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ABSTRACT

In this study, selective precipitation using magnesium oxide (MgO) and bio-sorption with 
banana peels (BPs) were explored for the treatment and valorization of acid mine drainage 
(AMD). The treatment chain comprised two distinct stages of which selective precipitation 
of chemical species using MgO (step1) and polishing of pre-treated AMD using BPs (step 
2). In stage 1, 2.0 L of AMD from coal mine was used for selective precipitation and recovery 
of chemical species using MgO. The results revealed that chemical species of concern were 
precipitated and recovered at different pH gradients with Fe(III) precipitated at pH ≤4, Al at 
pH ≥4–5, Fe(II), Mn and Zn at pH ≥8 while Ca and SO4

2- were precipitated throughout the 
pH range. In stage 2, the pre-treated AMD water was polished using BPs. The results revealed 
an overall increase of pH from 1.7 to 10, and substantial removal of chemical species in the 
following removal efficiency: Al, Cu and Zn (100% each), ≥Fe and Mn (99.99% each), ≥Ni 
(99.93%), and ≥SO4

2- (90%). The chemical treatment step removed pollutants partially, where-
as the bio-sorption step acted as a polishing stage by removing residual pollutants.

Cite this article as: Nguegang B, Ambushe AA. The treatment of acid mine drainage (AMD) 
using a combination of selective precipitation and bio-sorption techniques: A hybrid and step-
wise approach for AMD valorization and environmental pollution control. Environ Res Tec 
2024;7(3)313–334.

INTRODUCTION

Acid mine drainage (AMD) is mine acidic by-product, 
containing elevated concentrations of metals and sulphate 
ions (SO4

2–) and generated by active and abandoned mines, 
mostly coal and gold mines [1, 2]. Specifically, AMD is 
formed following the oxidation of sulphide bearing mate-
rials such as pyrite (FeS2), arsenopyrite (FeAsS) and mar-
casite in contact with water [3]. Pyrite (FeS2) is at the fore-
front of AMD formation process while the contribution of 
other sulphide bearing materials is negligible. As such, the 
AMD formation process can be summarized as illustrated 
in equation (1), (2) and (3).

2FeS2+2H2O+7O2 → 2Fe2++4SO4
2-+4H+ (1)

The oxidation of FeS2 in the presence of water and oxygen 
leads to the formation of SO4

2–, ferrous ion [Fe(II)], and hy-
drogen ion (H+) equation (1). Once formed, Fe(II) is con-
tinuously oxidized to form ferric ion [Fe(III)] as illustrated 
in equation (2).

4Fe2++O2+4H+→4Fe3++2H2O (2)

The Fe(III) produced after equation (2) can later oxidize 
FeS2 to generate more Fe(II) and more H+ as shown in equa-
tion (3).

FeS2+8H2O+14Fe3+→15Fe2++2SO4
2-+16H+ (3)
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The above-described chemical reactions occur spontaneous-
ly or can be merely mediated or stimulated by microorgan-
isms (sulphate and iron oxidizing bacteria) with the net effect 
to produce more H+ thereby increasing the acidity of the final 
product water [4]. Once formed, AMD becomes a matter of 
great environmental and human health concern and specif-
ically in countries with intensive mining industry due to the 
presence of toxic chemical species that include metalloids 
such as arsenic (As), radionuclide such as uranium (U) and 
potentially toxic elements (PTEs) [5]. To be more precise, 
AMD is characterised by low pH (≤4.5), high concentration 
of major metals (Al, Fe, and Mn), very high concentration 
of SO4

2–, low concentration of Cu, Ni, Zn and Pb and trace 
content of alkali earth metals such as Ca and Mg [6, 7]. This 
acidic water has the ability to cause undesirable eco-toxico-
logical effects on different environmental compartments and 
severe human health effects, which include skin irritation, 
kidney damage, and neurological diseases amongst others [5, 
8]. Due to its higher content of valuable natural resources, its 
eco-toxicological and human health effects, mining house, 
government, non-governmental organization (NGO) and 
scientific communities are constantly exploring long-term 
and sustainable solution for the management, treatment, and 
valorisation of AMD. In addition, regulatory body required 
AMD to be treated and all pollutants reduced to acceptable 
level prior to its release into different environmental com-
partments; thus, implying an emergency action to be taken 
to effectively manage this unpleasant mine wastewater.
In line with that, preventive techniques such as drainage 
channels and limestone backfill around the mine site to hin-
der the AMD formation have been explored [9–11]. In addi-
tion to AMD formation prevention, various treatment tech-
nologies have been developed and are currently applied for 
the treatment of already generated AMD. They include ac-
tive methods such as neutralization [12, 13], passive meth-
ods such as constructed wetland [2, 14–16], limestone bed 
[17–20], phytoremediation [21–23], hybrid and integrated 
technologies [24–26]. However, literature reports indicated 
some drawbacks associated with the above-mentioned treat-
ment technologies; thus, limiting their application for effec-
tive treatment and valorisation of AMD. For instance, active 
technologies release highly polluted toxic sludge containing 
metals and other chemical species, which can be recovered 
using specific techniques. Passive methods are ineffective to 
treat highly acidic AMD water while hybrid and integrated 
technologies are fragile and require high capital cost [27]. 
Based on that, studies are been oriented on the treatment 
and valorisation of acid mine water and it is mostly accom-
plished by increasing the pH to desired level, collect and val-
orise sludge by recovering valuable minerals using various 
techniques including precipitation (neutralization) [1, 28], 
adsorption [29], ion-exchange [30], membrane technology 
[31], desalination [32] and bio-sorption [33].
However, valuable minerals recovery from AMD is com-
plex at industrial level due to various drawbacks associated 
with each technique. For instance, membrane technology 
has the problem of membrane fouling, brine generation 
and high capital cost. Adsorption and ion-exchange are 

ineffective to treat very acidic AMD water and are easily 
saturated. Desalination is not sustainable due to high cap-
ital and operational cost and the production of salt with 
impurities. Among those techniques, precipitation appears 
to be the most promising technology due to its ability to 
handle gigantic volume of AMD with very little dosage of 
alkaline chemicals, and the possibility to adjust it in step-
wise fashion or selective precipitation to precipitate and re-
cover chemical species at different pH gradients [1, 34]. On 
the other hand, bio-sorption is a physicochemical process 
that utilises the mechanism of absorption, adsorption, ion 
exchange and surface complexation to remove pollutants 
from aqueous solution [35, 36]. Furthermore, bio-sorption 
using agricultural by-products is cost effective, does not 
generate sludge and bio-adsorbent are readily available. 
Amongst the agricultural by-products, banana peels (BPs) 
is most suitable to remove chemical species (metals and sul-
phate) since its biomass contain functional group like car-
boxyl, hydroxyl and amine, which play a vital role for bind-
ing and remove pollutants from aqueous solution [37, 38]. 

