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In recent decades, much research has been paying attention on the treatment and desalination of acid mine
drainage (AMD) with minimal focus on the recovery of minerals from the resultant residues. Solid sludge
produced after the treatment process is highly mineralised and technologies are required for the processing of
the ﬁnal sludge for possible industrial application. Conventionally, magnetite is synthesized using iron-rich,
industrial grade chemical reagents making magnetite expensive to produce. This has urged the need to come-up
with pragmatic and sustainable technologies of recovering magnetite from waste materials. This has led to the
development of the present study which aimed at pre-treating AMD in such a way that magnetite could be
generated from the recovered sludge. Synthesis of magnetite nanoparticles was evaluated at varying temperature
gradients. The principal mechanism governing the metals recovery was selective precipitation. This was
achieved by manipulating the pH and aeration rate of the reaction mixture. Experimental results revealed that
optimum conditions that are suitable for the recovery of magnetite nanoparticles from AMD were 2:1 mol ratio
of Fe(II)/Fe(III), pH ≥ 10 and temperature ranging from 25 to 100 °C. The purity of synthesized magnetite was
24 (Wt.%) for Al-removed magnetite and 28 (Wt.%) for magnetite synthesized with no Al-removal. Particle size
analysis indicated the presence of magnetite nanoparticles having diameters of 0.5 nm. SEM-EDS and mapping
revealed the presence of Fe and O on the matrices of synthesized material hence conﬁrming that the recovered
material is magnetite. This study successfully proved that magnetite nanoparticles can be synthesized from ironrich mine drainage.

1. Introduction

+
FeS2(s) + 14Fe3+ + 8H2 O→ 15Fe2+ + 2SO2−
4(l) + 16H

(3)

Depending on the hydrogeology of the mine voids, there are four
types of mine drainages, namely: acid, neutral, saline and basic mine
drainage [1,2]. Out of those, Acid Mine Drainage (AMD) has been
identiﬁed as an issue of prime concern due to the nature and
magnitudes of its environmental impacts and footprints [3]. This has
made AMD a paramount subject that needs urgent attention in
international scientiﬁc communities [4]. Acid mine drainage is formed
from hydro-weathering and oxidation of sulphide bearing minerals
[5–7]. The formation of AMD can be explained by the following
reactions [3,8,9]:

3+
Fe(aq)
+ 3H2 O l → Fe(OH)3(s) + 3H+(aq)

(4)

bacteria

2+
2FeS2(s) + 7O2(g) + 2H2 O⎯⎯⎯⎯⎯⎯⎯→ 2Fe(aq)
+ 4H+(aq) + 4SO2−
4(aq)

(1)

2+
4Fe(aq)

(2)

⁎

+ O2(g) +

4H+(aq)

→

3+
4Fe(aq)

+ 2H2 O(l)

These reactions are also mediated by sulphate oxidising bacteria
(SOB) (Eq.(1).) [2]. They lead to the formation of acidic mine water
[10]. The acidic nature further solubilises chemical species in the host
rocks adding them to the resultant eﬄuent [11]. Acid mine drainage is
primarily composed of H+(aq), SO42+(aq), Fe(II), Al(III) and Mn(II) as
the major components [12]. The composition of AMD also includes
heavy metal ions such as Cu, Ni, Zn, Co and Cr in addition to As [13]
and alkaline earth metals such as Mg and Ca [11]. The presence of the
heavy metal ions has prompted a need to treat AMD prior to discharge
to protect aquatic ecosystems [14].
The treatment of AMD can either be active or passive. Active
treatment involves addition of alkalis such as lime and limestone
[15–17], magnesite [11], magnesite tailings [3], brucite [12], periclase
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Fig. 1. Schematic presentation of magnetite synthesis.

