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A B S T R A C T

Mining activities are the main cause of generation of the voluminous sludge waste, loaded with metals precipi-
tated from the treatment of acid mine drainage (AMD) and this is always disposed to the landfill. This study aimed
at characterizing and suggesting the reusability potential of AMD sludge to reduce the environmental problem
caused by its accumulation so that it could become a valuable material. The sludge was obtained after treating a
synthetic AMD with a green oxidant sodium ferrate (VI) (Na2FeO4) that was prepared by a wet oxidation method.
Chemical and physical characterization of a dried sludge generated after treatment was then performed using the
Fourier Transform-Infrared and X-Ray powder Diffraction spectroscopy. Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy also served to identify the surface morphology of the sludge. The sludge pre-
sented a high weight percentage of Fe and O and lower concentrations of other metals such as Al, Mn, Si, and Na.
Nitrogen adsorption/desorption isotherms or Brunauer-Emmett-Teller (BET) was used to assess the surface area,
pore volume and diameter of the sludge. The BET results showed that the surface area of the sludge obtained after
treating the synthetic AMD using Na2FeO4 was 31.50 � 0.03 m2/g with pore diameter and volume of 52.50 nm
and 0.41 cm3/g, respectively. However, the produced sludge could serve as an adsorbent to remove pollutants
from water or to synthesize different magnetic nanocomposites due to its high surface area (>natural zeolite) and
high composition of Fe and O.
1. Introduction

Themining sector is the major contributor to the economy of different
countries (Rakotonimaro et al., 2017). South Africa is one of those
countries whose economy mainly depends on coal and gold mining ac-
tivities (Kefeni and Mamba, 2020). In 2019, these mining activities
contributed almost 44.85% to South African gross domestic product
(Plecher, 2020). Unfortunately, around 6000 mines have been aban-
doned by their owners as indicated by the Department of Mineral Re-
sources while their rehabilitation rate is about 10 mines per year (Olalde,
2016). With newly abandoned mines adding to the massive impact of
those abandoned a long time ago, the country is facing now growing
health, social and environmental crisis created by inadequate oversight
and withering gold industry. However, the most challenging waste
generated from these abandoned mines is an acid mine drainage (AMD).
AMD is considered as the main environmental pollutant in different
countries depending on mining industries (Bruneel et al., 2017). This is
wanda).
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principally due to its acidic pH, high sulphate and dissolved metal con-
centrations (Akinwekomi et al., 2017; Bologo et al., 2009; Kefeni et al.,
2017). AMD is mostly generated when mineral sulphides are in contact
with oxygen, water and catalytic bacteria (Thiobacillus ferrooxidans) after
mining activities (Pierre Louis et al., 2015; Kefeni et al., 2017). There-
fore, its treatment is highly needed to neutralize the acidity and to reduce
or completely remove metals (Sukati et al., 2018). Over the past three
decades, the development of cost-effective and sustainable remediation
solutions through the metal recovery process for the AMD problem has
been the subject of extensive research. In this regard, treatment of AMD
bymining industries is a requirement to ensure compliance for discharge.
However, the treatment of AMD has been performed using passive and
active methods to reduce its environmental impacts (Park et al., 2019).
These AMD treatment methods generate sludge with different composi-
tions depending on the treatment process, the quality of water to be
treated and the use of neutralizing or oxidizing agents. In mining activ-
ities, AMD sludge can be managed in various options where it can be
tober 2020
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collected into a specific pond or mixed with tailings in a tailing pond.
Another option is using the sludge as a tailing cover material, dispose it to
mining fields, wells and mine backfill. Furthermore, it is stated that
covering the tailings with sludge does not successfully prevent the gen-
eration of AMD because the sludge can dry out and crack. However, its
alkalinity may not be enough to neutralize the acidity and prevent metal
mobilization (Zinck et al., 2010). The main issue associated with the
management of AMD is the physical and chemical stability of the sludge
and reservoirs. The stable sludge will not affect the environment andmay
be disposed of in a long-term storage facility. The stability depends on the
degree of resilience in the environment, which makes it possible to
expressively change the chemical composition of the sludge (Amanda
and Moersidik, 2019). Moreover, the next challenge is the storage of
sludge which before it is collected, the sludge must be treated to easily
regulate and stabilize pollutants in it, but this process is quite expensive
(Zinck and Griffith, 2016). Therefore, AMD sludge can be reused rather
than being disposed on the landfill. AMD sludge can be reused as coag-
ulant, flocculent and adsorbents to remove contaminants such as rare
earth elements and heavymetals fromwater (Rakotonimaro et al., 2017).
At present, a variety of coagulants are widely applied to treat wastewater
or drinking water and the most conventional coagulants are ferric chlo-
ride, aluminium and ferric sulphates (Chorghe et al., 2017; Talaiekhozani
et al., 2017). These coagulants not only reduce sensory indicators
(turbidity, chromaticity, etc.) of raw water but also remove various
harmful contaminants, especially toxic metals in separate dozing and
mixing units (Zhu et al., 2016; Naceradska et al., 2017). However, ferrate
(VI), a multipurpose chemical acting as both a green coagulant and
oxidizer with high redox potentials (Eo ¼ 0.72 V in basic and Eo ¼ 2.20 V
in acidic conditions) (Eqs. (1) and (2)), has recently been noted as one of
the most capable wastewater treatment reagents to replace these con-
ventional oxidants, coagulants and disinfectants (Sun et al., 2014; Yates
et al., 2014; Sharma et al., 2016; Matin et al., 2018).