As such, there is dire need to come up with innovative 
technologies that will exhibit the viability and feasibili-
ty of integrating fractional or sequential precipitation and 
bio-sorption for the treatment and valorisation of AMD and 
agricultural by-products in a circular economy approach 
(CEA) concept. Various techniques including electro reac-
tions [39] and bio-electrochemical system [40] have been 
applied to recover valuable minerals from AMD while alka-
line materials such as Ca(OH)2 and Na2S [41], hydrated lime, 
soda ash and caustic soda [34], Na2SO4 [42], and MgCO3 [1] 
have also been used to precipitate and recover valuables min-
erals from AMD. From literature, magnesium oxide (MgO) 
has high neutralisation capacity with optimum pH achiev-
able of 9.5 and it has been successfully investigated for the 
active treatment of real AMD water [43–45], while BPs is ef-
fective bio-sorbent for chemical species removal in acid mine 
water, however, with limited efficiency in very acidic mine 
water [46, 47]. Owing to their disadvantages, which include 
the incapacity of MgO to increase the pH of AMD water 
above 9.5, and poor efficiency of BPs for concentrated acidic 
mine water, this complementary approach is being proposed 
to eliminate the drawbacks of each system to ensure the ef-
fective treatment and valorisation of AMD in order to con-
trol environmental pollution associated with both mining 
and agricultural activities. To the best of authors knowledge, 
the integration of fractional or sequential precipitation with 
MgO and bio-sorption using BPs has not been investigated 
for the treatment and valorization of AMD. Therefore, this 
is the first study in design and execution to explore the use 
of selective precipitation with MgO and bio-sorption with 
BPs for the treatment and valorization of real AMD. The pro-
posed technique is cost effective, efficient, environmentally 
friendly and will open the route to introduce 4R (Recovery, 
reuse, recycle and repurpose) technology to valorize agricul-
tural by-products, turn mining influenced water or AMD 
into beneficial products thereby controlling environmental 
pollution and reduce human health risks associated with ex-
posure to contaminated waste.
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MATERIALS AND METHODS

Reagents Acquisition and Standards Solution Preparation
Analytical grade and commercially produced MgO (99.99%) 
was purchased from Merck, South Africa while multi-ele-
ment standard solution was purchased from Sigma-Aldrich, 
st Louis, Mo, USA). The calibration standard solutions were 
prepared using 100 mg/L multi-element (Sigma-Aldrich, st 
Louis, Mo, USA) for metals analysis while a sulphate standard 
solution (HACH, USA) of 1000 mg/L was used to prepare the 
calibration standards for SO4

2– analysis. Ultrapure deionized 
water from a MilliQ Direct 8 water purifier system (Millipore 
S.A.S Molshein, France) with resistivity of 18.1 MΩ/cm at 25 
°C was used for the preparation of all standard solutions.

Raw AMD Collection and Bio-sorbents (BPs) Acquisition
Raw AMD used in this study was collected from the dis-
charge point of a coal mine in Limpopo province, South Af-
rica. Acid mine water was collected using 5 L polyethylene 
container to prevent further oxidation and precipitation 
of metals. To obtain BPs which were used as bio-sorbent, 
ripe banana was purchased from a recognized franchised 
grocery store (Food Lover’s Market), Johannesburg, South 
Africa. Once in the university laboratory, BPs were separat-
ed from banana, cut into small pieces, and cleaned using 
ultra-pure water to remove dirt, dried using an oven dryer 
and grinded to obtain a particle size of less than 100 µm. 

Treatment and Valorization of Real AMD Water
This section is divided in 2 parts of which step 1 consists of 
selective precipitation and recovery of chemical species from 
real AMD, while step 2 focuses on the use of bio-sorbent 
(BPs) to polish the product water by bio-sorption technique.

Selective Precipitation and Chemical Species Recovery 
Approach
To assess the effects of MgO on chemical species precipita-
tion, an initial quantity of MgO and AMD were mixed in 
the ratio of 1:2000 (1 g/2000 mL or w/v ratio) and stirred 
at 800 rpm. The pH of the solution was gradually raised in 
stepwise fashion by cautiously increasing the MgO dosage 
and stirred at 800 rpm using an overhead stirrer to reach the 
desired pH (pH 4, pH 6, pH 8 and pH 9.5). At each desired 
pH, the solution was allowed to stand for 3 h followed by the 
decantation of supernatant water and the recovery of sludge 
following the method of Masindi et al. [1]. The supernatant 
water siphoned at each pH level was used for the next step of 
the precipitation process to reach the next desired pH, how-
ever with the increasing of MgO dosage, if after stirring for 
60 min, the desired pH gradients was not reached. The pH 
of the solution was monitored using a pH meter. The differ-
ent pH intervals for chemical species precipitation were pH 
(1.7–4), pH (4–6), pH (6–8) and pH (8–9.5) and at pH (4, 6, 
8 and 9.5), processed AMD water samples were collected for 
chemical species analysis while sludge materials were recov-
ered for different characterization studies. The experiment 
was optimized using one-factor-a-time (OFAAT) approach 
whereby the effects of precipitator (MgO) was duly explored.

Bio-sorption Technique Using Banana Peels
Bio-sorption is a process of binding ions from aqueous 
solution in contact with functional group that are present 
on the surface of biomass [48]. To polish the product water 
using BPs, two parameters (contact time and bio-sorbent 
dosage) were investigated. To assess the effect of contact 
time, product water reclaimed at pH 9.5 was mixed with 
BPs at the ratio 1:100 mL (w/v or 1 g/100 mL). The mix-
ture was stirred at 800 rpm and the effect of contact time 
was observed for 10, 30, 60, 90, 120, 150, 180, 210, 240 and 
300 min. The mixture was then allowed to stand for 3 h 
followed by the recovery of supernatant water and filtration 
using 0.22 µm pore size nylon syringe filter membrane pri-
or to analysis for chemical species concentration, while raw 
and AMD reacted BPs were characterized using different 
characterization techniques. To assess the effect of bio-sor-
bent dosage, an amount of 0.1, 0.25, 0.5, 0.75, 1, 1.25 and 
1.5 g was added into separate beakers containing 100 mL of 
pre-treated AMD each. The mixture was stirred at 800 rpm 
at the optimum contact time of 300 min after which the 
solution was allowed to stand for 3 h followed by filtration 
using 0.22 µm pore size nylon syringe filter membrane and 
then analyzed for chemical species contents. The effect of 
pH was not evaluated since the quest was to mimic the sys-
tem near real environmental conditions, and this comprise 
testing the system under ambient temperature and pH in 
order to understand the robustness of the system in a real 
environment where pH will not be evaluated or adjusted. 
Schematic representation of the hybrid and stepwise ap-
proach is shown in Figure 1.