Fe2+(aq) + 2Fe3+(aq) + 8OH−(aq) → Fe 3O4 + 4H2 O

[18], hydrated lime [7], sodium hydroxide [19] or sodium carbonate
[20] to raise the pH of the AMD and precipitate majority of dissolved
transition metal ions. From the documented literature, AMD contains
elevated concentrations of Fe ions that are worth recovering [21]. Few
researchers have recovered Fe from mine water for the synthesis of
pigments and other industrial products [22,23]. Considering the
quantity of AMD generated annually, the potential to recover iron
products from AMD is very signiﬁcant and feasible [24]. In South
Africa, close to 360 ML/day of metalliferous mine water are discharged
to the environment [3]. Research studies have used commercially
available salts to synthesize magnetite [25–28] or a combination of
commercial grade Fe-salts with AMD recovered Fe-salts [24].
Magnetite has numerous industrial applications that include: ferroﬂuid technology [29], information storage [29], photo-degradation
[30], photo-anode [30], catalyst [31], biomedicine [32], controlled
drug delivery [33], wastewater treatment [25,34] and magnetic
formation [35]. Also, there are many ways of synthesizing magnetite
from iron-rich salts and these include: chemical precipitation, thermal
decomposition, and sonochemical synthesis [24,25,30,35]. Amongst
these methods, chemical precipitation is the most and widely used
approach due to its versatility [25].
Chemical precipitation involves: (1) co-precipitation of Fe3+ and
2+
Fe ; (2) oxidation of Fe2+ to Fe3+ and precipitation of Fe3+; (3)
unaerated precipitation of Fe2+, followed by (4) co-precipitation of the
Fe(II) and Fe(III) species. This process happens under unaerated
conditions. The most common salts for magnetite synthesis are ferrous
and ferric chlorides or sulphates [25,30,35]. Kefeni, et al. [25]
synthesized magnetite from FeCl3·6H2O, FeSO4·7H2O and Co
(NO3)2·6H2O, Valenzuela, et al. [33], Gnanaprakash, et al. [31],
Mahadevan, et al. [32], and Nagarjuna, et al. [30] synthesized
magnetite from FeCl3·6H2O, and FeSO4·7H2O. Faiyas, et al. [36] and
Stefan, et al. [35] synthesized magnetite from FeCl2·4H2O, and
FeCl3·6H2O. To date, there has been no published study that has
reported the synthesises of magnetite solely from AMD, except a study
that reported the use of ferric iron from AMD and ferrous iron from
commercial grade salts [24]. In addition, most of the magnetite
synthesis processes takes place at elevated pH and temperature
(60–100 °C), where nitrates functioned as electron acceptors to form
NO [24]. As anticipated in the present study, the formation of
magnetite using co-precipitation of selectively recovered iron-salts
can be represented by the following equation [33]:

(5)

This study was therefore designed with the aim of recovering Fe(II)
and Fe(III) solely from Fe2+ rich mine water produced during coal
mining and washing processes, and explore the potential feasibility of
synthesizing magnetite.
2. Materials and methods
2.1. Sampling
Raw AMD generated from coal washing and mining processes in
Mpumalanga Province, South Africa, was collected and sealed in highdensity polyethylene (HDPE) plastic bottles. The solids and debris in the
water samples were removed by settling and the remaining suspended
solids were removed by ﬁltration (0.45 μm perforated membrane
ﬁlters). Samples were stored at 4 °C until use for magnetite recovery
experiments. Sodium carbonate (AR Na2CO3, > 99% purity, Lab
Consumables) was used for fractional and sequential recovery of Fe
(III) and Fe(II) from acid mine drainage.
2.2. Pre-treatment of AMD samples for magnetite synthesis
Chemical species were fractionally and selectively precipitated from
mine water using soda ash. This was done to minimise interferences
during formation of magnetite. The following approach was adopted to
ensure a selective precipitation of Fe-species from AMD. Trivalent
species of Fe(III) and Al(III) were precipitated in the ﬁrst reactor at
pH > 4.5. The sludge was recovered and stored safely for magnetite
synthesis. The supernatant solution was stored in an air free environment and taken over the second reactor to recover Fe(II) at pH > 8.3.
The sludge was also store in air free environment until utilization for
magnetite synthesis.
2.2.1. Removal of Fe(III) and Al(III) by selective precipitation
A volume (180 L) of AMD was transferred into a reactor tank and
the pH was adjusted from 2.8 to 4.5 by adding incremental portions
10% sodium carbonate solution to precipitate Al(III) and Fe(III) on the
desired pH. The Fe(III)/Al(III) rich precipitate was separated from the
pre-treated AMD by centrifugation. Thereafter, the Al(III) and Fe(III)
free water was then used as feedstock for ferrous sludge production.
The resultant water was analysed using ICP-MS (7500ce, Agilent,
2700
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Fig. 2. XRD spectra of (A) magnetite synthesized from AMD with no Al(III)-removal, (B) magnetite synthesized from AMD with Al(III)-removal and (C) industrial grade magnetite.

