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Abstract

Acid mine drainage (AMD) wastewater generated from coal field mining activities going on in Mpumalanga Province in
Republic South Africa contained toxic heavy metals which is harmful to human health and the environment, as it is required to
be removed before discharged into the natural water body. The aim of this study is to remove toxic heavy metals (Hg, Th, Cr,
Mn, Pb, As, Cd and Ba) from AMD using hydrazine (N,H>) as reductant. Chemical reduction method was used to remove the
toxic heavy metals. Physicochemical analysis was carried out on the mine wastewater. Digestion method was also conducted on
the acid mine wastewater. Quantification techniques used in this study are inductively coupled plasma optical emission
spectroscopy (ICP-OES), ion chromatography (IC), X-ray diffraction (XRD), X-ray Fluorescence (XRF), transmission electron
microscopy (TEM), FTIR and scanning electron microscopy energetic dispersion spectroscopy (SEM-EDS). The results of the
maximum concentration and percent removal of heavy metals removed in the AMD using 1.0 M of N,H; reductant solution are
Hg (0.00019 mg/L, 82.49%), Th (3E-06 mg/L, 99.98%), Cr (0.0078 mg/L, 96.53%), Mn (22.31 mg/L, 82.54%), Pb (0.0004
mg/L, 89.04%), As (0.0009 mg/L, 98.32%), Cd (0.0028 mg/L, 99.09%), and Ba (0.0021 mg/L, 92.00%). The results of the
maximum contact time of 120 minutes and percent removal of heavy metals removed in the AMD are Hg (0.00012 mg/L,
89.17%), Th (0.0014 mg/L, 92.49%), Cr (0.013 mg/L, 94.34%), Mn (10.53 mg/L, 91.68%), Pb (0.002 mg/L, 94.91%), As (0.005
mg/L, 90.93%), Cd (0.014 mg/L. 95.37%), and Ba (0.002 mg/L, 90.90%). The optimum concentration was 0.6 M NaBH4
reductant solution and contact time was 30 minutes. The concentration removal of the heavy metals in the treated AMD revealed
that the maximum concentrations of some metals are within the WHO while the others are above WHO limits. In conclusion,
N>H4 reductant removed most of the toxic heavy metals effectively in the AMD solution with brownish precipitate formed
without generating sludge was identified to be Fe nanoparticles.
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1. Introduction

Acid mine drainage (AMD) is an environmental problem
that is generated from the mining activities of excavating min-
eral resources from the earth, when mineral sulphides espe-
cially iron sulphides, marcasite (FeS,), magnetite (Fe304), and
pyrite are predominant in rocks or the earth will form acid
mine drainage when exposed to oxidizing to metal mining,
coal, and other large-scale excavations [1]. If there is high
concentration of alkaline rich materials in the mine even in the
presence of metal pyrite can still result to alkaline condition
[2, 3]. The toxic wastewater produced from the mines is as a
result of the oxidation of metal pyrite mine wastes/tailings
with oxygen in the presence of water [4]. The AMD formed
from the oxidation of pyritic metals is characterized with low
pH, high electrical conductivity (EC), high total dissolved sol-
ids (TDS) and elevated sulphate concentration [5-9]. Acidity
in AMD is composed of mineral acidity with the presence of
iron, aluminum, manganese, and other metals depending on
the soil geologic composition and metal sulphide and hydro-
gen ion acidity. Coal and Gold mines contains of more ferrous
and ferric pyrite substances and rich in low concentration
toxic metal ions [10-12]. AMD is a waste that is associated
with mining and mineral processing activities all over the
world especially where coal and gold mine activities are com-
mon [13-16]. AMD is one of the most prevalent causes of en-
vironmental pollution due to its high acidity (pH < 3) and toxic
metal [16, 17]. Acid mine drainage (AMD) is a serious envi-
ronmental issue which is associated with mining because of
its acidic pH and potentially toxic elements (PTE) content. In
chemical treatment of AMD, the conventional method of
chemical treatments that are always used to treat AMD in-
volves the addition of alkaline materials and other chemicals
to neutralize it and enhance hydroxide precipitation [18]. All
treatment methods have one shortcoming or the other due to
one condition or the other [19, 20]. However, these chemical
methods also generate large volumes of metal sludge which is
another problem to the treatment process [21, 22]. Chemical
reduction process involves the use of reducing agents such as
sodium borohydride (NaBHjs), and hydrazine (N,H>) for metal
recovery by chemical precipitation method [23]. Hydrazine is
a powerful strong chemical reductant that is widely used in
various chemical reactions for the synthesis of finely divided
metals [24]. Different soluble metal ions are recovered as use-
ful insoluble elemental zerovalent metal from chemical reduc-
tion instead of metal hydroxide sludge like chemical precipi-
tation method [23]. As metal ions in the solution are immedi-
ately reduced to metallic state, the amount of metal ions in the
solution is reduced. The metal reduction reaction proceeds ac-
cording to the reaction presented in Equation (1) [23, 25]. The
aim of this study is to use hydrazine to remove toxics heavy
metals from AMD which eventually precipitated out metal
ions in the solution and convert it to a zerovalent metal with-
out generating sludge.
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2. Materials and Methods
2.1. Sampling

