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In this novel study, the efficacy of metakaolinite for the treatment of acid mine drainage (AMD) was evaluated.
The optimized parameters included the feedstock dosage and contact time. Experimental results were further
explored using inductively coupled plasma-mass spectrometry (ICP-MS), ICP-OES (inductively coupled
plasma-optical emission spectroscopy), Fourier transform infrared spectroscopy (FTIR), high-resolution-
focused ion beam/scanning electron microscopy (HR-FIB/SEM), energy-dispersive x-ray spectroscopy (EDS),
x-ray fluorescence (XRF) and x-ray diffraction (XRD). Optimum conditions were observed to be 45 min of
mixing time, >10 g-L' of feedstock dosage, i.e., metakaolinite, and ambient temperature and pH. The metal
content (Fe, Mn, Cr, Cu, Ni, Pb, Al, and Zn) embedded in AMD matrices were partially removed whilst the
level of sulphate was significantly reduced. Chemical species removal efficacies were observed to occur in
the following sequence; Cr > Zn > Cu > Pb > Mn > Ni > sulphate > Mg > Fe, with the following removal
percentages: 100, 91.7, 74.6, 65, 38.8, 37.5, 32.3, 13.8, and 8.3%, respectively. Thus metakaolinite proved
to be partially effective in the treatment of AMD emanating from coal-mining processes. Furthermore, to
enhance the performance of this technology, a polishing technique needs to be coupled or integrated to
further remove residual inorganic contaminants, as well as other forms of modification such as the addition
of alkaline agents to synthesize the nanocomposite and increase its alkalinizing capabilities.

INTRODUCTION

Acid mine drainage (AMD) or acid rock drainage (ARD) comprises of elevated levels of inorganic
contaminants, including Al, Fe, Mn, and sulphate, along with traces of heavy metals (Cu, Ni, Zn,
Pb), metalloids (As and Cr), and radionuclides (Amos et al., 2015; Park et al., 2019). AMD emanates
from areas where there is mining of coal and gold, amongst other minerals. These chemical species
originate from the host rock and associated minerals. They get introduced into water through
leaching and other chemical weathering processes (Sheoran et al., 2011a; Sheoran et al., 2011b; Amos
et al,, 2015). When this effluent is discharged into the environment, it can cause ecological damage
if not properly treated. Specifically, AMD can cause receiving environments to be devoid of life;
this is mainly attributed to the toxic and hazardous chemical species therein (Kefeni et al., 2017;
Naidu et al., 2019; Park et al., 2019; Chen et al., 2021). Furthermore, high electrical conductivity, i.e.,
due to high levels of total dissolved solids (TDS) and acidic pH impair the ability of the receiving
environment to support life, hence highlighting the necessity of treating this wastewater stream.
In addition, stringent regulatory frameworks have stipulated requirements for wastewater discharge
for different industries (Simate and Ndlovu, 2014; Masindi et al., 2016b; Kefeni et al., 2017).