Samples Preparation and Analysis
Raw AMD and treated water samples recovered at different 
pH levels during selective precipitation process and after 
bio-sorption technique were filtered using a 0.22 µm pore 
size nylon syringe filter membrane to remove particles and 
avoid absorption of metals [49], followed by the measure-
ment of pH, EC and TDS. The water samples were then 
divided into two sub-samples of which sub-sample 1 was 
preserved by adding two drops of 65% nitric acid (HNO3) 
to avoid ageing and immediate precipitation of metals and 
kept at 4 °C until analysis for metals concentration using 
inductively coupled plasma optical-emission spectrometry 
(ICP-OES), 5110 ICP-OES vertical dual view, (Agilent tech-
nologies, Australia). Sub-sample 2 was left non-acidified 
and analyzed for SO4

2– concentration using ion chromatog-
raphy (IC) (850 professional IC Metrohm, Herisau, Switzer-
land). The two sub samples were analyzed following stan-
dard methods as stipulated by the American Public Health 
Association [50]. Sludge collected at different pH gradients 
were purified by drying at 125 °C for 24 H using dryer oven 
(Labotec Ltd, South Africa) while a grinder (Kambrook AS-
PIRE, South Africa) was used to mill the dried BPs to pow-
der. After purification, 1 g of processed MgO was digested in 
a mixture of 6 mL of 37% hydrochloric acid (HCL) and 2 mL 
of 65% nitric acid (HNO3) using microwave digestion sys-
tem (Anto Paar Strasse, Austria) as described by Uddin et al. 
[51], while the rest of purified sludge was used for different 
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characterization studies. The digested samples were filtered 
using 0.22 µm pore size nylon syringe filter membrane fol-
lowed by analysis for chemical species concentration.

Characterization Studies
Characterization studies were performed using different ana-
lytical and state-of-art characterization techniques. To be pre-
cise, morphological structures of pure, processed MgO, pure 
and BPs after treatment were determined using high resolution 
scanning electron microscopy energy dispersive x-ray spec-
troscopy (HR-SEM-EDS) (TESCAN VEGA 3 LMH Brno-ko-
houtovice, Czech Republic) coupled to an EDS (Oxford Instru-
ments, Buckinghamshire, UK). The crystallographic structure 
and mineralogical composition were ascertained using pow-
der X-ray diffraction (p-XRD) (Philips PW 1710, Netherlands) 
while different functional group were determined by Fourier 
transform infrared (FTIR) spectroscopy (Shimadzu, Kyoto, Ja-
pan) in the wavelength range between 500 and 4500 cm-1 and 
scanned at a resolution of 16 cm-1. A PerkinElmer STA 6000 
thermogravimetric analyser (TGA) (TA instruments, New 
Castle, USA) was used to determine the thermal stability of 
bio-sorbent and their fraction of components while a Malvern 
Zetasizer NANO-ZS ZEN3600 (Malvern panalytical, South 
Africa) was used to determine the particles in suspension on 
the surface of bio-sorbent.

Regeneration of Banana Peels
A regeneration study was conducted for the BPs by mixing 
0.5 g of bio-sorbent with a pre-treated AMD water collected 
at pH 9.5 with chemical species concentration as follows: Al 
(1.02 mg/L), Cu (0.01 mg/L), Fe (2.4 mg/L), Mn (1.03 mg/L), 
Ni (0.01 mg/L), Zn (0.09 mg/L) and SO4

2–. The mixture was 
stirred at 800 rpm for a contact time of 300 min after which 
the bio-sorbent was recovered by filtration while the aqueous 
solution (pre-treated AMD) was analyzed for quantification 

of chemical species concentration. The same procedure was 
repeated 5 times to evaluate the reusability of bio-sorbent.

Quality Control and Quality Assurance
A quality control (QC) and quality assurance (QA) process 
was implemented in this study to warrant the production 
of trustworthy results. The QC/QA process required all 
analysis to be conducted in triplicate and data reported as 
mean value and considered acceptable when the difference 
between triplicate samples was less than 5% while the limit 
of detection (LOD) and limit of quantification (LOQ) were 
determined using standard methods.

Limit of Detection and Limit of Quantification
To determine the LOD and LOQ, calibration curves with 
the following concentration of each element: 0.1, 0.3, 0.7, 1, 
1.3, 1.5, 2, 2.5, 3 and 3.5 were used. A reagent blanks were 
analyzed to calculate the LOD. A standard solution contain-
ing about 10 mg/L of each element was used to obtain the 
standard intensities signal and the LOD was then calculated 
following the methods as illustrated in Equation (4) [52]. 

 (4)

Where: 

σ is the standard deviation of the blank solution

S is the concentration of the standard (mg/L)

I is the signal intensity of the standard

β is the average intensity of the blank signal

V is the volume of the final volume of the sample (9 mL). 
The LOQ was then determined taking into account the fact that 
LOQ is approximatively 3.333 times the LOD equation (5) [37].

LOQ =LOD ×3.333 (5)

Figure 1. Schematic illustration of the hybrid system: selective precipitation and bio-sorption technique.
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Mathematical Modelling and Removal Efficiency
The efficiency of the hybrid approach (selective precipita-
tion and bio-sorption) for the treatment and valorization 
of acid mine water was duly investigated. The removal effi-
ciency (RE) was calculated for metals, EC, TDS and SO4

2– as 
demonstrated in equation (6) [14].

 (6)

Where Ci and Cf are the initial and final concentration of 
metals, respectively.

The pH increment was determined as illustrated in equa-
tion (7) [2].

I =pHf–pHi (7)
Where pHf is the final pH of the product water, pHi is the 
initial pH of AMD, while I is the increment of pH after se-
lective neutralization and bio-sorption.
The efficiency of selective precipitation using MgO and metals 
recovery was duly explored by determining the concentration 
of chemical species in sludge material and AMD water collect-
ed at each pH level followed by the calculation of the percent-
age of chemical species recovered at various stages of selective 
precipitation process as illustrated in equation (8) [53–57].

 (8)
Cp is the concentration of the chemical species in the sludge 
material
Mp is the mass of the sludge material
CAMD is the concentration of the chemical species in AMD 
water collected at each pH level
VAMD is the volume of AMD water at each pH gradients.

RESULTS AND DISCUSSION

Chemical Composition of Raw AMD
The chemical properties of AMD sample was determined 
using standard methods for water and wastewater [50] and 

the results were compared to the South African regulatory 
bodies and World Health Organization (WHO) guidelines 
for drinking water and environmental discharge as present-
ed in Table 1.
From Table 1, it follows that raw AMD collected was above 
national regulatory bodies, which include Department of 
Water and Sanitation (DWS) guidelines for drinking wa-
ter, Department of Environmental Affairs (DEA) guidelines 
for effluent discharge and WHO water quality guidelines 
and therefore not suitable to be discharged untreated into 
different environmental compartments. The chemical com-
position revealed low pH, high EC and TDS, elevated con-
centration of major ions (Al, Fe, Mn and SO4

2–) and low 
concentration of trace elements (Cu, Ni and Zn). The ele-
vated concentrations of Al, Fe and Mn indicate that these 
metals can be potentially recovered from AMD, while the 
recovery of trace metals (Cu, Ni and Zn) will be challenging 
due to their low concentrations. The elevated concentra-
tions of Fe and SO4

2– indicate that AMD used in this study 
was formed following the oxidation of FeS2 as reported in 
previous study [7].