The samples were collected from Navigation coal mine in
Mpumalanga Province in the Republic of South Africa using
plastic container and sealed immediately to prevent the ingress
of air so as not to cause oxidation of the minerals in the mine
water solution. The AMD sample was kept in a refrigerator at
4°C.

2.2. Chemical and Reagents

The chemicals used for this research were analytical grade
reagents: hydrazine, concentrated nitric acid, hydrochloric
acid, ethanol, reagent grade ferric sulphate salt and they were
all purchased from Sigma Aldrich and Kimix chemical com-
pany. All chemicals were used without any further treatment.

2.3. Digestion

The AMD wastewater was digested using aqua regia con-
sisting of HNOj3 and HCl in ratio 1: 3 after which it was quan-
tified using ICP-OES instrument to determine the concentra-
tions of the metal ions present in the AMD. The digestion of
AMD was carried out to free the metals that are trapped in the
matrix of the mineral ore.

2.4. Chemical Treatment

The chemical treatment of AMD was carried out using hy-
drazine by optimizing the concentration and contact time to
obtain clean water. 50 mL of AMD sample was measured into
a 250 mL conical flask and subjected to constant stirring ti-
trated with 100 mL 1 M N,H, reagent and the mixture was
stirred constantly of a hotplate magnetic stirrer regulated at
60°C for 2 hours. Addition of hydrazine into the mixture at
60°C and brown precipitate was formed and continue the ad-
dition until there was no brown particle formed [26]. Filter the
mixture and collect the residue and the supernatant solution
for ICP-OES quantification while the residue was washed
with distilled water several times before it subjected to drying
with nitrogen gas or freeze dryer. The dried residue was kept
in a sample bottle until it is required for characterization using
XRD, XRF, FTIR and SEM analysis. Contact time conducted
at5, 15,30, 45, 60 and 120 minutes to obtain clean water using
optimized concentration of hydrazine. 50 mL of AMD sample
was measured into different 250 mL conical flask and stirred
constantly of a hotplate magnetic stirrer regulated at 60°C for
2 hours, add 100 mL 0.6 M NyH, reagent into the mixture to
form brown precipitate, continue the addition until the brown
particle stopped to form. Filter the mixture, collect the super-
natant solution for ICP-OES quantification while the residue
was washed with distilled water several times before it sub-
jected to drying with nitrogen gas or freeze dryer. The dried
residue was grinded, sieve and kept in a sample bottle until it
is required for characterization using XRD, XRF, FTIR SEM,
and TEM analysis.

Equation of Reaction
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M™ (aq) + NoHs () »M° (s) + N2 (g) + H (aq) (1)
Fe*" + NoHy — Fel (s) + Na (g) + 4 H (aq) ()
Fe® (s) + H,0 (1) + O; () — FeOOH 3)

2.4.1. Concentration Optimization

The concentration of hydrazine solution used in the chemi-
cal treatment of AMD was optimized using 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8,0.9, and 1.0 M.

2.4.2. Contact Time Optimization

The contact time of the hydrazine chemical treatment of
AMD was optimized using the contact time of 5, 15, 30, 45,
60 and 120 minutes.