FeO2�
4 þ 8Hþ þ 3�e → Fe3þ þ 4H2O Eo ¼ 2:20 V (1)

FeO2�
4 þH2Oþ 3�e → FeðOHÞ3 þ 5OH� Eo ¼ 0:72 V (2)

Therefore, unique functions make ferrate (VI) as an environmentally-
friendly dual-functioning substance that combines oxidation and coag-
ulation and it can reduce the volume to the sludge generated during the
treatment of AMD. Ferrate ions could also remove different inorganic
pollutants such as manganese (II) and zinc (II) which are barely removed
from water by different oxidants, coagulants, adsorbents, and flocculants
at pH< 9.0 (Sharma, 2011, 2013). For example, during the pre-oxidation
process, ferrate (VI) ions can oxidize some substances first to make them
easy to settle down, then an in-situ formed coagulant or flocculent (ferric
hydroxide or ferric ions) with a high surface area is concurrently
generated in water treatment processes (Barışçı et al., 2016; Sun et al.,
2014; Xie et al., 2016). Besides being used as a coagulant and flocculent,
this ferric ion generated from self-decomposition of ferrate (VI) and the
oxidation of ferrous ions could perform as an adsorbent in aqueous so-
lution (Goodwill et al., 2016; Liu et al., 2017). For instance, Goodwill
et al. (2016) found out that manganese (II) could be removed from water
matrix using ferrate (VI) salt in the form of nanoparticles as manganese
(IV) at the ratio of 2: 3 of ferrate to manganese, respectively. The effects
of in- and ex-situ generated ferric sludge particles from the removal of
trace thallium by potassium ferrate (VI) was fully investigated (Liu et al.,
2017). This indicated that the adsorption process has participated in the
removal of thallium. However, generated sludge nanoparticles can have a
high adsorption capacity for pollutants of interest in water treatment.
Among the physical parameters that contribute to the reuse of sludge is
the specific surface area and pore size, which affect the retention of
pollutants. The higher is the surface area and smaller pore diameter of an
adsorbent, the higher is its sorption capacity. The novelty of the study is
based on the application of an advanced oxidation process for the
treatment AMD using liquid sodium ferrate (VI) (Na2FeO4) as an
2

emerging cost-effective, green oxidant, coagulant, and flocculent in a
single mixing and dosing unit with a zero-energy input. Thus, this study is
devoted to determining chemical composition, pore volume, specific
surface area and diameter and further suggesting the reusability potential
of the sludge generated through the treatment of a synthetic AMD by
Na2FeO4.

2. Materials and methods

2.1. Preparation of the solution

A solution of synthetic AMD was prepared by mixing different
amounts of salts in 1L of ultrapure water as presented in Table 1. Fe2þ,
Al3þ, Mn2þ, Cu2þ, Ni2þ, Mg2þ, and Zn2þwere target metal ions which are
always available in real AMD (Johnson and Hallberg, 2005; Diez et al.,
2017; Rajak, 2018). The pH of the solution was measured using an
OHAUS pH-meter ST320 and maintained at 3 using 2M H2SO4 to stop
immediate precipitation of ferric hydroxide (Fe(OH)3).