Alpharetta, GA, USA) for metal cations. Sulphate was analysed using IC
(850 professional IC Metrohm, Herisau, Switzerland).

Characterization of the water quality was done using the same
procedures described in Section 2.2.1.

2.2.2. Formation of Fe(III) sludge for magnetite synthesis
Mine water (100 L) of was taken from the pre-treated AMD solution
prepared as in Section 2.2.1 and transferred into an aerated reactor tank
to facilitate Fe(II) oxidation. The pH was also raised from 4.5 to > 6.5
using 10% sodium carbonate solution, and Fe was precipitated as ferric
hydroxide. The resultant products were separated from the reaction
mixture by centrifugation. The same Fe (III) generation procedure was
then used to produce ferrous sludge (Section 2.2.3) to synthesize
magnetite under an air free environment. The sludge of ferric hydroxides, originating from the centrifugation, was stored in an air-tight
reactor to avoid oxidation of ferric hydroxides into Fe2O3.xH2O(s).

2.2.3. Formation of Fe(II) sludge for magnetite synthesis
Pre-treated AMD solution (50 L) was transferred into a tightly sealed
reactor to avoid oxidation of Fe(II). The reactor was regularly purged
with nitrogen gas to remove any air leakages that may have occurred.
The solution pH was raised to > 8.3 using sodium carbonate. A
mixture of ferrous hydroxides was precipitated from secondary solution
from the pre-treatment phase. The sludge was separated from the
supernatant solution using a centrifuge. Characterization of the resultant water was done using procedure described in Section 2.2.1.

2701
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Fig. 3. XRD spectrographs of magnetite synthesized at (A) 25 °C, (B) 40 °C, (C) 60 °C, (D) 80 °C, (E) 100 °C and (F) industrial grade magnetite.
Table 1
Elemental compositions of sodium carbonate, magnetite synthesized with Al-removal and
magnetite synthesized with no Al-removal.
Compounds

SiO2
TiO2
Al2O3
Fe3O4 (t)
MnO
MgO
CaO
Na2O
K2O
SO3
LOI
Total
H2O

Sodium
carbonate

Al-removed
magnetite

No Al-removed
magnetite

(Wt.%)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
99
0.0
0.0
1
100
1

(Wt.%)
0.37
< 0.01
1.3
23.8
0.5
2.9
2.3
27.1
0.9
37.2
2.8
99.3
0.5

(Wt.%)
0.6
< 0.01
3.9
28.4
0.5
2.5
2.2
24.8
1.0
31.4
4.0
99.3
1.5

Table 2
Chemical composition of raw coal mine water and sodium carbonate treated water.

2.3. Synthesis of magnetite nanoparticles
Magnetite nanoparticles were synthesized through co-precipitation
of Fe(II) and Fe(III) in separate reaction mixtures at room temperature.
The magnetite was synthesized at 2:1, Fe(II)/Fe(III) ratios. The eﬀect of
temperature was evaluated. The reaction mixtures described in Sections
2.2.2 and 2.2.3 were mixed at 2:1 ratio and equilibrated for 30 min