Percentage of Chemical Species Recovered
The percentage of chemical species recovered using selec-
tive precipitation under pH control was determined and the 
results are presented in Figure 2.
The Figure 2 depicted that Fe, Al, Mn, Zn and gypsum (Ca-
SO4.2H2O) were the chemical species recovered through-
out the pH range (1.7–9.5). At pH (1.7–4) interval, Fe(III) 
was the most recovered chemical species, followed by Ca-
SO4.2H2O and Al. The recovery of Fe(III) at this pH inter-
val was expected since Fe(III) is mostly precipitated at pH 
(2.5–4) interval in the form of Fe-hydroxide and Fe-oxy-
hydrosulphates [1]. The small percentage of Al recovered 
at pH (1.7–4) interval may be credited to the presence of 
SO4

2– in AMD water. Typically, Al precipitates best at pH 
(4.5–7) [39]. However, the presence of SO4

2– slightly lowers 
the pH required for Al precipitation to less than 4 (pH ≤4) 

Table 1. Raw AMD quality as compared to regulatory requirement

Parameters Unit Raw AMD DWS guideline WHO guideline DEA guideline 
   for drinking for drinking for effluent 
   water quality water quality discharge

pH – 1.7 5–9.8 6.5–8.5 6–12

EC µS/cm 5000 150 ≤400 0–700

TDS mg/L 7380 1200 ≤600 2400

Al mg/L 160 ≤0.3 0–0.1 20

Cu mg/L 2.50 ≤0.3 0–0.1 20

Fe mg/L 6000 ≤0.3 0–0.3 50

Mn mg/L 40.7 ≤0.1 0–0.08 20

Ni mg/L 1.53 ≤0.7 0–0.07 10

Zn mg/L 8.00 ≤0.5 0.0.1 20

SO4
2– mg/L 12500 ≤500 ≤250 2400

AMD: Acid mine drainage; DWS: Department of Water and Sanitation; DEA: Department of Environmental Affairs.
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leading to the precipitation of minor quantity of Al at pH ≤4 
and the formation of gibbsite [Al(OH)3] or Al-hydroxide as 
reported by previous studies [40, 41]. The recovery of Ca-
SO4.2H2O at this pH interval and throughout the pH range 
may be attributed to the precipitation of Ca2+ and SO4

2–, 
which occurs at pH (2.5–11.5) interval [42, 43]. At pH (4–6) 
interval, Al and Fe were the most recovered chemical spe-
cies and the quantity of Fe(III) recovered at this pH inter-
val may be attributed to the continuous precipitation of Fe3+ 
from initial pH of 1.7 to 7.5 as reported by Seo et al. [34]. 
The recovery of high percentage of Al at this pH interval 
was expected since Al ion is mostly precipitated at pH ≥4.5, 
while the continuous recovery of gypsum may be attribut-
ed to the continuous precipitation of Ca2+ and SO4

2–, which 
start at pH ≥2.5. At pH (6–8) interval, a minor percentage 
of Al and Fe was recovered and this may be attributed to 
the continuous precipitation of Fe3+ and Al3+ from pH 2.5 
to pH of 7.5 and from pH ≥4, respectively [34]. The find-
ings in Figure 2, further revealed that a minor percentage 
of Mn was recovered at pH (6–8) interval and this may be 
attributed to the precipitation of Mn(II), which occurs at pH 
>7 to form Mn(II) hydroxide [Mn(OH)2] [58]. At pH (8–
9.5) interval, CaSO4.2H2O was the most recovered chemical 
species, while a moderate percentage of Mn in the form of 
Mn(OH)2 was recovered at this pH interval. The recovery 
of Mn(OH)2 may be attributed to the precipitation of Mn2+ 
while the high percentage of CaSO4.2H2O is attributed to 
the precipitation of Ca2+ and SO4

2–. Ideally, Mn2+ and Mn4+ 
are mostly precipitated at 8≥ pH ≤9.5 to form MnO2 and this 
may justify the percentage of Mn recovered at pH (8–9.5) 
interval. The recovery of a minor percentage of Fe may be 
attributed to the presence of ferrous ions under compound 
form, which precipitates at pH ≥8 to form ferrous hydroxide 
[Fe(OH)2] [59]. Overall, the chemical species recovered cor-
roborated well with the EDS results.

Effect of Selective Precipitation and Bio-sorption on 
Water Quality of AMD
Raw AMD was treated using a combination of selective pre-
cipitation and bio-sorption techniques. Metals were gradu-
ally precipitated in raw AMD water using MgO, while BPs 

were used to polish the product water by removing residual 
metals and SO4

2– and the variation of the water quality is 
reported in Table 2.

As reported in Table 2, there was a significant increase of 
pH and reduction of chemical species concentrations with 
gradual or selective precipitation and bio-sorption tech-
niques. Specifically, the selective precipitation and bio-sorp-
tion increased the pH from 1.7 to 10 corresponding to an 
increment of 8.3. The selective precipitation raised the pH 
from 1.7 to 9.5 which is the optimum pH level achievable 
using MgO while the bio-sorption by BPs bio-sorbent fur-
ther raised the pH from 9.5 to 10. During the selective pre-
cipitation process using MgO, the mixture of MgO with 
AMD water stimulated the consumption of H+ from AMD 
water leading to the reduction of acidity and increase in pH 
as result of hydroxyl group (-OH) by reaction with MgO 
[24, 60]. In fact, Once MgO is mixed with AMD, the reac-
tion between MgO and H2SO4 leads to the production of 
MgSO4 and water as illustrated in equation (9).

MgO+H2SO4→MgSO4+H2O (9)

The continuous dissolution of MgO in acidic medium lib-
erates magnesium ions (Mg2+) and hydroxide ions (OH–); 
thus, adding alkalinity in the solution and increasing of pH 
as shown in equation (10).

MgO+H+→Mg2++OH- (10)

The bio-sorption step using BPs at 1:100 ratio (1 g:100 mL) 
(w/v) for a maximum contact time of 300 min allowed the 
binding of residual ions from aqueous solution via the ad-
sorption mechanisms. In fact, BPs possesses various func-
tional groups including hydroxyl group (-OH), carbonyl 
(C=O), amine group (-NH) and unsaturated C=C group, 
which serve for binding ions from aqueous solution [61, 
62]. These functional groups have adsorbed and removed 
residual chemical species from pre-treated AMD leading 
to complete removal of Al, Cu and Zn, and significant re-
moval of other chemical species (Fe, Mn, Ni and SO4

2–). 
The removal of residual chemical species led to a slight 
increase of pH from 9.5 to 10. Overall, selective precipita-
tion using MgO contributed to 94% of pH increment while 

Figure 2. Recovery percentage of chemical species at four different pH intervals.



