3.7. Thermal stability

Thermogravimetric Analysis (TGA) is a method used to determine the amount of weight loss in a material as a function of
increasing temperature, or isothermally as a function of time, in an atmosphere of nitrogen, helium, air, other gas, or in vacuum [70]

Thermal stability of hydroxide, gypsum and limestone are shown in Fig. 8.
TGA plots obtained from the hydroxide, gypsum and limestone analyses are shown in Fig. 8. All chemical components showed

some weight loss with an increase in temperature. Hydroxide and gypsum showed the same trends. A sharp decrease in weight (%) at
400 °C is attributed to the loss of hydroxyl groups from the mineral matrices and interlayers. For limestone, two stages of weight loss
were observed. There is one at 400 °C which indicates a water loss and another one at 700 °C which indicate the release of CO2 during
the thermal conversion of limestone to lime. Sdiri, Higashi, Hatta, Jamoussi and Tase [71] reported that CaCO3 decompose at
740–990 °C.

3.8. FTIR

The recovered and synthesized Fe-species/minerals were further investigated using FTIR analysis as shown in Fig. 9.
The functional groups for metals hydroxide, gypsum and limestone are shown in Tables 4–6 below. The obtained results cor-

roborate the XRD results which surfaced the presence of gypsum, quartz and calcite for metals hydroxide (Table 4). The functional
groups of recovered metals hydroxides are shown in Table 4.

The functional groups of synthesized gypsum are shown in Table 5.
As confirmed by XRD and FTIR results, the synthesized material was rich in sulphate, quartz and hydroxyl group. This is con-

sistent to the XRD and XRF results.
The functional groups of recovered metals hydroxides are shown in Table 6.
As shown in Table 6, the synthesized limestone was observed to be rich in carbonates, quartz and hydroxyl ions. This aligns very

well to the XRD and XRF results. It also confirms the major weight loss in TGA results because OH group was escaping with an
increase in temperature. Moreover, the carbonate fraction was also escaping due to thermal activation leading to the formation of
CaO.

Table 3
Surface area of hydroxide, gypsum and limestone.

Surface area Magnesite Gypsum Limestone

Single point surface area: 15.7822m2/g 32.9168m2/g 25.1219m2/g
BET Surface Area: 15.8087m2/g 34.0091m2/g 25.8115m2/g
Langmuir Surface Area: 21.7524m2/g 47.1429m2/g 35.9956m2/g

Fig. 8. Thermal stability of hydroxide, gypsum and limestone.
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4. Techno-economic evaluation

This study will only focus on the operational expenditure for the treatment process. Table 7, shows the operational expenditure
for the running of the proposed plant.

As shown in Table 7, it can only cost R230.4 (19 USD) to produce a kilolitre (KL) of treated water and R806.40 (66 USD) to
produce 3.5 KL of treated water using the proposed technology. However, from the resale of the recovered materials such as Fe-based
minerals from the hydroxide reactor, gypsum from the lime reactor and limestone from CO2 reactor a net profit of R11263.60 (933
USD) may be recovered. This indicates that, the operators can spend R806.40 for treating 3.5 KL of AMD and have a margin profit of
R11263.60 (933 USD) from the selling of the recovered products.

Fig. 9. The recovered and synthesized Fe-species/minerals.

Table 4
Functional groups for metals hydroxide recovered from the treatment of acid
mine drainage [69,71].

Vibration Wavelength range (cm−1)

CO3
2- In-plane bending 950

SO4
2- asymmetric stretch 1132

CO3
2- asymmetric stretch 1382

Quartz vibration 900–1200
Hydroxyl ions 2990–4000

Table 5
Functional groups synthesized gypsum [69,72].

Vibration Wavelength range (cm−1)

H‒O‒H stretching vibration 3310–3650
H‒O‒H bending vibration 1620
SO4

2- asymmetric stretch 1132
SO4

2- bending vibration 600–666
Quartz vibration 900–1132
Hydroxyl ions 2990–4000

Table 6
Functional groups for metals hydroxide recovered from the treatment of acid mine
drainage [69,71].

Vibration Wavelength range (cm−1)

CO3
2- In-plane bending 714

CO3
2- Out-plane bending 860

Duplex CO3
2- asymmetric stretch 1412

Quartz vibration 900–1200
Hydroxyl ions 2990–4000
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5. Conclusion

This study successfully proved that an integration of magnesite, lime, and CO2 bubbling (MLC process) can be used to treat acid
mine drainage (AMD) and produce valuable products such as:

• Water suitable for discharge, industrial applications and irrigation purposes was reclaimed.

• Valuable minerals that has commercial value and they includes, Fe-hydroxides, gypsum and limestone.

Recovered and synthesized materials were of high purity (> 75%). This was further confirmed by X-ray diffraction, XRF and
FTIR. From ICP-MS, the water results showed that the initial pH of AMD was 2.5 and it increased to pH ≥ 10 and 12 after contacting
magnesite and lime respectively. Post CO2 bubbling the pH was reduced to ≤ 7.29 and approximately ≥ 99% and ≥ 95% of che-
mical species and sulphate were removed from an aqueous system respectively. Techno-economic evaluation indicated that it can
cost R806.40 (66 USD) to treat 3.5 KL of acid mine drainage and have a return of R11263.60 (933 USD) from the resale of the
recovered materials. From, the findings of this study, it can be concluded that this novel study will go a long way in curtailing the
impact of AMD by recovering and synthesizing valuable materials that have commercial value. The recovery of valuable materials
will aid in off-setting the running costs of the treatment process through their resale hence making the technology self-sustaining.
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