Parameters

Units

DWS/
SANS

Raw water

Treated water

Alkalinity (as CaCO3)
pH units

mg/L
–

< 5.0 ± 0.1
2 ± 0

5 ± 0.2
10 ± 0

Electrical Conductivity
(EC)
Total Dissolved solids
(TDS)
Total Hardness
Aluminium (Al)
Iron (Fe)
Manganese (Mn)
Sodium (Na)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Nickel (Ni)
Zinc (Zn)
Cadmium (Cd)
Silicon (Si)
Sulphate (SO4)

mS/cm

≤ 120
≥ 5 to
≤ 9.7
≤ 170

3250 ± 0.1

3360 ± 0.1

mg/L

≤ 1200

26,250 ± 0.2

26800 ± 0.1

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

–
≤ 300
≤ 300
≤ 100
≤ 200
≤ 20
≤ 300
≤ 400
≤ 70
≤5
≤3
≤6
≤ 500

3000 ± 0.01
472.5 ± 0.5
6051.3 ± 0.06
125.9 ± 0.05
30 ± 1
1 ± 0.001
470 ± 0.05
480 ± 0.08
0.03 ± 0.01
0.20 ± 0.01
0.01 ± 0.01
30 ± 0.01
18000 ± 1

1700 ± 0.05
0.001 ± 0.1
0.030 ± 0.01
0.090 ± 0.05
6700 ± 1
5 ± 0.001
360 ± 1
560 ± 0.02
0.01 ± 0.01
0.01 ± 0.01
0 ± 0.01
0 ± 0.05
17,000 ± 0.5

using a tightly siled overhead stirrer. Crystals were allowed to grow,
under vigorous vacuum mixing. The resultant black precipitate (magnetite) was separated from water using a centrifuge. The synthesized
2702
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Fig. 4. The HR-TEM images of magnetite samples synthesized from AMD with no Al(III)-removal (a, b and c) and magnetite synthesized from AMD with Al(III)-removal (d, e and f).

3. Results and discussion

material was prepared at varying temperature gradients that ranged
from 25 to 100 °C.

A schematic presentation of the magnetite synthesis is depicted by
Fig. 1.
As shown in Fig. 1, AMD and soda ash was used to synthesize
magnetite. The synthesis process used authentic AMD from a coal mine
processes. A sequential and fractional precipitation approach was
employed to recover Fe-species at varying pH gradients. Soda ash
(sodium carbonate) was used to precipitate Fe (III) at pH ≥ 4.5 and Fe
(II) at pH ≥ 8.3. Thereafter, the two recovered sludges were collected
and co-precipitated to synthesize magnetite.

2.4. Analysis of ﬁltrate from the magnetite reactor
The magnetite synthesis described in section 2.3 was carried out in
triplicate for each Fe(II)/Fe(III) mole ratio used. The water quality
parameters of the ﬁltrate, namely pH, total dissolved solids (TDS) and
electrical conductivity (EC) were monitored using a multimeter
(CRISON MM40 portable pH/EC/TDS/temperature probe). The metal
compositions of the ﬁltrates were analysed using Inductively coupled
plasma mass spectrometry (ICP-MS) (7500ce, Agilent, Alpharetta, GA,
USA) and sulphate was analysed using Ion chromatography (IC) (850
professional IC Metrohm, Herisau, Switzerland). The National Institute
of Standards and Technology (NIST) water standards were used for
validation, quality control and reference purposes.

3.1. Mineralogical composition of synthesized magnetite
XRD spectra of magnetite synthesized from authentic AMD and an
industrial grade magnetite are shown in Fig. 2.
The ﬁgure shows the XRD spectra of magnetite synthesized from
AMD with no Al(III)-removal (Fig. 2A), magnetite synthesized from
AMD with Al(III)-removal (Fig. 2B) and an industrial magnetite
(Fig. 2C). The spectra of Fig. 2A and 2 B had the same diﬀraction
peaks as the industrial grade magnetite (Fig. 2C). The peaks were
observed at 2Ɵ = 30.78°, 35.88°, 43.58°, 54.18°, 57.79°, 63.10° hence
conﬁrming that the synthesized material was indeed magnetite crystallized in an inverse spinel phase. The broadness of the peaks indicated
that the synthesized magnetite had both crystalline and amorphous
properties.
The eﬀect of temperature on the formation of magnetite is shown in
Fig. 3(A–E).
Temperature displayed signiﬁcant eﬀect to the synthesis of magnetite at a range of 25 to 100 °C. At higher temperatures, the synthesized
magnetite displayed very noisy peaks, illustrating that the material