Environ Res Tec, Vol. 7, Issue. 3, pp. 313–334, September 2024 319

bio-sorption using BPs contributed to 6% of pH increment. 
The selective precipitation or step-wise precipitation pro-
cess allows the pH to control the precipitation process and 
ensure the recovery of sludge rich in metals precipitated at 
different pH gradient as reported in the literature [1, 63]. 
The findings in Table 2 further revealed that pH 9.5 is the 
maximum pH level achievable using MgO for selective 
precipitation and neutralization. At the optimum pH level, 
chemical species were removed as follows: Fe (99.96%) > 
Cu (99.6%) > Al (99.36%) > Ni (99.34%) > Zn (99%) > Mn 
(97.47%) > SO4

2– (75%). The results were in line with pre-
vious studies [1, 28, 43], thereby confirming that selective 
precipitation using MgO is efficient to significantly attenu-
ate and recover chemical species in AMD. The bio-sorption 
step using BPs further rose the AMD pH from 9.5 to 10 
leading to more chemical species attenuation and at pH 10, 
the RE was very high (99.99%, 99.93%, 99.98% and 90%) 
for Fe, Ni, Mn and SO4

2–, respectively while Al, Cu and 
Zn were below the LOD of 0.001, 0.002 and 0.005 mg/L, 
respectively. Overall, the combination of selective precip-

itation and bio-sorption techniques allowed to precipitate 
different metals at different pH and reclaim water that meet 
the DEA guidelines for effluent discharge; however, should 
be further treated to reclaim drinking water standard since 
Fe and SO4

2– concentrations were above maximum permis-
sible levels (MPLs) as set by WHO and the DWS in the Re-
public of South Africa (RSA). This hybrid system can serve 
as the bottom line to implement CEA concept to control 
environmental pollution associated with mining activities 
and agricultural industry. 

In order to polish the product water obtained after selective 
precipitation technique, two parameters (effect of contact 
time and effect of adsorbent dosage) were evaluated. 

Effect of contact time on the adsorption of chemical 
species by BPs
The effect of contact time in the bio-sorption step was as-
sessed for chemical species of concern and the results are 
shown in Figure 3.

Table 2. Variation in AMD water quality as result of selective precipitation and bio-sorption

Parameters Raw AMD  Selective or fractional precipitation   Bio-sorption

Volume (mL) 2000  2000 1870 1800 1720 1640

pH 1.7 4 6 8 9.5 10

MgO (g) Nil 1 1.4 1.9 2.3 2.3 + 1g BPs

Al (mg/L) 160 141 2.30 1.79 1.02 <0.001

Cu (mg/L) 2.50 2.50 1.05 0.700 0.010 <0.002

Fe (mg/L) 6000 240 120 114 2.40 0.6

Mn (mg/L) 40.7 39.9 29.1 26.1 1.03 0.002

Ni (mg/L) 1.53 1.48 1.30 0.600 0.0100 0.001

Zn (mg/L) 8.00 7.72 3.21 2.30 0.0900 <0.005

SO4
2– (mg/L) 12500 8400 6840 5400 3130 1250

AMD: Acid mine drainage.

Figure 3. Effect of contact time on chemical species removal.
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As shown in Figure 3, the contact time had a positive effect 
on chemical species adsorption since the RE of all chem-
ical species increased as the contact time increased, how-
ever with different patterns. The significant increase in RE 
observed during the first 30 min may be attributed to the 
accessibility of active sites on the surface of bio-sorbent 
(BPs). However, the optimum contact differs for chemical 
species with 30 min being the optimum contact time for 
Mn, 60 min for Cu, Ni and Zn, 90 min for Al and 210 
min for Fe and SO4

2–. The difference in the optimum con-
tact time may be attributed to the competition between 
chemical species to occupy available active sites on the 
surface of the bio-sorbent (BPs). According to Drew and 
Andrea [64], the competition process firstly involves cat-
ions competing with hydrogen ion (H+) to bind to oxide 
or carboxyl site and on the other hand, involve anions and 
cations competing to bind amine group. The difference 
in the optimum contact time may also be credited to the 
initial content of chemical species in pre-treated AMD 
used in the bio-sorption step since chemical species (Al, 
Cu and Zn) with very low concentration were completely 
adsorbed, Mn and Ni were nearly complete adsorption, 
while Fe and SO4

2– were partially adsorbed. The com-
plete adsorption of Al, Cu and Zn may be attributed to 
their very low concentrations after selective precipitation. 
However, the complete adsorption did not apply to Mn 
and Ni and this may be the result of competition process 
[64]. The partial adsorption of Fe and SO4

2– may be at-
tributed to the threshold limit of contact time or satura-
tion of active sites after which the prolonged contact does 
not have any effect in adsorption capacity of bio-sorbent 
(BPs) and this can be due to slow diffusion of solute into 
the interior of bio-sorbent [65, 66]. The partial adsorption 
of Fe and SO4

2– may also be credited to the saturation of 
active sites on the surface of bio-sorbent since after 210 
min, the prolonged contact does not have any effect on 
the adsorption of Fe and SO4

2– thereby confirming the re-
sults obtained in previous studies [67, 68].

Effect of BPs Dosage on the Removal of Chemical Species
The bio-sorbent dosage was investigated for the pre-treated 
AMD water reclaimed at pH 9.5. The dosage of BPs was 
varied in the following order: 0.1, 0.25, 0.5, 0.75, 1, 1.25 and 
1.5 g and the results are shown in Figure 4.

The Figure 4 clearly depicted that the increase of bio-sor-
bent dosage led to an increase of RE and this can be cred-
ited to the large number of active sites resulting from the 
increase of bio-sorbent dosage, which provide large sur-
face areas to adsorb chemical species [69]. The increase of 
active sites is the result of number of oxygen bearing func-
tional groups including alcohols, carboxylic acids and es-
ters as revealed by FTIR spectroscopy analysis of BPs. The 
Figure 4 further indicates that all chemical species were 
gradually adsorbed, and the saturation was reached with 
0.75 g of bio-sorbent dosage, however at different RE in 
the following order: Fe (85%) > Zn (81%) > Mn (70%) 
> Al (66%) > Cu (65%) > Ni (62%) > SO4

2– (59%). The 
variation in RE may be attributed to many factors, which 
include initial chemical species concentration, metals af-
finity to bio-sorbent, competing or co-existing ions and 
speed of agitation [70, 71]. The highest RE of Fe may be at-
tributed to the facility of positively-charged metal to bind 
with an electron-rich hydroxyl group thereby confirming 
previous studies [72]. Overall, the effects of bio-sorbent 
dosage revealed two phases: phase 1 which is illustrated 
by a significant increase of RE from 0.1 g to 0.75 g and 
phase 2 which is illustrated by a constant RE from 0.75 
g to 1.5 g and this can be credited to the availability of 
active sites during the phase 1 and the saturation of ac-
tive sites during the phase 2 and the continuous addition 
of bio-sorbent does not have any effect on bio-sorbent 
capacity to adsorb chemical species. These results are in 
line with reports from previous studies [47]. This study 
proved that BPs have a great potential in chemical species 
removal and can be further investigated for polishing of 
pre-treated AMD.

Figure 4. Effect of bio-sorbent (BPs) dosage on chemical species removal.
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Removal Efficiency of the Hybrid System (Selective 
Precipitation and Bio-sorption) on AMD Quality 
Improvement
The RE of the hybrid system (selective precipitation and 
bio-sorption) was gradually evaluated and the results are 
shown in Figure 5.