2.2. Generation of the synthetic AMD sludge and its characterization

Liquid Na2FeO4 was previously prepared by a wet chemical method
and its concentration was determined using UV-Visible spectroscopy.
Na2FeO4 solution was characterized by its intense purple colour con-
firming the presence of high valent of iron (Fe (VI)) (Munyengabe and
Zvinowanda, 2019). To generate the AMD sludge, an amount of synthetic
AMD solution with the composition given in Table 1 was treated using a
liquid Na2FeO4 (0.05 M) (4:1 v/v) within a contact time of 30 min as an
optimum condition obtained in the previous study in which all iron (II)
(pale green colour) and Fe (VI) (purple colour) were fully converted into
a yellow precipitate (Fe (III)) (Munyengabe et al., 2020). After treatment,
the obtained synthetic AMD sludge was dried at 105 �C overnight using
the oven, pulverised and then sieved to get a fine powder of the same size
(Sapsford et al., 2015; Amanda and Moersidik, 2019). For a reusability
suggestion purpose, minerals in dried synthetic AMD sludge were char-
acterized using X-Ray Diffraction (XRD), while functional groups of these
minerals were determined using Fourier Transform-Infrared (FT-IR)
(Kefeni et al., 2018). The untreated synthetic AMD was not characterized
during this study as it did not contain the sludge. Elemental composition
and structural morphology were determined using Scanning Electron
Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS).
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods were used to identify and calculate the pore volume, surface
area and pore diameter of the sludge sample (Brunauer et al., 1938;
Kefeni et al., 2018). This method was performed by analysing the dry
synthetic AMD sludge by nitrogen adsorption isotherm at 120 �C for
degassing temperature.

3. Results and discussions

3.1. Sludge characterization

3.1.1. XRD patterns of generated synthetic AMD sludge
Figure 1 shows the XRD pattern for sludge generated through

oxidation and coagulation of the synthetic AMD using sodium ferrate.
The sludge sample contained different minerals and salts with a

similar chemical composition of halite, hematite or magnetite, vonsenite,
and thermonatrite groups. Halite and thermonatrite structures domi-
nated in the sludge sample which is a result of alkali metal salts including
potassium and sodium that are characterized with an orthorhombic
shape. Vonsenite and hematite or magnetite (oxides of iron) minerals as
reference material of similar shape were also present in the sludge, which
is highly composed by a group of ferrous, magnesium and ferric ions, and
sometimes might contain a small amount of nickel, aluminium, manga-
nese, calcium, potassium, and silicon. The diffraction peak observed at



Table 1. Recipe for preparation of synthetic AMD.

Chemical formula Molar mass (g/mol) Masses of ions (mg) Target ions Concentrations of ions (mg/L)

FeSO4∙7H2O 278.01 1991.30 Fe2þ 400.00

Al2(SO4)3⋅18H2O 666.40 500.17 Al3þ 40.50

MnCl2 125.84 1.74 Mn2þ 0.76

CuSO4.5H2O 249.68 3.61 Cu2þ 0.92

NiCl2 129.60 0.44 Ni2þ 0.20

MgSO4 120.37 182.06 Mg2þ 36.77

ZnSO4 142.04 61.47 Zn2þ 11.43
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Figure 1. The XRD pattern for synthetic AMD sludge.
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46� is attributed to the characteristic low crystalline metallic iron (Yavuz
et al., 2006; Alexandrescu et al., 2010) while the characteristic peaks
observed at 28�, 33�, 57�,67�, and 75� of the sludge might be ascribed to
the α-Fe(OOH) (Varanda et al., 2002).

3.1.2. BET or nitrogen adsorption/desorption isotherm analysis
Nitrogen adsorption/desorption isotherm results such the pore

diameter, surface area and pore volume of the dried synthetic AMD
Table 2. Comparison of BET results obtained in this study with the literature.

Material Pore volume (cm3/g) Surface area (m2

Sludge - 23–114

Sludge 0.06 22.60 � 0.20

Synthetic AMD sludge 0.41 31.50 � 0.03

3

sludge obtained in this study and similar BET results of sludge available
in the literature are both presented in Table 2.