Various methods have been employed for the treatment of acid mine drainage, and these rely on
different technologies such as adsorption, ion exchange, precipitation, filtration, bio-(phyto)-
remediation, and crystallization, amongst others (Gazea et al., 1996; Bwapwa et al., 2017; Kefeni
etal,, 2017; Fernando et al., 2018; Naidu et al., 2019; Park et al., 2019; Ighalo et al., 2022; Masindi et al.,
2022b). These technologies have been proven to be effective, but have advantages and disadvantages.
Precipitation techniques have a challenge of simultaneously precipitating metals occurring at different
concentrations, as well as the production of toxic and highly mineralised sludge that requires proper
management and disposal. Furthermore, disposing of the sludge will incur additional costs, making
the technology undesirable unless water recovery is the main objective in mine-water treatment.
Filtration is energy intensive, and generates brine that requires proper management and disposal.
These constraints further hinder the application of AMD treatment technologies, especially for
authorities or countries that require zero-liquid-discharge (ZLD) technologies. Crystallization has
the challenge of being concentration dependent, and also requires exorbitant amounts of energy.
Lastly, ion exchange has been perceived as a promising technology but regenerants from the ion
exchange resin pose further ecological threats —~hence, this technology is still developing (Masindi
et al,, 2018a; Masindi et al., 2018b; Agboola, 2019; Naidu et al., 2019; Akinwekomi et al., 2020; Ighalo
et al.,, 2022; Masindi et al., 2022a; Masindi et al., 2022b; Thomas et al., 2022).
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Adsorption has emerged as the most promising technology that
has been widely employed for the removal of contaminants from
different wastewater matrices (Agboola, 2019; Naidu et al., 2019;
Akinwekomi et al., 2020). This technology has been validated at
different scales and is highly effective. Furthermore, the use of
locally available materials, their abundance and cheap cost has
further encouraged the application of this material for water
depollution (Masindi et al., 2015, 2017). Widely used adsorbents
include clay, metal oxides, and their composites (Unuabonah and
Taubert, 2014; Vinati et al., 2015; Vardhan et al., 2019; Yadav et
al,, 2019). Due to their high versatility, agile cation exchange
capacity, and high efficacy, clay minerals have been employed
for the treatment of multicomponent wastewater streams instead
of individual elements such as chromium, arsenic, and sulphate,
amongst others (Bradl, 2004; Bhattacharyya and Gupta, 2008;
Borisover and Davis, 2015; Han et al., 2019). Contaminants
in real wastewater solutions exist with other chemicals, which
makes it difficult to remove individual contaminants from a
highly mineralised wastewater stream. Hence there is advocacy
for a holistic approach that covers a wide range of contaminants.
Specifically, bentonite clay has been employed for the treatment
of real acid mine drainage, but this is an aluminosilicate material
with 2:1 layering and a high cation exchange capacity; other
clays such as kaolinite and vermiculite have been employed for
the treatment of specific contaminants in industrial effluents
(Bhattacharyya and Gupta, 2008; Masindi et al., 2015; Burakov
et al., 2018). Kaolinite and its derivative, i.e., metakaolinite, has
been employed for the removal of metals from different wastewater
matrices, but these adsorbents never been tested on a wider range
of contaminants in one wastewater matrix, such as acid mine
drainage. The aim of this study was to assess the effectiveness
of kaolinite and its derivative, metakaolinite, as adsorbents
for removing a wider range of contaminants from acid mine
drainage. Furthermore, insights into the interaction behaviour and
partitioning of inorganic contaminants was also explored.

MATERIALS AND METHODS
Sample collection

Real AMD was collected from a coal mine in Mpumalanga
Province, South Africa. The effluent was seeping through the toe
of a coal stockpile. This AMD is concentrated and fully oxidised
due to evaporation and exposure to atmospheric oxygen, hence
Fe(III) was present in elevated concentrations. Wide-mouth
high-density polyethylene (HDPE) bottles were used for sample
collection, while the suspended solids and debris were removed by
filtration using Macherey-Nagel filter papers (MN 615. @125mm).
After collection, samples were stored in a portable ice chest and
transferred to the laboratory. Metakaolinite (ALSi,O;) was
acquired from the material laboratory at the Council for Scientific
and Industrial Research (CSIR).

Treatment of AMD: optimisation studies

A batch experimental approach was used for the treatment of
AMD using the metakaolinite nanoparticles. The experiments
were performed in graded volumetric flasks loaded with
1000 mL of AMD. The mixtures were mixed at specified intervals
and dosages as given below. Overhead stirrers mounted on a
Philip and Bird stirrer equipped with 6 propellers were used.
Examined ranges of contact time and metakaolinite dosages are
given in Table 1.