Figure 5 clearly portrayed that the RE increased gradually 
as results of selective precipitation and bio-sorption tech-
niques. This allowed to raise the pH from 1.7 to 10, com-
plete removal of Al, Cu and Zn and other chemical species 
as follows: Fe (99.99%) = Mn (99.99%) > Ni (99.93%) > 
EC (95%) > SO4

2– (90%) > TDS (86%) proving that metals 
can be recovered, and possible drinking water standard re-
claimed using a combination of selective precipitation and 
bio-sorption techniques. In particular, the selective precip-
itation using MgO allowed to precipitate metals at different 
pH gradients, rose the pH from 1.7 to 9.5. The increase of 
pH may be credited to the dissolution of MgO in the pres-
ence of water to liberate Mg2+ ion and hydroxide ion (OH–), 
which react to form magnesium hydroxide [Mg(OH)2] as 
illustrated in the following equation (11) and (12).

MgO+H2O→2OH-+Mg2+ (11)

Mg2++2OH-→Mg(OH)2 (12)

The reactions add alkalinity in AMD thereby leading to pH 
increase, metals precipitation at different pH gradient and 
possible recovery. Selective precipitation reduced the con-
centration of chemical species with RE as follows: Cu (99.7%) 
> Fe (99.96%) > Al (99.36%) > Ni (99.34%) > Zn (99%) > Mn 
(97.47%) > SO4

2– (75%), while the bio-sorption technique 
further increased the pH from 9.5 to 10 and accounted for 
a minor fraction of chemical species removal with RE in the 
following order: SO4

2– (15%) > TDS (8%) > EC (5%) > Mn 
(2.53%) > Zn (1%) > Ni (0.66%) > Al (0.64%) > Cu (0.4%) > 
Fe (0.03%). The adsorption of chemical species using BPs led 
to more reduction of metals in aqueous solution and conse-
quently reduction of H+ resulting to slight pH increase from 
9.5 to 10. However, Fe, Mn, Ni, EC, SO4

2– and TDS were not 
completely removed after treatment of mine water using se-

lective precipitation and bio-sorption technique and the per-
centage of not removed were 0.01%, 0.01%, 0.07%, 5%, 10% 
and 14% for Fe, Mn, Ni, EC, SO4

2– and TDS, respectively. 
This combination of selective precipitation and bio-sorption 
techniques yielded the best result for AMD treatment and 
valorization. Overall, the chemical treatment step contrib-
uted close to 97% of overall pollutants removal, while the 
bio-sorption step contributed only to 3% of overall chemical 
species attenuation; thus, designating it as a polishing stage.

Overall Water Quality
Chemical properties of AMD before and after treatment 
using a combination of selective precipitation with MgO 
and bio-sorption using BPs were compared with guideline 
values for drinking water and effluent discharge as set by 
regulatory bodies and the results are presented in Table 3. 

The parameters of concern were pH, TDS, EC and metals 
(Al, Cu, Fe, Mn, Ni, Zn) and sulphate ions. After the treat-
ment using the hybrid technology, the pH of raw AMD rose 
from 1.7 to 10 leading to mostly complete removal of all 
metals of concerns except Fe and significant reduction of 
SO4

2–, EC and TDS. The findings corroborated with previ-
ous studies as revealed in the literature for both chemical 
treatment and biological treatment. In fact, selective pre-
cipitation allowed to significantly reduce metals and SO4

2– 
concentration, which can further be recovered [1, 43], 
while the biological treatment using BPs served as polishing 
step to remove residual chemical pollutants [47, 73]. The 
values of all chemical parameters of concern were within 
the DEA guidelines standard for effluent discharge. Howev-
er, drinking water standard as set by WHO and the DWS in 
the republic of South Africa could not be directly reclaimed 
using this hybrid technology due to the high concentration 
of SO4

2– (1250 mg/L) and Fe (0.6 mg/L) in final product 
water which are slightly above the MPLs of 500 mg/L and 
0.1 mg/L for SO4

2– and Fe, respectively. Nevertheless, the 
finding of this study revealed that valuable minerals (Al, Fe, 
Mn, and gypsum) could be recovered from AMD using se-
lective precipitation due to their high concentrations in raw 

Figure 5. Variation in the percentage removal of chemical species as function of selective precipitation and bio-sorption.
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AMD water. However, Cu, Ni and Zn cannot be recovered 
due to the very low (trace) concentrations in raw AMD and 
as such, economically insignificant.

Characterization of the Solid Samples
In this section, the results of mineralogical composition, 
chemical composition, elemental spectra, functional group 
of raw MgO and sludge materials recovered at each pH in-
terval raw and AMD treated with BPs as well as the mass 
change in BPs samples are discussed.

Morphological Properties of Raw MgO, Sludge and 
Banana Peels

Morphology Property of MgO and Sludge
Scanning electron microscopy analysis was performed to 
determine the morphological properties of pure MgO and 

sludge materials recovered at each pH interval and the re-
sults are shown in Figure 6a–e.

The SEM image of raw MgO (Fig. 6a) revealed flower-like 
and shaped particles of two different size on the surface in-
dicating that the material is heterogeneous in nature and 
characterized by two different elements proving that this 
material is MgO as revealed by EDS results. The finding 
is in line with what have been reported in literature [74]. 
Figure 6b, which represents SEM image of sludge materi-
al collected at pH 4 showed sheet-like structure across the 
surface indicating that the material is heterogeneous. The 
sheet-like structure may be attributed to iron hydroxide 
[Fe(OH)3] formed as results of Fe(III) precipitation. Simi-
lar results were obtained in previous studies [1, 43] proving 
that Fe(III) was effectively precipitated at pH ≤4 to form 
Fe(OH)3 and Fe-oxyhydrosulphates. At pH 4 (Fig. 6c), the 

Figure 6. Morphological properties of 
pure MgO and sludge materials recov-
ered at different pH gradients.

Table 3. Concentration of chemical species in AMD water before and after treatment compared to DEA, DWS and WHO

Parameters Raw Treated Removal DWS guidelines WHO guidelines DEA guidelines 
of concern AMD AMD efficiency (%) for drinking water for drinking water for effluent discharge

pH 1.7 10 8.3 (increment) 5.5–9.7 6.5–8.5 6–12

EC (µS/cm) 5000 50 95 170 <400 700

TDS (mg/L) 7380 1030 86 2400 <600 1200

Al (mg/L) 160 <0.001 100 0–0.3 0–0.1 20

Cu (mg/L) 2.50 <0.002 100 0.1 0.1 20

Fe (mg/L) 6000 0.6 99.99 0–0.1 0–0.03 50

Mn (mg/L) 40.7 0.002 99.99 0–0.05 0–0.08 20

Ni (mg/L) 1.53 0.001 99.93 0–0.07 0–0.07 10

Zn (mg/L) 8.16 <0.005 100 0–0.05 0–0.1 20

SO4
2– (mg/L) 12500 1250 90 0–500 0–250 2400

AMD: Acid mine drainage; DWS: Department of Water and Sanitation; WHO: World Health Organization; DEA: Department of Environmental Affairs.
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SEM images of sludge materials showed a sort of foliage like 
and unshaped structures assembled to give the whole mate-
rials an irregular structures and may indicate the presence 
of Al(OH)3 in elevated concentration and minor concentra-
tion of Fe(OH)2. This is a prove that Al were effectively pre-
cipitated from pH ≥4.5 [75]. The result corroborated with 
reports from previous studies [41]. At pH 8 (Fig. 6d), the 
SEM image of sludge materials showed an assemblage of 
cylindrical form clustered together to form a homogeneous 
structure across the whole surface. This is an indication of 
many chemical species precipitated including Cu which is 
precipitated at pH >6 [56, 57] and Ca2+ and SO4