The percentage removal of metal (% R) was calculated us-
ing the equation,

% R = Co-C./Co x 100% 4)

2.5. Characterization

The chemical composition of the AMD cations and anions
were determined with Varian Radial Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) and Di-
onex DX-120 Ion Chromatography respectively. The crystal-
linity, particle size and mineral phases of the brown residue
was identified with an x-ray powder diffraction patterns were
obtained using on a Bruker D8 Advance x-ray diffractometer

with Cu Ka radiation (45kV, 40mA, A = 1.542A), scanned
from 20 to 80 ° (20). The morphology and particle size of the
residue was examined with a scanning electron microscopy
(SEM EDS) which was conducted using a HITACHI S-4700
electron microscope. The HRTEM morphological analysis
was carried out on the precipitate using Phillips Tecnai F20
super-twain TEM. XRF elemental composition of precipitate
was carried out using a Philips PW 2400 X-ray sequential
spectrophotometer to determine the elemental constituents of
the precipitated sample. The FTIR was used to determine the
functional groups present in the rice husk samples using atten-
uated total reflectance (ATR). The FTIR spectroscopy was
used to determine functional groups present in the precipitate
with attenuated total reflectance (ATR). The particle was dried
in an oven regulated at 105°C for 24 hours to remove any trace
of moisture present in the precipitated particles.

3. Results

3.1. Physicochemical Parameters

The physicochemical analysis of the AMD conducted are
pH, electrical conductivity (EC), total dissolved solids (TDS),
temperature, dissolved oxygen (DO) is presented in Figure 1.
The results of the physicochemical parameters are not within
the WHO permissible limit of drinking water and it implies
the discharge into natural water body will lead to serious water
pollution [27].
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Figure 1. Physicochemical analysis of AMD wastewater.
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Table 1. Physicochemical Analysis of AMD.

Physicochemical Parameters WHO Standard
pH 6.5-8.5

EC <400 pScm
TDS 300-600 mg/L
DO

Temperature <25°C

3.2. Cations and Anions Analysis

The cation and anion analysis of the AMD was using ICP-
OES and IC to determine the concentration of all the dissolved
ions in solution are presented in Figures 2 and 3. Figures 2 and 3
present the concentrations of all the dissolved metals and anions
in the RAMD solution respectively. The ICP concentration

(4492.13 mg/L) results indicated 70.42% iron content as the pre-
dominant cation while the IC concentration (27,731.81 mg/L) re-
sults indicated 99.73% sulphate content. The cation and anion
analysis revealed that AMD sample was rich in iron and sulphate
ions which mean that the sample can be used as feedstock raw
material substitute of reagent grade iron salt for making iron
nanoparticles. The ICP-OES and IC results are presented in
Figures 1 and 2 respectively.
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Figure 2. Cation Concentration (4) and% Cation Composition (B) in Acid mine wastewater.
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Figure 3. Anion Concentration and% Anion Composition in Acid mine wastewater.
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3.3. Hydrazine Chemical Treatment
Optimization

The removal of toxic heavy metals by chemical treatment

3.3.1. Concentration Optimization

of the AMD was carried out using hydrazine (N,H,) by opti-
mizing the concentration of hydrazine solution using 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 M and contact time
using 20, 40, 60, 80, 100 and 120 minutes.
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Figure 4. Concentration Effect of Hydrazine removal of Pb, As, Cd and Ba in AMD.

The concentration of hydrazine treatment removal of toxic
heavy metals in acid mine drainage wastewater was optimized
using 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 M is
presented in Figures 3-4. The hydrazine treatment removal of
Hg, Th, Cr and Mn were optimized using 0.1-1.0 M N>H> so-
lution is presented in Figure 3 and the N,H, treatment removal
of Pb, As, Cd and Ba is presented in Figure 4. Figure 3 pre-
sents the concentration of Hg reduced from 0.0011 M to
0.00019 M to obtain a maximum removal of 82.49%, Th re-
duced from 0.01864 M to 0.000003 M with a maximum re-
moval of 99.98%, Cr 0.226 M to 0.008 M with maximum re-
moval of 96.53%, and Mn 668.77 M to 13.41 M with maxi-
mum removal of 82.54%. Figure 4 presents the concentration
of Pb 0.0551 M reduced to 0.0001 M with maximum removal
01 98.32%, As 0.0034 M to 0.0004 M with maximum removal
of 89.90%, Cd 0.3032 M reduced to 0.0028 M with a maxi-
mum removal of 99.09% and Ba 0.00227 M to 0.0021 M with
a removal of 92.00%. As the concentration of hydrazine in-
crease, the concentration of the toxic heavy metals in the
AMD decrease and the percent removal of toxic heavy metals
increase.