Experiments were performed in triplicate and results presented
as mean values as the standard errors were noted as zero (0).
Metakaolinite mass was measured using an analytical balance
with a precision of 2 decimal places. The parameters considered
in the optimisation studies were: (i) contact time (i.e. duration of
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Table 1. The examined ranges for contact time and metakaolinite
dosage in treatment of coal AMD treatment (AMD volume 1 000 mL
and mixing speed 250 rmin~')

Experimental run Contact time (min) Metakaolinite

dosage (g)

1 0 10
2 5 10
3 10 10
4 15 10
5 30 10
6 45 10
7 60 0
8 60 0.5
9 60 1

10 60 2.5
n 60 5

12 60 10
13 60 15

mixing of the metakaolinite with AMD), and (ii) metakaolinite
dosage (i.e. metakaolinite mass per AMD volume). The effect
of these two main parameters on AMD treatment efficiency
was examined by first varying the contact time and then the
metakaolinite dosage. Optimum contact time was used to identify
the optimum metakaolinite dosage. It should be noted that the.
Once the optimum parameters were determined, metakaolinite
was used to treat AMD under these optimised conditions.

Contaminant removal efficiency (% removal)

Percentage removal of the contaminants contained in AMD after
the metakaolinite treatment was estimated using Eq. 1:

CO B Ce
G
where C, is the initial concentration of any defined contaminant

and C, is the final concentration of the same contaminant after
treatment.

Precentage (%) removal = ( ) x 100 (1)

Sample characterisation

To identify the chemical species contained in the examined
aqueous samples (AMD, before and after treatment with
metakaolinite), as well as to identify the purity of the procured
individual materials and the composition of the synthesized
nanocomposite and sludge generated from the interaction of
the metakaolinite with AMD, different analytical techniques
were employed. Analytical equipment was used in an ISO/IEC
17025:2017 accredited laboratory, as discussed below.

Aqueous sample characterisation

For characterisation of the in-situ properties of the AMD, i.e.,
pH, electrical conductivity (EC) and total dissolved solids (TDS),
before and after treatment, a multi-parameter probe (HANNA
instrument, HI9828) was used. The chemical species contained in
the raw and treated AMD were measured by means of inductively
coupled plasma-optical emission spectrometry (ICP-OES)
(Agilent Technologies 5110, coupled with Agilent SPS 4 Auto
sampler) and inductively coupled plasma mass spectrometry
(ICP-MS) (Thermo Scientific’s XSERIES 2, coupled with ASX-
520 auto sampler). Thermo Fisher Scientific’s gallery plus discrete
analyser photo spectrometer was used for base metal analyses,
as well as sulphates. The listed pieces of equipment were utilised
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inter-changeably depending on availability and characterisation
needs. National Institute of Standards and Technology (NIST)
standard reference materials and quality control procedures were
observed during the experiments and analyses. Furthermore,
inter-laboratory analysis was done to confirm the results.

Solid sample characterisation

To determine the mineralogical characteristics of the: (i)
metakaolinite, and (ii) resultant sludge (from the interaction of the
metakaolinite with AMD), x-ray diffraction (XRD) (Panalytical’s
X’Pert PRO x-ray diffractometer along with Philips PW 1710
diffractometer with graphite secondary monochromatic source)
was used. Elemental compositions were ascertained using x-ray
fluorescence (XRF) (Thermo Scientifics ARL PERFORM’X
Sequential X sequential XRF spectrometer, coupled with the
UniQuant software for standardless quantitative analysis).
Furthermore, the metals and anion functional groups were
determined using Fourier transform infrared spectroscopy
(FTIR) (Perkin-Elmer Spectrum 100 FTIR spectrometer coupled
with Perkin-Elmer’s universal attenuated total reflectance (ATR)
sampling accessory with a diamond crystal). To corroborate
and complement the XRD and XRF results, the morphological,
mapping, and elemental properties were measured using a high-
resolution (HR) field emission scanning electron microscope
(FE-SEM) (SmartSEM-Auriga) coupled with focused ion beam
(FIB) and energy dispersive x-ray spectroscopy (EDS). EDS/SEM
and FIB/SEM allow for precise and highly accurate measurements,
while high-resolution and undistorted imagery can also be obtained.

RESULTS AND DISCUSSION
Optimisation studies

The effects of the range of contact times and metakaolinite dosages
given in Table 1 are discussed below.

Effect of metakaolinite dosage

The effect of metakaolinite dosage on EC, pH, Ca and Mg levels as
a function of contact time are shown in Fig. 1.