2– which 
are precipitated throughout the pH (2.5–9.5) range to form 
CaSO4.2H2O. At pH 9.5 (Fig. 6e), the SEM images of sludge 
materials collected showed a heterogeneous structure 
across the whole surface with large smooth surface, which 
may be attributed to the formation of Mn(OH)2 followed 
the precipitation of Mn(II) and Mn(IV) suggesting that 
major chemical species susceptible to be recovered at pH 
(8–9.5) is Mn since it is precipitated at the pH 8–9.5 in-
terval [76]. The presence of bright materials on the surface 
may represent silicon as confirmed by EDS results while the 
presence of round shapes may represent the formation of 
Fe(OH)2 following the precipitation of Fe(II).

Morphological Properties of Banana Peels
The SEM analysis of raw and AMD treated with BPs were 
performed, and the results are shown in Figure 7a, b.
The SEM micrograph of raw BPs and AMD treated with BPs 
showed different structure with raw BPs showing a smooth 
surface and various pores with fibers stacked together (Fig. 
7a). This may be attributed to the presence of lignin, pectin 
and other bioactive compounds including phenolic, carot-
enoids, biogenic, amines and phytosterols [46]. After con-
tact with AMD, the surface of BPs became less smooth with 
cave pores filled with a mass, which may represent residual 
chemical species adsorbed from AMD. The findings of this 
study confirmed what was reported in literature by other 
researchers when using BPs for metals removal in aqueous 
solution [77]. Overall, the SEM image of BPs results re-
vealed that BPs contain organic compounds including cel-
lulose that can absorb chemical species by allowing the ions 
of metals to be bonded by electron-rich functional group.

EDS Results of Pure MgO, Sludge Materials and Banana 
Peels

EDS Results of Pure MgO and Sludge Recovered at 
Different pH Gradients
The effect of selective precipitation process and pH control 
on metals recovery was gradually assessed using elemental 
distribution of minerals at each pH gradient and the results 
are shown in Figure 8a–e.
As shown in Figure 8a (pure MgO), EDS of raw MgO re-
vealed that only two elements were present (Mg and O) 
with Mg as major element and O being a minor element. 
Magnesium is alkaline chemical with high chemical reac-
tivity and contribute to increase the alkalinity when mixing 
with water [78, 79]. This makes MgO a suitable candidate 
for selective precipitation and metals recovery from AMD 
under pH control. At pH 4 (Fig. 8b), the EDS of sludge col-
lected revealed that O, Mg and Fe as major components, 
moderate percentage of sulphur (S), minor percentages of 
Al, Ca and Mg, and SO4

2– and finally trace amounts of Si. 
The high percentage of O is attributed to the oxygen from 
MgO and from water molecule while the elevated percent-
age of Fe is attributed to the precipitation of Fe(III) from 
AMD leading to the formation of complexed iron hydrox-
ides [Fe(OH)3] and subsequently solid precipitates since 
Fe(III) is mostly precipitated in the pH ≤4 [80]. The moder-
ate percentages of S and minor percentage of Al suggest that 
there is possibility of Fe-oxyhydrosulphates and aluminum 
hydroxide [Al(OH)3] being formed at pH 3–4 as revealed 
by previous studies [80]. The minor percentage of Al ob-
tained from sludge materials recovered at this pH ≤4 may 
also be attributed to the slight precipitation of Al due to the 
presence of SO4

2– thereby confirming the findings reported 
in previous studies where a minor proportion of Al is pre-
cipitated at pH ≤4 [54, 80].
At pH 6 (Fig. 8c), the recovered sludge material contains 
very high percentage of O, elevated percentage of Fe and Al. 
While the elevated percentage of Al is attributed to precip-
itation of Al3+ mostly occurs at pH ≥4 [34, 75], the elevated 
percentage of Fe is the result of continuous precipitation of 
Fe(III). The presence of S and Ca as minor component in 
the sludge material collected at pH 6 indicates the continu-
ous precipitation of Ca and SO4

2– and possible formation of 
CaSO4.2H2O as reported in literature [1, 34, 53]. The EDS 
further revealed moderate percentage of Al and Fe, minor 
percentage of Ca, Mn, S, Si and Zn and trace amount of Cu, 
K and Y. At pH 9.5, the sludge material recovered revealed 
high percentage of Ca, Minor percentage of Mn, S and Fe 
and trace of Si, Cu and Na. The high percentage of Ca is 
attributed to the precipitation of Ca which reach the peak 
at pH 8.5 while the presence of minor narrow percentage of 
Fe may be credited to presence of Fe(II), which precipitate 
at pH ≥8 to form Fe(OH)2 [59]. In addition, Fe3+ is precip-
itated from initial pH to pH 7.5 [34] and this can explain 
the presence of Fe(III) in sludge material recovered at pH 
≥4 thereby overlapping with Al at the precipitation pH in-
terval since both Fe and Al are present in sludge materials 
recovered throughout the pH 4–8 interval. The presence 

Figure 7. Morphological properties of raw and AMD treated 
with banana peels.
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of Fe and Al in sludge materials recovered throughout the 
pH interval may also be attributed to the co-precipitation 
of Fe(III) and Al. In fact, Fe(II) precipitates at pH (8–9.5), 
while Al precipitates at pH ≥4.5 and this may justify the 
presence of Fe and Al in sludge materials recovered thereby 
confirming previous studies [80]. The presence of Al and S 
at pH 4–8 interval suggests the formation of Al-hydroxide 
and Al-oxyhydrosulphates, respectively thereby confirming 
the findings of studies conducted by previous researchers 
[80–82]. The presence of Mn indicates the precipitation of 
Mn(II) and Mn(IV) which occurs at pH ≥8 since EDS re-
sults of this study revealed the presence of Mn in sludge 
materials recovered at pH 8–9.5 interval. The results were 
in line with previous studies conducted by Masindi et al. [1] 
when they used cryptocrystalline magnesite for a selective 
precipitation of metals in AMD water. Due to its many oxi-
dation states, Mn(II) and Mn(IV) precipitate at variable pH 
range (8≤ pH ≤10) and this justify the high percentage of 
Mn in sludge material recovered at pH (8–9.5) interval [83].