According to International Union of Pure and Applied Chemistry
(IUPAC) classification, the pores are divided into three groups due to
their diameter (i) macropores (>50 nm), (ii) mesopores (2 < pore
size<50 nm) and (iii) microspores (<2 nm). However, the obtained
porous material with diameters ranging between 23 and 52 nm observed
from the nitrogen adsorption/desorption isotherms at 77K with an
/g) Pore diameter (nm) References

- Rakotonimaro et al. (2017)

10.70 Amanda and Moersidik (2019)

23–52 This study
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Figure 2. Nitrogen adsorption/desorption isotherm curves of synthetic
AMD sludge.
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average of 37.50 nm was classified between mesopore and macropore.
Comparing with the literature, this obtained pore diameter of the sludge
generated through the treatment of a synthetic AMD using Na2FeO4 was
smaller than the magnetic zeolite nanocomposite size (90–100 nm)
synthesized by Ahmadi et al. (2016) through a chemical co-precipitation
method. This result was further confirmed by Figure 2, which shows the
characteristic feature of the type-II isotherms according to IUPAC
nomenclature that is convex to P/Po axis at a high relative pressure (P/Po
> 0.40) (Po and P denote the saturation and equilibrium pressures of
nitrogen, respectively) (Ramesh et al., 2014; Muttakin et al., 2018).

The adsorbed molecules in type-II isotherms are normally gathered
around the most favourable sites on the surface area of the porous ma-
terial (Thommes et al., 2015). However, among the physical features that
Figure 3. SEM micrographs and EDS spectru
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contribute to the reuse of sludge is the surface area, which effects the
retention of pollutants. The higher is the surface area and smaller pore
diameter of a composite, the higher is its sorption capacity.

3.1.3. Characterization of the sludge using SEM-EDS
Figure 3 shows SEMmicrographs of the synthetic AMD sludge at three

different resolutions (61: top-left, 1000: top-right and 6250: bottom-left)
and the EDS spectrum (bottom-right in blue colour) showing the weight
per cent of the analyzed elements.

The SEM micrographs indicated that synthetic AMD sludge has an
uneven shape mesh-like structure with inner surface looking spongy and
highly porous whereas outer edges of the mesh have an uneven surface
with mostly flake-like appearance. The flake-like part of the sludge might
be composed by silica oxide while the spongy porous one assumed to be
composed of metal oxide particles (Hallam et al., 2012; Bose and Tiwari,
2019). The EDS elemental mapping confirmed the presence of 8 elements
in a solid synthetic AMD sludge with high weight percentages of Fe (45.0
wt. %), O (38.3 wt. %) and Na (7.6 wt. %) (from the breakdown of
Na2FeO4), also lower concentration levels (<3.0 wt. %) for Si, Mg, Mn,
Zn, and Al. The synthetic AMD sludge showed significant presence of
silica, known as a common impurity in different salts and this is therefore
expected to be present in the sludge. Comparing with the literature, the
weight percentage of Fe in the sludge was 6 times to the concentration of
Fe while weight percentage of O was quite similar to the ones found by
Amanda and Moersidik (2019). However, both BET and SEM-EDS results
for the produced synthetic AMD sludge suggest its reusability as an
adsorbent due to high surface area and metal content such as iron, so-
dium, magnesium, silicon, and aluminium. Previous studies showed that
the metal content such as Fe and Al in the sludge could make it a suitable
adsorbent to remove pollutants (Amanda and Moersidik, 2019). The
sludge containing a big amount of iron sulphate oxy/hydroxides and iron
oxides can sequester through adsorption and coprecipitation of cations
and oxyanions (Kirby et al., 1999; Sibrell and Tucker, 2012). For
example, the combination of Si and Al has been used to synthesize
m results of the synthetic AMD sludge.
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Figure 4. FT-IR spectrum of synthetic AMD sludge.
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magnetic cancrinite as an adsorbent through some synthesis processes
(Bian et al., 2019). However, the produced synthetic AMD sludge could
be reused to treat drinking water, wastewater and real AMD and to
prepare magnetic adsorbent (e.g.: magnetic cancrinite), magnetized
multiwall carbon nanotubes, nano-zero valent iron (Fe0), and iron/iron
oxide-based nanocomposites (e.g.: α-Fe2O3–TiO2 nanocomposite) due to
its high composition especially in Fe and O (Alexandrescu et al., 2010;
Badi et al., 2015, 2018; Yousefzadeh et al., 2018; Bian et al., 2019).

3.1.4. FT-IR spectroscopic characterization
Different transmittances and absorptions of sludge collected after

treatment of synthetic AMD using Na2FeO4 and the peaks of different
functional groups of precipitated chemicals are shown in Figure 4.