The metakaolinite dosage (in grams) was observed to have an
effect on the concentrations of Ca, Mg and EC, and also pH. As
expected, there was a general increase in both pH and Ca levels
with an increase in reaction time. Conversely, a minimal decrease
in EC and Mg concentration was observed with an increase in
dosage. This suggests the removal of dissolved substances, leading
to a decrease in dissolved solids and thus EC, while certain
interactions likely involving ion exchange may have contributed
to the increase in Ca levels. Reduction in Mg and EC may be
attributed to the adsorption of Mg ions in exchange for other
contaminants in the metakaolinite matrices, specifically through
isomorphous substitution. An increase in Ca denotes its leaching
from the clay matrices. It was thus decided that a metakaolinite
dosage of 10 g should be used in the subsequent optimisation
studies. Percentage removal of the main chemical species from
AMD as a function of metakaolinite dosage are shown in Fig. 2.

As shown in Fig. 2, there was an increase in removal efficacy
(% removal) of inorganic contaminants with an increase in
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Figure 1. Effects of metakaolinite dosage on EC, pH, Ca, and Mg as a function of contact time (contact time 45 min, AMD volume 1 000 mL,

250 rrmin~' mixing speed, room temperature)
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Figure 2. Effects of metakaolinite dosage on the percentage removal of inorganic contaminants (contact time 45 min, AMD volume 1 000 mL,

250 rrmin~" mixing speed, and room temperature)
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metakaolinite dosage. An increase in dosage proportionally led
to an increase in the number of adsorption sites available for
adsorption of contaminants from acid mine drainage. Moreover,
the removal of sulphate gradually increased with increasing
metakaolinite dosage from 1 g to 15 g, with a maximum removal
efficacy of 32%. This could be attributed to the formation of
gypsum or any other metal-(oxy)-hydrosulphate when reacting
with AMD rich in sulphate (Masindi et al., 2017). Chemical species
removal efficiencies were observed to occur in the following
sequence; Cr > Zn > Cu 2= Pb 2 Ni > Mn 2 sulphate > Fe, with
the following removal percentages 99.9, 91.6, 74.5, 65, 38.7, 37.5,
32.3, and 8%, respectively. Poor removal efficacy for chemical
species could be attributed to the lack of enough adsorption and
exchange sites on the metakaolinite matrices. This suggests that
the main mechanisms that govern the removal of contaminants
from AMD using metakaolinite are adsorption and ion exchange.
Considering the obtained results, a metakaolinite dosage of
10 g is adequate for the removal of inorganic contaminants from
aqueous solutions.

Effect of mixing time

Variation in the levels of EC, pH, Ca, and Mg as a function of
contact time are shown in Fig. 3.

As shown in Fig. 3, there was a fluctuating trend in EC and Ca
levels with increasing contact time. Initially, Ca levels increased,
followed by a subsequent decrease, which may indicate a dynamic

interaction between AMD and metakaolinite. The observed
fluctuations suggest a possible stoichiometric relationship between
the two during the interaction. From 0 to 60 min, the fluctuations
in Ca and EC were not directly proportional, indicating complex
interactions. Additionally, a reduction in Mg concentration was
observed, particularly within the first 5 min, and appeared to
correlate with the contact time. The decline in EC further suggests
thatthe reductionin ECis primarily due to attenuation mechanisms,
possibly resulting from the leaching of chemical species from the
clay interlayers and matrices. Overall, these findings indicate that
the reaction between AMD and metakaolinite occurs rapidly
and is dependent on contact time. As expected, the pH was also
observed to increase with an increase in contact time. The pH
increased slightly, i.e., from 2 to 2.57, after 60 min. However,
45 min was taken as the optimum contact time in which to
effectively remove the chemical species from AMD. A decrease in
Mg implies the exchange of chemical species in the interlayers of
clay. Likely mechanisms that could explain the reaction chemistry
observed are ion exchange and adsorption.