3.3.2. Contact Time Optimization

The removal of toxic heavy metals in AMD using hydrazine
chemical for treatment was optimized at contact time of 5, 15,
30, 45, 60, and 120 minutes. The contact time of hydrazine
treatment removal of toxic heavy metals in AMD was opti-
mized at 5, 15, 30, 45, 60, and 120 minutes is presented in
Figures 5-6. The contact time hydrazine treatment removal of
Hg, Th, Cr and Mn in the AMD was optimized at 20-120
minutes is presented in Figure 5. The contact time hydrazine
treatment of Pb, As, Cd and Ba Figure 5 presents the contact
time of Hg reduced from 0.0011 M to 0.00025 M to obtain a
maximum removal of 77.59%, Th 0.055 M reduced to 0.004
M with a maximum removal of 91.85%, Cr 0.063 M to 0.008
M with maximum removal of 87.10%, and Mn 127.78 M to
4.33 M with maximum removal of 96.61%. Figure 6 presents the
conc of Pb 0.0034 M reduced to 0.0002 M with maximum re-
moval of 82.32%, As 0.055 M to 0.010 M with maximum re-
moval of 82.32%, Cd 0.3032 M reduced to 0.006 M with a max-
imum removal of 93.04% and Ba 0.00227 M to 0.00010 M with
a removal of 96.010%. As the contact time of the treatment in-
crease, the concentration of the AMD toxic heavy metals de-
crease and the percent removal of toxic heavy metals increase.
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Figure 6. Contact Time Effect of Hydrazine removal of Pb, As, Cd and Ba in AMD.

3.4. Characterization

3.4.1. XRD and XRF

Figure 7 presents the XRD spectrum and XRF elemental
composition of hydrazine precipitated Fe from iron rich AMD.
The XRD spectrun using JCPDS database at reflection angles
revealed where characteristic peaks of a particular mineral

36

phase can be seen on the spectrum. The diffraction pattern of
peaks exhibited by the precipitated Fe whose reflection angles
are indexed at 21.88°, 26.46°, 33.85°, 47.79°, 54.2°, 63.38°,
65.84°, 71.12° and 79.12° corresponds to goethite mineral
phase. This diffraction pattern of the precipitated Fe can be
indexed to goethite [0-FeO(OH)] mineral phase and the peaks
agrees with previously reported literature Jaiswal et al., [28];
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Taleb et al., [29]; Flores et al., [30] and the peaks are tiny
which shows that the particles have smaller crystal size and
crystalline [31]. The diffraction peak at reflection angle in-
dexed at 45.5° corresponded to pure iron (a-Fe) mineral phase
which indicate the presence of zerovalent iron (a-Fe) with
some traces of amorphous crystallinity [28, 32]. All available
reflections of the present XRD peaks can be attributed to the
presence of goethite The sharp and strong diffraction reflec-
tion peaks, revealed the residue to be crystalline nanoparticles.
The XRF elemental composition of the precipitated Fe from

hydrazine treated AMD is presented in Figure 7. The results
revealed the chemical composition of the precipitated Fe sam-
ple was composed of majorly iron (Fe) particles of about 96.9
+ 0.36%. The other elements precipitated elemental composi-
tion are trace amount such as Al (1.19%), Si (0.4%), Ca
(0.28%) and Mg (0.46%) can be attributed to the source of the
iron salt solution. Previous study revealed that the XRF results
usually showed that Fe have the highest composition in any
goethite mineral sample [33, 34].
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Figure 7. XRD spectrum analysis (A) and XRF elemental composition (B) of HTAR precipitate.
3.4.2. SEM and TEM
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Figure 8. TEM-SAED (4), SEM image (B) o and SEM-EDS elemental composition (C) of HTAR precipitate.

Figure 8 presents the SEM and TEM morphology of the
precipitates obtained from the chemical reduction treatment of
AMD using hydrazine reagent. The TEM micrograph analysis
of the precipitated Fe from AMD is presented in Figure 8A
which shows that the particles are spherical in shape with par-
ticle sizes determined using ImageJ software to be 6.78 + 1.12
nm. The ring-type pattern of the selected area electron diffrac-
tion (SAED) analysis of the precipitated Fe revealed that the
particle was crystalline and monodispersed with the ring. The
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morphology of the precipitate Fe revealed a spherical bead-
like shape with SAED indicating crystallinity [35]. Previous
studies revealed that hydrazine precipitated Fe are spherical
with particles sizes to be higher than and less than 7 nm and 5
nm [36]. The SEM is a technique used to determine the shape,
texture and surface morphology of a sample and the shape of
precipitated Fe from the iron-rich AMD was spherical in shape
with some long tiny strands [6, 37]. The SEM-EDS of the
chemically precipitated residues in Figure 8B & C revealed
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the particle sizes ranging from 48-64 nm. The EDS gives ac-
curate information of the type of elements present in the pre-
cipitated sample but not the accurate quantities of the elements
are Fe (68.13%), Al (1.43%), S (7.72%), O (20.12%) and Si
(2.6%) and it implies that Fe constitute bulk of the particles
precipitated from the chemical reduction process. The EDS el-
emental analysis revealed that the precipitated Fe contained
very high percentage of Fe (68.13%) for the metals and non
metals [S (7.72%) and O (30.12%)] identified with the ICP-
OES and IC results in Figure 2 to confirm Fe and sulphate
were the predominant cation and anion respectively. The
SEM-EDS result confirm the XRF elemental composition of
the precipitated Fe.