The FT-IR spectrum results confirm the formation and presence of
different minerals in the sludge as indicated by the XRD data. The peaks
found at 619.96 cm�1 are attributable to the metal oxides (such as iron
oxide), which usually appear between 400 and 650 cm�1 (Alexandrescu
et al., 2010; Mahmoud, 2017; Ahmadi et al., 2020), the peaks 1426.24,
1639.39 and 1730.92 cm�1 might correspond to S¼O vibration stretch-
ing of different sulphate minerals (Kefeni and Mamba, 2020). The peak
observed at 3315.94 cm�1 is ascribed to ν-OH due to water in the sludge
(Flores et al., 2019). The three peaks also observed between 1140 and
750 cm�1 are attributable to OH and S–O vibrations of mineral com-
pounds such as [Fe3þ3(OH)6(SO4)2]- and [Fe3þO(OH, Cl)] (Francioso
et al., 2010). This can be supported by the literature where Mejía et al.
(2015) identified these minerals at 1190, 1085 and 1008 cm�1. These
results promised that synthetic AMD sludge from the treatment of AMD
by ferrate salts can be reused as adsorbent of good quality for metal
removal from industrial wastewater treatment due to high content in iron
(ferrihydrite) normally characterized by a high surface area.

4. Conclusion

Sludge sample generated from synthetic AMD treated with a green
oxidant Na2FeO4 was mainly composed of amorphous iron oxides
(Fe–O) and a small amount of non-toxic elements such as Mg, Si, Al and
Zn as indicated by the results of FT-IR, XRD and SEM-EDS analyses. The
self-decomposition of Na2FeO4 generated a useful and non-toxic sub-
stance, ferric ions which are normally used as a coagulant in water
treatment. The nitrogen adsorption/desorption isotherm results show
that the surface area of the synthetic AMD sludge is 31.50 � 0.03 m2/g
while pore diameter and volume are 52 nm and 0.41 cm3/g, respec-
tively. The adsorption pore diameter sizes clearly show that synthetic
AMD sludge is meso/macro-porous material. The higher weight per-
centage of O, Fe, Si, Mg, Al and Zn and high surface area could be
benefited to synthesize different adsorbents and metal oxides for water
treatment purpose.
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Barışçı, S., S€arkk€a, H., Sillanp€a€a, M., Dimoglo, A., 2016. The treatment of greywater from
a restaurant by electro-synthesized ferrate (VI) ion. Desalination Water Treat 57 (24),
11375–11385.

Bian, R., Zhu, J., Chen, Y., Yu, Y., Zhu, S., Zhang, L., Huo, M., 2019. Resource recovery of
wastewater treatment sludge: synthesis of a magnetic cancrinite adsorbent. RSC Adv.
9 (62), 36248–36255.

Bologo, V., Maree, J.P., Zvinowanda, C.M., 2009. Treatment of acid mine drainage using
magnesium hydroxide. In: Proceedings of the International Mine Water Conference,
Pretoria, South Africa, pp. 19–23.

Bose, R.S., Tiwari, M.K., 2019. Mine sludge waste recycling as bio-stimulant for
applications in anaerobic wastewater treatment. Water Sci. Technol. 79 (3), 425–434.

Brunauer, S., Emmett, P.H., Teller, E., 1938. Adsorption of gases in multimolecular layers.
J. Am. Chem. Soc. 60 (2), 309–319.

Bruneel, O., Mghazli, N., Hakkou, R., Dahmani, I., Maltouf, A.F., Sbabou, L., 2017. In-
depth characterization of bacterial and archaeal communities present in the
abandoned Kettara pyrrhotite mine tailings (Morocco). Extremophiles 21 (4),
671–685.

Chorghe, D., Sari, M.A., Chellam, S., 2017. Boron removal from hydraulic fracturing
wastewater by aluminium and iron coagulation: mechanisms and limitations. Water
Res. 126, 481–487.

http://refhub.elsevier.com/S2405-8440(20)32087-9/sref1
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref1
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref1
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref1
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref1
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref2
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref3
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref3
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref3
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref3
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref4
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref4
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref4
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref4
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref4
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref5
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref5
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref6
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref6
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref6
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref6
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref7
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref8
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref9
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref9
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref9
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref9
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref10
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref10
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref10
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref10
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref11
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref11
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref11
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref12
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref12
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref12
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref13
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref13
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref13
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref13
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref13
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref14
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref14
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref14
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref14


A. Munyengabe et al. Heliyon 6 (2020) e05244
Diez, M.C., Levío, M., Andrade, D., Gallardo, F., 2017. Removal of metals from synthetic
acid mine drainage (AMD) using an organic bio-mixture in continuous system. 17th
Euro Biotechnology Congress. J. Biotechnol. 7 (3).