The variations in the percentage removal of the main chemical
species from AMD as a function of mixing time are shown in
Fig. 4. As expected, there was an increase in the removal of
inorganic contaminants with an increase in contact time (Fig. 4).
The removal efficacies were observed to be rapid from 0 to
45 min; thereafter, no significant change was observed during
the interaction of AMD and metakaolinite (% removal plateau).
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Figure 3. Effects of mixing time on EC, pH, Ca, and Mg (dosage 10 g per 1 000 mL, 250 rmin~' mixing speed, and room temperature)
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Figure 4. Variations on the percentage removal of inorganic contaminants as a function of contact time (dosage 10 g per 1 000 mL, 250 r-min~'

mixing speed, and room temperature)
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As such, 45 min was deemed sufficient for the treatment of AMD
with metakaolinite. The chemical species removal efficiencies
were observed to occur in the following sequence; Cr > Zn 2
Cu > Mn 2 sulphate > Pb > Ni > Fe, with the following removal
percentages 98.9, 90.8, 57.6, 48.9, 33.3, 20, 18.8, and 8.3%,
respectively. Significant removal of Cr and Zn was observed
(= 90%). Residual metals and sulphate could be removed using
polishing technologies such as adsorption, filtration, ion exchange
and bio-(phyto)-remediation. The main objective will be to
reclaim water that complies with the prescribed limits. Based on
the optimization study, 45 min stands out as the optimum time
for both metal and SO, removal. Lastly, as reported from our
previous study (Masindi et al., 2016b, 2017) chemical species were
attenuated through different mechanisms such as adsorption,
precipitation, complexation, co-precipitation, and co-adsorption,
specifically through the formation of gypsum, di-(tri)-metals
sulphates, epsomite and oxyhydrosulphates. Results obtained
in this study corroborated what has been reported in literature
(Meroufel and Zenasni, 2018; Masindi and Ramakokovhu, 2021).

Leaching of Al from metakaolinite matrices

Variation in the leaching of Al ions as a function of contact time
and metakaolinite dosage is shown in Fig. 5.

Contrary to other contaminants, the trend for Al ions in the
product water was observed to be inversely proportional to the
trend for other contaminants. There was a release of Al ions with
an increase in dosage and contact time. This could be attributed
to the acidic nature of acid mine drainage that enhances the
solubility of heavy metals; hence there was leaching of Al from the
metakaolinite matrices. A significant amount of Al was observed
to be introduced into aqueous solution and this was observed to
be proportional to time and dosage. Similar results for kaolinite
and its derivative, i.e., metakaolinite, were reported in literature
(Kyriakogona et al., 2017; Lin et al., 2018; Karbalaei Saleh et al.,
2019; Peng et al., 2021).

Treatment of AMD under optimum conditions

The physicochemical properties of the raw and metakaolinite-
treated AMD are reported in Table 2.

After the optimum conditions for contact time and metakaolinite
dosage were identified, the AMD was treated under these
conditions. As shown in Table 2, although metakaolinite doesn’t
completely eliminate S and Fe, its application could still offer a
practical solution for managing AMD. Metakaolinite treatment
significantly reduced the levels of the contaminants contained
in AMD, suggesting that it is possible to attenuate and treat real
and concentrated AMD. Metakaolinite uses synergies between
adsorption, ion exchange, and precipitation, primarily due to the
chemical components embedded in its matrices and interlayers.

Table 2. Physicochemical properties of raw and metakaolinite-treated
AMD (optimum conditions: 45 min of contact time at 250 rmin~,
10 g-L”' of metakaolinite dosage, and room temperature)

Element Units AMD Treated AMD % removal
Sulphate mg-L™ 15000 10 150.0 323
Fe mg-L™! 1800 1650.0 8.3
Al mg-L™’ 500 750.0 -50.0
Mn mg-L™! 98 60.0 38.8
Cr mg-L™ 0.09 0.0 100.0
Zn mg-L™ 120 10.0 91.7
Cu mg-L™ 0.59 0.2 74.6
Ni mg-L™ 1.6 1.0 375
Pb mg-L™! 0.2 0.1 65.0
Ph - 2 2.8 -40.0
EC mS-cm™ 1709 1700.0 0.5
Ca mg-L™’ 495 757.0 -529
Mg mg-L™ 622 536.0 13.8