3.43. FTIR

The FTIR absorption spectra of precipitated residue from
chemical treated AMD is presented in Figure 4. FT-IR spectra

of the precipitated goethite mineral revealed a very broad band
of O-H at 3262.48 cm™!' which can be attributed to the stretch-
ing vibration of H,O molecules. Strong C=0O absorption
stretching bands at 2525.82 ¢cm™'-2037.71 e¢m™ can be as-
signed to the presence of COs2 due to contamination by at-
mospheric CO» and it revealed that residue Fe has strong af-
finity for CO; gas [28, 31, 38]. The sharp peak at 1668.39 cm™
! can be ascribed to the O-H bending of water molecules [28,
39-41]. The IR absorption band at 1096.14 cm™ can be at-
tributed to the presence of S—O bond. The characteristic sharp
bands at 817.32 cm™' and 700.36 cm™' can be assigned to the
Fe—O—OH bending vibration in a-FeOOH [38, 42, 43]. The
weak IR stretching bands between 1096.14 cm™' and 993.09
cm™! can be due to the presence of a trace amount of quartz
[42]. These IR bands of 873.27 cm™ and 700.32 cm™ were
assigned to Fe—O—H in-plane bending (6OH) and out-of-plane
bending (yOH) vibrations respectively The 612.17 cm™ band
is ascribed to Fe—O stretching vibrations of goethite [28, 44].
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Figure 9. FTIR absorption bands of HTAR precipitate.

4. Conclusion

1) This study revealed that in the course of treating the iron
rich AMD with hydrazine chemical reductant, the played
dual role of reducing the Fe in the AMD to Fe precipitate
and the same time cleaning the water by removing colour
and toxic heavy metals.

2) The concentrations of the toxic metals from the AMD
wastewater were removed by the hydrazine chemical at
very high percentage and also making the concentrations
to fall within the WHO permissible standard limit.

3) The physicochemical analysis showed that AMD
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wastewater was contaminated and some parameters
were within the WHO drinking water permissible limit.

4) Analysis of the raw AMD wastewater for cations and an-
ions revealed that it contained Fe and SO as the predom-
inant cation and anion.

5) Chemical reduction treatment of the AMD using hydra-
zine chemical generated less volume of waste which was
a valuable nanomaterial and can be used for environmen-
tal cleaning of wastewater.

6) Characterization of the residue generated from the hy-
drazine chemical treatment using XRD, XRF, SEM EDS,
TEM and FTIR the results are: XRD identified goethite
mineral phase, crystallinity and particles size of 7.43 nm;
XRF elemental composition revealed 96.8% Fe in the
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precipitate, 12% Al,Os3, 0.34% SiO,, 0.25% CaO and
1.32% MgO; TEM showed crystallinity, and particle size
of 8.9 nm; SEM revealed the surface morphology which
was spherical with particle size of 56 97 nm and FTIR
revealed the functional groups in the residue which iden-
tified O-H, C-H, C=0, Fe-O-O-H, S-0O, Fe-O-O-H,

Fe—O stretching and C-H bending.

7) Chemical reductants are good reagent for treatment of
AMD by precipitating impurities to generate low volume
of waste, with a valuable product that can be used for

other purposes.

8) The chemical treatment yielded high percentage removal

of some toxic heavy metals from the AMD.

Abbreviations
AMD Acid Mine Drainage
IC Ion Chromatography
ICP-OES Inductively Coupled Plasma-Optical

Emission Spectroscopy

HTAR Hydrazine Treated AMD Residue
XRD X-ray Diffraction
XRF X-ray Flourescence
SEM-EDS  Scanning Electron Microscopy-Energy
Dispersive Spectroscopy

TEM Transmission Electron Microscopy
SAED Selected Area Electron Dispersion
FTIR Fourier Transform Infrared Spectroscopy
IR Infrared
N2H» Hydrazine
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