Flores, M.U., Reyes, I.A., Palacios, E.G., Pati~no, F., Ju�arez, J.C., Reyes, M., Guti�errez, E.J.,
2019. Kinetic analysis of the thermal decomposition of a synthetic mercury jarosite.
Minerals 9 (4), 200.

Francioso, O., Rodriguez-Estrada, M.T., Montecchio, D., Salomoni, C., Caputo, A.,
Palenzona, D., 2010. Chemical characterization of municipal wastewater sludges
produced by two-phase anaerobic digestion for biogas production. J. Hazard Mater.
175 (1-3), 740–746.

Goodwill, J.E., Mai, X., Jiang, Y., Reckhow, D.A., Tobiason, J.E., 2016. Oxidation of
manganese (II) with ferrate: stoichiometry, kinetics, products and impact of organic
carbon. Chemosphere 159, 457–464.

Hallam, P.M., G�omez-Mingot, M., Kampouris, D.K., Banks, C.E., 2012. Facile synthetic
fabrication of iron oxide particles and novel hydrogen superoxide supercapacitors.
RSC Adv. 2 (16), 6672–6679.

Johnson, D.B., Hallberg, K.B., 2005. Acid mine drainage remediation options: a review.
Sci. Total Environ. 338 (1-2), 3–14.

Kefeni, K.K., Msagati, T.A., Mamba, B.B., 2017. Acid mine drainage: prevention,
treatment options, and resource recovery: a review. J. Clean. Prod. 151, 475–493.

Kefeni, K.K., Msagati, T.A., Nkambule, T.T., Mamba, B.B., 2018. Synthesis and application
of hematite nanoparticles for acid mine drainage treatment. J. Environ. Chem. Eng. 6
(2), 1865–1874.

Kefeni, K.K., Mamba, B.B., 2020. Evaluation of charcoal ash nanoparticles pollutant
removal capacity from acid mine drainage rich in iron and sulphate. J. Clean. Prod.
251, 119720.

Kirby, C.S., Thomas, H.M., Southam, G., Donald, R., 1999. Relative contributions of
abiotic and biological factors in Fe (II) oxidation in mine drainage. Appl. Geochem.
14 (4), 511–530.

Liu, Y., Wang, L., Wang, X., Huang, Z., Xu, C., Yang, T., Ma, J., 2017. Highly efficient
removal of trace thallium from contaminated source waters with ferrate: role of in
situ formed ferric nanoparticle. Water Res. 124, 149–157.

Mahmoud, Z.H., 2017. The magnetic properties of alpha phase for iron oxide NPs that
prepared from its salt by novel photolysis method. J. Chem. Pharmaceut. Res. 9 (8),
29–33.

Matin, A.R., Yousefzadeh, S., Ahmadi, E., Mahvi, A., Alimohammadi, M., Aslani, H.,
Nabizadeh, R., 2018. A comparative study of the disinfection efficacy of H2O2/ferrate
and UV/H2O2/ferrate processes on inactivation of Bacillus subtilis spores by response
surface methodology for modelling and optimization. Food Chem. Toxicol. 116,
129–137.

Mejía, E.R., Ospina, J.D., Osorno, L., M�arquez, M.A., Morales, A.L., 2015. Mineralogical
characterization of chalcopyrite bioleaching. Fourier Transform: Signal Process. Phys.
Sci. 197.

Munyengabe, A., Zvinowanda, C., 2019. Synthesis and chemical stability studies of
sodium ferrate (VI) solution. Asian J. Chem. 31 (12), 3029–3034.

Munyengabe, A., Zvinowanda, C., Zvimba, J.N., Ramontja, J., 2020. Innovative oxidation
and kinetic studies of ferrous ion by sodium ferrate (VI) and simultaneous removal of
metals from a synthetic acid mine drainage. J. Phys. Chem. Earth Parts A/B/C 1–6.

Muttakin, M., Mitra, S., Thu, K., Ito, K., Saha, B.B., 2018. Theoretical framework to
evaluate minimum desorption temperature for IUPAC classified adsorption
isotherms. Int. J. Heat Mass Tran. 122, 795–805.

Naceradska, J., Pivokonsky, M., Pivokonska, L., Baresova, M., Henderson, R.K.,
Zamyadi, A., Janda, V., 2017. The impact of pre-oxidation with potassium
permanganate on cyanobacterial organic matter removal by coagulation. Water Res.
114, 42–49.