Furthermore, the pH of AMD was observed to increase slightly
from 2 to 2.8, indicating that there is no alkalinity released
from the metakaolinite matrices to the receiving solution. The
chemical species removal efficiencies were observed to occur in
the following sequence; Cr > Zn > Cu = Pb > Mn > Ni > sulphate
> Mg > Fe, with the following removal percentages: 100, 91.7,
74.6, 65, 38.8, 37.5, 32.3, 13.8, 8.3%, respectively. Chemical species
which were observed to leach were Al and Ca. The presence of Fe
and S in elevated concentrations implies that the type of mine-
water treated in this study emanates from the oxidation of pyrite
(Evangelou, 1998).

Solid material characterisation

This section will provide insight on the fate and partitioning
of chemical species contained in raw metakaolinite and AMD-
reacted metakaolinite (sludge). Results regarding the quality of
the treated AMD are corroborated and verified.

Elemental composition

The elemental composition of metakaolinite, and AMD-reacted
metakaolinite (resultant sludge) were examined by means of XFR,
complemented by HR SEM-EDS. The XRF results are shown in
Table 3.

As shown in Table 3, metakaolinite and metakaolinite-
AMD resultant sludge comprised Al and Si, hence the name
aluminosilicate. After contact with the AMD solution, the

% leaching

Effect of contact time

Time (mins.)

% leaching

Effect of dosage

Dosage (g)

Figure 5. Variation in the leaching of Al ions as a function of contact time and metakaolinite dosage
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Table 3. Elemental composition of metakaolinite and AMD-reacted metakaolinite (resultant sludge) as ascertained by the XRF technique

Standard Characterisation
Wt. %. BHVO-1 STD BHVO-1 analysed Metakaolinite AMD-reacted metakaolinite
SiO, 49.94 48.17 49.69 43.19
Al,O, 13.8 17.33 39.26 37.00
MgO 7.23 5.96 0.72 1.59
Na,O 2.26 2.94 <0.01 <0.01
P,0; 0.273 0.31 0.10 0.08
Fe,O, 12.23 10.98 1.32 2.94
K,0 0.52 0.57 0.41 0.39
Ca0 1.4 10.82 1.89 2.1
TiO, 2.71 2.50 1.52 1.47
V,0, 0.0566 0.06 0.01 0.02
Cr,0, 0.0422 0.04 0.07 0.06
MnO 0.168 0.17 0.01 0.03
NiO 0.0154 0.01 0.02 0.01
CuO 0.017 0.02 0.01 <0.01
ZrO, 0.0242 0.02 0.28 0.24
SO, - 0.01 0.02 4.01
Nb,O, - - 0.04 0.04
Co,0, - 0.02 <0.01 0.01
ZnO - - 0.01 0.01
SrO . 0.04 0.03 0.02
Y,0, - - 0.03 0.03
LOI - - 4.50 6.71

resultant sludge comprised elements which are prevalent in AMD
and metakaolinite. Specifically, the resultant sludge had elevated
levels of Fe, Mg, and S. The detected elements are the major
contaminants in AMD, affirming that metakaolinite is acting as a
sink of major and trace contaminants from AMD. Their reduction
in Al and Si in the resultant metakaolinite-AMD sludge suggests
the feasibility of leaching. This finding corroborates the ICP-MS
results as reported in the optimization studies. There was a shift in
the level of trace elements, but this was insignificant. The loss on
ignition (LOI) was also observed to be high. This could be from
the loss of water, since this material is hydrated, and to a lesser
extent volatile compounds, organic matter, and carbonates.

Map sum spectrums

To complement the XRF results, the HR-FIB/SEM-EDS
spectrums for metakaolinite and metakaolinite-AMD sludge
were also determined. The corresponding spectrums along with
the estimated elemental compositions are shown in Fig. 6.