2.5. Characterization of magnetite nanoparticles
Mineralogical composition of synthesized magnetite was determined using X-ray diﬀraction (XRD). Elemental composition was
determined using X-ray ﬂuorescence (XRF). Mapping was done using
Scanning Electron Microscopy coupled with electron dispersion spectrometry (SEM-EDS) (JEOL JSM − 840, Hitachi, Tokyo, Japan).
Crystallography and electron micrographs of magnetite were ascertained using High Resolution Transmission Electron Microscopy (HRTEM) (JEM − 2100 electron microscope, Angus Crescent, The
Netherlands).

2703

Journal of Environmental Chemical Engineering 5 (2017) 2699–2707

V. Akinwekomi et al.

Fig. 5. The HR-SEM images of sodium carbonate (a), recovered Fe(III) (b), recovered Fe(II) (c) and synthesized magnetite nanoparticles (d).

Al-removal and no Al-removal) the content of Fe species was high as
compared to other components. Impurities of trace elements that
originate from AMD were also observed in the synthesized magnetite.
Sulphate was also observed to be present in signiﬁcant proportion; this
may be attributed to the formation of oxyhydrosulphates [18]. The
weight percentage indicated that the purity of synthesized magnetite is
24% for Al-removed and 28% for magnetite synthesized with no Alremoval. The low magnetite purity is attributed to contamination of the
resultant product by S, Ca, Mg and traces of Si, K and Mn which are
present in AMD. This could present a good opportunity for future
research. Al removal from the parent AMD, as expected, had a very
signiﬁcant impact on the level of Al in the synthesized magnetite. This
also conﬁrmed that fractional and sequential precipitation is important
since it eliminates the contamination of the prepared materials. The
magnetite with no Al-removal from the parent water had a high Al
content indicating potential co-precipitation of Al2O3 with the magnetite. Traces of base metal oxides such as CaO and MgO were also
present, indicating the possible precipitation of gypsum. This could
further be explained by the quality of product water (Table 2).

contains a combination of amorphous and crystalline properties.
However, an increase in temperature was directly proportional to the
crystallinity of the synthesized magnetite. This was shown by characteristic peaks for magnetite at varying temperatures (Fig. 3 (A–E)).
The varying peaks characteristics at 2Ɵ were: 30.78°, 35.88°, 43.58°,
54.18°, 57.79°, and 63.10°. Similar observations have also been
reported in the literature [30,35] and it was also observed from the
reference sample that constitute an industrial grade magnetite (Fig. 3F).
The observations made in this study further demonstrated that temperature aﬀects the crystallinity of the synthesized material. The peak
positions of the planes, (1 1 1), (2 2 0), (2 2 2), (3 1 1), (4 0 0), (4 2 2),
(4 4 0) and (5 1 1) were present in both industrial grade (Fig. 3F) and
authentic AMD synthesized magnetites (Fig. 3 (A − E)). This was a
further conﬁrmation that the synthesized material is authentic magnetite. Similar results pertaining to peak positions of crystalline planes
have been reported by Wei and Viadero Jr [24].
3.2. Elemental composition of raw sodium carbonate and the synthesized
magnetite
The chemical compositions of sodium carbonate, magnetite synthesized with Al-removal and magnetite synthesized with no Al-removal,
are shown in Table 1.
The XRF results conﬁrmed that sodium carbonate is dominated by
Na as the main component. After contacting AMD, the level of Na
decreased signiﬁcantly hence indicating the possible dissolution of
sodium carbonate to aqueous system. This could also be better
explained by the water quality (Table 2). For both magnetite (with