Olalde, M., 2016. What's Left in the Wake of South Africa’s Abandoned Gold Mines.
Available in: https://www.greenbiz.com/article/whats-left-wake-south-africas-aba
ndoned-gold-mines. (Accessed 7 July 2020).

Park, I., Tabelin, C.B., Jeon, S., Li, X., Seno, K., Ito, M., Hiroyoshi, N., 2019. A review of
recent strategies for acid mine drainage prevention and mine tailings recycling.
Chemosphere 219, 588–606.

Plecher, H., 2020. South Africa: Gross Domestic Product (GDP) in Current Prices from
1984 to 2021(in Billion International Dollars). Available online: https://www.statist
6

a.com/statistics/370513/gross-domestic-product-gdp-in-south-africa/. (Accessed 3
July 2020).

Pierre Louis, A.M., Yu, H., Shumlas, S.L., Van Aken, B., Schoonen, M.A., Strongin, D.R.,
2015. Effect of phospholipid on pyrite oxidation and microbial communities under
simulated acid mine drainage (AMD) conditions. Environ. Sci. Technol. 49 (13),
7701–7708.

Rajak, O.P., 2018. Preparation of Synthetic AMD (Acid Mine Drainage) in Laboratory and
its Treatment Using Biochar Material (Adsorption Method). Indian School of Mines,
Dhanbad. Doctoral Dissertation.

Rakotonimaro, T.V., Neculita, C.M., Bussi�ere, B., Benzaazoua, M., Zagury, G.J., 2017.
Recovery and reuse of sludge from active and passive treatment of mine drainage-
impacted waters: a review. Environ. Sci. Pollut. Control Ser. 24 (1), 73–91.

Ramesh, K., Reddy, K.S., Rashmi, I., Biswas, A.K., 2014. Nanostructured natural zeolite:
surface area, meso-pore and volume distribution, and morphology. Commun. Soil Sci.
Plant Anal. 45 (22), 2878–2897.

Sapsford, D., Santonastaso, M., Thorn, P., Kershaw, S., 2015. Conversion of coal mine
drainage ochre to water treatment reagent: production, characterisation and
application for P and Zn removal. J. Environ. Manag. 160, 7–15.

Sharma, V.K., 2011. Oxidation of inorganic contaminants by ferrates (VI, V, and IV)–
kinetics and mechanisms: a review. J. Environ. Manag. 92 (4), 1051–1073.

Sharma, V.K., 2013. Ferrate (VI) and ferrate (V) oxidation of organic compounds: kinetics
and mechanism. Coord. Chem. Rev. 257 (2), 495–510.

Sharma, V.K., Chen, L., Zboril, R., 2016. Review on high valent FeVI (ferrate): a
sustainable green oxidant in organic chemistry and transformation of
pharmaceuticals. ACS Sustain. Chem. Eng. 4 (1), 18–34.

Sibrell, P.L., Tucker, T.W., 2012. Fixed bed sorption of phosphorus from wastewater using
iron oxide-based media derived from acid mine drainage. Water Air Soil Pollut. 223
(8), 5105–5117.

Sukati, B.H., De Jager, P.C., Annandale, J.G., Tanner, P.D., 2018. The hazardous status of
high-density sludge from acid mine drainage neutralization. Sustainability 10 (11),
4185.

Sun, X., Zheng, W., Tuo, W., Yu, H., Wang, D., 2014. Research progress on preparation of
potassium ferrate by electrosynthesis. Chem. Ind. Eng. Prog. 33 (6), 1380–1386.

Talaiekhozani, A., Talaei, M.R., Rezania, S., 2017. An overview on production and
application of ferrate (VI) for chemical oxidation, coagulation and disinfection of
water and wastewater. J. Environ. Chem. Eng. 5 (2), 1828–1842.

Thommes, M., Kaneko, K., Neimark, A.V., Olivier, J.P., Rodriguez-Reinoso, F.,
Rouquerol, J., Sing, K.S., 2015. Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure
Appl. Chem. 87 (9-10), 1051–1069.

Varanda, L.C., Morales, M.P., Jafelicci Jr., M., Serna, C.J., 2002. Monodispersed spindle-
type goethite nanoparticles from Fe (III) solutions. J. Mater. Chem. 12 (12),
3649–3653.

Xie, P., Chen, Y., Ma, J., Zhang, X., Zou, J., Wang, Z., 2016. A mini review of pre-
oxidation to improve coagulation. Chemosphere 155, 550–563.