As shown in Fig. 6, metakaolinite comprised Al and Si as major
elements, hence the name aluminosilicate. After contact with the
AMD solution, the resultant sludge comprised elements which are
prevalent in AMD and metakaolinite. Specifically, the resultant
sludge comprised elevated levels of Fe, Mg, and S, confirming that
metakaolinite is acting as a sink of major and trace contaminants
from real AMD. The obtained results confirmed those from XRF.
However, elevated levels of Al and Si were initially observed, but
these levels were subsequently reduced, confirming the feasibility of
leaching, as indicated by the ICP-MS/OES results. There was a shift
in the level of trace elements but this was observed to be very slight.

Morphological and microstructural properties

The morphological and microstructural properties of (a)
metakaolinite and (b) metakaolinite-AMD resultant sludge
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are shown in Fig. 7a-b. To attain high-resolution imagery with
limited distortion, HR-FE-SEM was used.

The metakaolinite was observed to comprise heterogeneous
mixtures of leaf-like petals and layers, and show hexagonal
platelets connected to each other (Fig. 7a). The microstructural
properties were observed to be the same at different
magnifications. Similar results were reported in literature (Konan
et al,, 2009). The metakaolinite-AMD resultant sludge was also
observed to comprise leaf-like and hexagonal structures but
was dominated by rod-like structures. The results confirm the
microstructural transformation of the material and this confirms
that there is deposition of new mineral phases in the sludge
from AMD (Fig. 7b). This further corroborates the removal and
dissolution of contaminants from the interaction between AMD
and metakaolinite.

Elemental distribution mapping using EDS

To further corroborate the XRF and the SEM/EDS results
regarding the elemental composition of the solid samples,
elemental distribution mapping was also carried out using the
FE-SEM instrument’s EDS capabilities. Results are shown in Fig. 8.

As shown in Fig. 8a, the metakaolinite comprised Al, O and Si
as dominant elements along with trace levels of Mg, Ca and K.
The elements were evenly distributed across the surface. The
distribution of these elements on the surface of the material
further confirms the nature of the material, i.e., aluminosilicate.
The obtained results correspond to that found using XRF and
EDS. The resultant sludge produced from the interaction of
metakaolinite with AMD (Fig. 8b) comprised Al Si, Fe, S, K, and
Ca as predominant elements. The obtained results corroborate
those from the ICP-MS/OES analyses of the raw and product
water quality, and this demonstrates the fate of chemical
components after treatment of AMD with metakaolinite.
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Figure 6. Elemental composition of (a) metakaolinite and (b) metakaolinite-AMD sludge using EDS/SEM spectrums
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Figure 8. EDS/SEM imagery and elemental maps of (a) metakaolinite and (b) metakaolinite-AMD resultant sludge

Mineralogical properties

The mineralogical composition and crystal phases of the examined
solid samples were identified using XRD (Fig. 9).

Metakaolinite comprised mullite, quartz, cristobalite, hematite,
kaolinite, rutile, and calcite on its matrices. This confirms that
this mineral is an aluminosilicate material with other impurities.
However, chemicals embodied in its matrices could justify certain
chemical reactions, specifically, the silicate will react with acidity
in AMD via ion exchange, hence increasing the pH of the product
water (Eqs 2-6) (Masindi et al., 2015).

=SiOH « SiO- + H* (2)

=SiOH + Ca*" «+»= SiOCa + H* (3)

=SiOCa + M** + 2HOH ->= SiOM + Ca*" + 20H"- (4)
= SiOH + Mg** <= SiOMg + H* (5)

=SiOMg + M** + 2HOH = SiOM + Mg* + 20H~  (6)
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The metakaolinite-AMD resultant sludge comprised mullite,
quartz, cristobalite, hematite, kaolinite, rutile, and basanite. The
noisy signal in the spectrogram of the resultant sludge denotes
the presence of amorphous phases in its matrix . The reaction of
basanite in the metakaolinite matrices (interlayers) and AMD is in
agreement with the XRD, EDS mapping, and XRE and this could
be explained by the following equations (Masindi et al., 2016a):

CaO + H,0 > Ca(OH), 7)
MgSO, + Ca (OH), > Mg (OH), + CaSO, (8)

The presence of new phases, i.e., basanite, demonstrates the
decomposition of metakaolinite and the formation of new mineral
phases. The disappearance of calcite confirms the alkalinity in the
product water as explained in Eqs 9-10.