3.3. TEM analysis
The results of High Resolution Transmission Electron Microscopy
(HR-TEM) analysis are presented in Fig. 4. The HR-TEM images of
magnetite samples synthesized from AMD with no Al(III)-removal (a, b
and c) and magnetite synthesized from AMD with Al(III)-removal (d, e
and f) are shown in Fig. 4.
The detailed structural information of synthesized magnetite from
2704
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Fig. 6. Morphology (a), elemental distribution map (b − e) and elemental spectrum (f) of synthesized magnetite.

indicated that a diﬀerently structured material was recovered and the
feed material had fully dissolved. This applied to Fe(III) recovered at
pH > 3.5. A similar result was observed for Fe(II) recovered at pH >
8.3. The morphology indicated the presence of a heterogeneous
elliptical structure on the surface of the sludge (Fig. 5c). After
precipitating the Fe(II) and Fe(III), the two sludges were co-precipitated
using optimised conditions as reported in the literature [24,37] and the
resultant material consisted of magnetite nanoparticles with uniformly
spherical structures (Fig. 5d) that possessed ca. 0.5 nm sized particles as
conﬁrmed by HR-TEM (Fig. 4). Similar results were reported by other
authors [29,36].

AMD which was pre-treated for Al-removal and AMD which was not
pre-treated for Al-removal was demonstrated by HR-TEM analysis. The
high-resolution images (Fig. 4 c and f) revealed the existence of well
crystallized nanoparticles of magnetite. The TEM image indicated that
the particles of synthesized magnetite were polyhedral in shape with
uniform sizes that has limited aggregation (Fig. 4, a and d). The HRTEM of synthesized magnetite revealed lattice fringes with d-spacing of
0.5 nm which agreed well with the (3 1 1) plane of magnetite (Fe3O4)
[24]. The results were consistent with the XRD data as shown earlier
(Fig. 2). The XRD results showed the peak positions of planes (2 2 0), (3
1 1), (4 0 0), (5 1 1) and (4 4 0) that were present in both synthesized
and industrial grade magnetite.
The diameters of the synthesized magnetite nanoparticles were
shown to be comparable with the crystalline dimensions calculated
from XRD analysis. The Miller indices and the corresponding interplanar distances of diﬀerent crystalline phases could be identiﬁed as
shown in Fig. 3. There was no Al plane represented in this HR-TEM
image thus indicating that the presence of Al was insigniﬁcant in the
synthesized magnetite.

3.5. EDS mapping analysis
The morphology, elemental distribution map and elemental spectrum of synthesized magnetite are shown in Figs. 6.
As shown in Fig. 6, the distribution of O (Fig. 6a) and Fe (Fig. 6b) on
the surface of the synthesized material further conﬁrmed that the
formed material is magnetite. The presence of Al (Fig. 6e) and S
(Fig. 6d) indicated that there was co-precipitation of these elements
during the recovery of Fe (II) and (III) species. The resulting spectrum
further conﬁrmed the formation of magnetite owing to the abundant
occurrence of O and Fe and traces of Al, Mg and S which are also
components of AMD. The obtained results corroborate with the XRF
and ICP-MS results. This indicated the possible formation of Al-Feoxyhydrosulphates. Similar ﬁndings were reported by Masindi, et al.
[11].

3.4. SEM analysis
The SEM images of sodium carbonate (a), recovered Fe(III) (b),
recovered Fe(II) (c) and synthesized magnetite nanoparticles (d), are
shown in Fig. 5.
As shown in Fig. 5, the raw sodium carbonate has a rod-like
octagonal structure that is homogenous throughout the surface
(Fig. 5a). After contacting the AMD, the rod structure disappeared
and a new feature appeared on the secondary residues (Fig. 5b). This
2705
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4. Water quality characterization
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sample was 18,000 mg/L. The concentration of sulphate was 18
000 mg/L in raw mine water and it reduced to 17,000 mg/L after
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reduction of sulphate concentration during the treatment of AMD is an
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environment as stipulated by the water quality guidelines. However,
residual sulphate can be removed by lime addition to precipitate
gypsum from the resultant water.
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