Yates, B.J., Zboril, R., Sharma, V.K., 2014. Engineering aspects of ferrate in water and
wastewater treatment–a review. J. Environ. Sci. Health Part A 49 (14), 1603–1614.

Yavuz, C.T., Mayo, J.T., William, W.Y., Prakash, A., Falkner, J.C., Yean, S., Natelson, D.,
2006. Low-field magnetic separation of monodisperse Fe3O4 nanocrystals. Science
314 (5801), 964–967.

Yousefzadeh, S., Matin, A.R., Ahmadi, E., Sabeti, Z., Alimohammadi, M., Aslani, H.,
Nabizadeh, R., 2018. Response surface methodology as a tool for modelling and
optimization of Bacillus subtilis spores inactivation by UV/nano-Fe0 process for safe
water production. Food Chem. Toxicol. 114, 334–345.

Zhu, R., Chen, Q., Zhou, Q., Xi, Y., Zhu, J., He, H., 2016. Adsorbents based on
montmorillonite for contaminant removal from water: a review. Appl. Clay Sci. 123,
239–258.

Zinck, J., Griffith, W., 2016. Review of Acidic Drainage Treatment and Sludge
Management Operations, MEND Report 3.43. 1. CANMET-MMSL, p. 101.

Zinck, J., Fiset, J.F., Griffith, W., 2010. Stability of treatment sludge in various disposal
environments: a multi-year leaching study. In: Proceedings of the IMWA Symposium,
September, pp. 5–9.

http://refhub.elsevier.com/S2405-8440(20)32087-9/sref15
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref15
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref15
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref16
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref17
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref17
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref17
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref17
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref17
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref19
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref19
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref19
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref19
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref20
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref20
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref20
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref20
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref20
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref21
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref21
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref21
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref22
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref22
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref22
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref23
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref23
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref23
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref23
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref24
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref24
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref24
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref25
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref25
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref25
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref25
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref26
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref26
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref26
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref26
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref27
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref27
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref27
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref27
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref28
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref29
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref29
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref29
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref29
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref30
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref30
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref30
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref31
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref31
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref31
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref31
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref32
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref32
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref32
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref32
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref33
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref33
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref33
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref33
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref33
https://www.greenbiz.com/article/whats-left-wake-south-africas-abandoned-gold-mines
https://www.greenbiz.com/article/whats-left-wake-south-africas-abandoned-gold-mines
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref35
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref35
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref35
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref35
https://www.statista.com/statistics/370513/gross-domestic-product-gdp-in-south-africa/
https://www.statista.com/statistics/370513/gross-domestic-product-gdp-in-south-africa/
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref37
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref37
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref37
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref37
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref37
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref38
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref38
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref38
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref39
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref39
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref39
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref39
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref39
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref40
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref40
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref40
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref40
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref41
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref41
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref41
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref41
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref43
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref43
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref43
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref44
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref44
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref44
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref45
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref45
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref45
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref45
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref45
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref46
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref46
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref46
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref46
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref47
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref47
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref47
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref48
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref48
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref48
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref49
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref49
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref49
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref49
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref50
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref50
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref50
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref50
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref50
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref51
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref51
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref51
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref51
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref52
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref52
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref52
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref53
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref53
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref53
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref53
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref54
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref55
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref56
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref56
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref56
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref56
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref57
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref57
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref58
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref58
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref58
http://refhub.elsevier.com/S2405-8440(20)32087-9/sref58

	Characterization and reusability suggestions of the sludge generated from a synthetic acid mine drainage treatment using so ...
	1. Introduction
	2. Materials and methods
	2.1. Preparation of the solution
	2.2. Generation of the synthetic AMD sludge and its characterization

	3. Results and discussions
	3.1. Sludge characterization
	3.1.1. XRD patterns of generated synthetic AMD sludge
	3.1.2. BET or nitrogen adsorption/desorption isotherm analysis
	3.1.3. Characterization of the sludge using SEM-EDS
	3.1.4. FT-IR spectroscopic characterization


	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