Al(H,0),(OH), + SO > Al(H,0),(OH)(SO,) + 20H~  (9)
Fe(H,0),(OH), + SO > Fe(H,0),(OH)(SO,) + 20H-  (10)

The result from this study corroborates what has been reported in
ICP-MS/OES, and SEM-EDS.

25



8000

7000

6000

5000

4000

Counts (a.u)

3000

2000

1000

—— Metakaolinite
— AMD reacted Metakaolinite

Peak List

L L il ,ul PP T

Mullite; A14.56 09,72 Si11.24 1 =

Quartz low: 02 Sit

Cristobalite low; 02 Si1__|

Hematite; Fe2 03

1
Kaolinite 1VJ A\RG; AI2 ( big Q5 (9 H)A
Rutile. syn: Ti 02 ]

Calcite; Ca (C 03 ) . |

Peak List : 7 ol

Mullite; Al4.52 09.74 Si1.48 1l ol
| Quartz low; 02 Sit ]

Hematite, syn; Fe2 03 N |

Bassanite; H1 C§1 04.5 5] ] L1

Cristobalite low: 02 Si1

Rutile; 02 Ti1

¥aolinite 1) AVRG; AI2 (big Q5 II{ O H)4

20
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Figure 10. The FTIR spectrum of the metakaolinite and metakaolinite-AMD resultant sludge

Functional groups

The FTIR spectrums of the solid samples were also identified,
along with their functional groups and wavenumbers (cm™).
The results for metakaolinite and metakaolinite-AMD resultant
sludge are shown in Fig. 10.

As shown in Fig. 10, the obtained FTIR results corroborate the XRE,
XRD, and EDS/SEM results. It appears that the use of metakaolinite,
can provide an innovative option for the treatment of AMD. With
this treatment method, effective management of AMD from coal
mining can be achieved, while water could also be reclaimed
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using polishing techniques. This is of particular importance
for South Africa and other countries and areas that are affected
by water scarcity and AMD-producing mining activities. Raw
metakaolinite comprised Al-O-Si, Si-O-Si, and H-O-H peaks.
The obtained results are consistent with what has been reported
in literature (Srivastava et al., 2005; Tang and Shih, 2012; Wainipee
et al., 2013; Zhao and He, 2014). This shows that the material is
an aluminosilicate that is hydrated. However, after the interaction
of metakaolinite with AMD, peaks for elements in AMD were
observed in the resultant sludge, including S and Fe, confirming
that metakaolinite is a sink for chemicals found in AMD.
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CONCLUSIONS

This study successfully proved the effectiveness of metakaolinite
in treating AMD arising from coal-mining processes. The
obtained results were confirmed with a variety of analytical
techniques and instruments, such as FTIR, HR-FIB/SEM, EDS,
XRE and XRD. Optimum conditions were observed to be 45 min
of mixing time, 210 g-L™! of metakaolinite dosage and ambient
temperature and pH. The metal content (Fe, Mn, Cr, Cu, Nij,
Pb, Al, and Zn) embedded in AMD matrices was partially
reduced. Chemical species removal efficiencies were observed
to occur in the following sequence; Cr > Zn = Cu 2 Pb > Mn >
Ni > sulphate > Mg > Fe, with the following removal percentages
100, 91.7, 74.6, 65, 38.8, 37.5, 32.3, 13.8, 8.3%, respectively. The
fate of the chemicals contained in the AMD were observed in
the generated sludge after the interaction with metakaolinite.
Moreover, metakaolinite was observed to leach Al and Si into the
product water. This treatment approach holds great promise for
the sustainable management of AMD effluents from coal-mining
activities and can provide a simple and effective solution for AMD
management. Neutralisation, softening and filtration technologies
will need to be coupled to this process to further enhance the
reclamation of drinking water and to explore possible recovery of
valuable minerals from the generated sludge.
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