EDS Results of Raw and Treated with Banana Peels
The product water reclaimed at pH 9.5 was further polished 
by means of bio-sorption techniques using BPs to remove 
residual chemical species and reclaim possible drinking wa-
ter standard. The spectra of raw and AMD treated with BPs 
are shown in Figure 9a, b.
As illustrated in Figure 9a, the EDS of raw BPs revealed the 
presence of various elements along with O, K, Si and Ca as 
major components with percentage composition of 77.1%, 
9.5%, 6.4% and 3.2%, respectively while P, Mg, S and Cl with 
percentage composition of 1%, 1%, 0.9% and 0.9%, respec-
tively are trace components. The high levels of O, K, Si and 

Ca in raw BPs confirmed the heterogeneous structure of 
BPs bio-sorbent as reported in the literature [83–85]. This 
may be attributed to chemical composition and different 
functional groups present in BPs bio-sorbent. After contact 
with AMD water (Fig. 9b), the BPs revealed the presence of 
more elements of which O and Mg, were major components 
with a percentage of 45.7% each, Ca, S and Mn were minor 
elements with a percentage composition of 3.7%, 2% and 
1.2%, respectively while Fe, Al Si, K and Cl were trace ele-
ments with a percentage composition of 0.5%, 0.4%, 0.4% 
0.2% and 0.1%, respectively. The presence of S, Fe, Ca, Al 
and Mn, in AMD treated with BPs is attributed to its use as 
bio-sorbent to polish the AMD water previously treated us-
ing selective precipitation technique; thus, confirming that 
their removal from AMD. The EDS results proved that BPs 
adsorbed residual chemical species, thereby confirming the 
results obtained after analysis of final product water.

Figure 9. Energy dispersive X-ray spectroscopy of raw and 
AMD treated with banana peels.

Figure 8. Energy dispersive X-ray spectroscopy results of pure MgO and sludge materials recovered at different pH gradients.
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Powder X-ray Diffraction Results of Pure MgO Sludge 
Materials And Bio-sorbent

Powder X-ray Diffraction of Pure MgO and Sludge Materials
The sludge materials recovered at different pH levels were 
analyzed for chemical phase present and chemical composi-
tion information and the results are shown in Figure 10a–e.

From Figure 10, it follows that raw MgO is almost amorphous 
showing two peaks at 2θ = 43°and 2θ = 62° likely revealing 
the presence of polycrystalline cubic structure of MgO [86]. 
These peaks may correspond to periclase which is the only 
crystalline form of MgO as revealed by previous studies [86]. 
However, after using MgO for selective precipitation of met-
als in AMD water, the pH of AMD water rose from 1.7 to 
4. The sludge material recovered at pH 4 interval showed a 
series of peaks at 2θ = 11°, 20°, 22°, 29° and 35°. These peaks 
may correspond to Fe-hydroxide formed at pH 3.5–4 there-
by confirming SEM-EDS results, proving that Fe can be re-
covered from sludge materials recuperated at pH 4. Similar 
p-XRD results were obtained by previous researchers [1, 28, 
43] where they used different chemical materials for metals 
recovery from AMD. At pH 6, the sludge materials recovered 
showed peaks at 2θ = 20°, 34°, 40° and 62°, which may indi-
cate the presence of Al, calcite and gypsum. At pH 8 inter-
val, p-XRD analysis revealed peaks at 2θ = 43°, 62°, 75° and 
79°, which may indicate the presence of gypsum resulting 
from SO4

2– precipitation at pH ≥4.5 as revealed by previous 
studies [56]. At pH 9.5 interval, the sludge materials collect-
ed showed various peaks with peak at 2θ = 36°, which may 
indicate the presence of Mn. The peaks at 2θ = 43° and 62° 
indicate the presence of brucite, while the peaks at 2θ = 75° 
may correspond to copper(II) oxide (CuO) formed following 
the precipitation of Cu at pH >6 and the peak at 2θ = 79° may 
indicate the nickel oxide (NiO) following the precipitation of 
nickel at pH 8–9 interval [87]. The difference in intensity may 
be explained by the fact that as intensity increases, the diffrac-
tion process becomes narrower and more intense.

Powder X-ray Diffraction Results of BPs Bio-sorbent
The product water reclaimed at pH 9.5 was polished using BPs 
and the p-XRD analysis results are shown in Figure 11a, b.
The p-XRD analysis of raw BPs (Fig. 11a) and AMD treat-
ed with BPs (Fig. 11b) revealed a typical cellulose structure 
at 2θ = 14° for raw BPs and 2θ = 20° for AMD treated with 
BPs [88, 89]. The series at 2θ = 30°, 34°, 37°, 40° and 52° 
in AMD treated with BPs is the evidence of the presence 
of chemical species notably Al, Cu, Fe, Mn and SO4

2– as 
revealed by EDS results thereby confirming what has been 
reported in literature [47]. Based on the p-XRD results, 
it can be concluded that BPs adsorbed residual chemical 
species from pre-treated AMD.

Fourier Transform Infrared (FTIR) Spectra of Sludge 
and BPs

FTIR Spectra of Pure MgO and Sludge Materials
The functional groups of pure MgO and sludge collected at 
different pH levels were analyzed and the results are shown 
in Figure 12a–e.
Figure 12 portrayed that raw MgO is characterized by the 
vibration at 500 cm-1, which may be attributed to carbon-
ate species chemisorbed on the surface of MgO as report-
ed by previous researchers [90]. The FTIR spectra of pure 
MgO and all sludge materials recovered at different pH 
levels showed the doublets at 2000 and 2150 cm-1, which 
may be attributed to the Mg-O stretching vibration [90], 
while the stretching vibration at 2600 cm-1 in pure MgO 
may correspond to asymmetric stretching vibration of al-
kyl (C-H) functional group [90, 91]. The sludge materials 
recovered at pH 4, pH 6, pH 8 and pH 9.5, intervals showed 
peaks with stretching vibration at 1100 cm-1, which may 
be attributed to carbonate esters functional group [R1O-
(C=O)-OR2] from AMD water as confirmed by SEM-EDS 
analysis, while the vibration at 1670 cm-1 may correspond 
to hydroxyl functional group (O-H) or carboxyl function-

Figure 10. Powder X-ray diffraction results of pure MgO and sludge materials recovered at different pH interval: pH 4, pH 6, pH 
8 and pH 9.5.
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al group (C=O) stretching vibration as revealed by previ-
ous studies [1]. In addition, the sludge recovered at pH 8 
and at pH 9.5 interval showed the band at 600 cm-1, which 
may correspond to Fe(II) and Fe(III) precipitated during 
the selective precipitation. The stretching vibration corre-
sponding to band at 3250 cm-1 observed in sludge materials 
collected at pH 6, pH 8 and pH 9.5 may correspond to Al-
OH-Al functional group indicating the presence of alumi-
num hydroxide Al(OH)3 confirming that Al could poten-
tially be recovered from sludge materials collected at those 
pH gradients, which agree with SEM-EDS results. The peak 

at 1650 cm-1 in sludge materials recovered at pH 9.5 may 
indicate the stretching vibration of Mn-OH-Mn functional 
group thereby confirming the presence of Mn(OH)2. The 
findings corroborated with the results obtained in previous 
studies [1, 43], thereby confirming that many functional 
groups are formed during selective precipitation of metals 
in AMD water.

FTIR Spectra of BPs Bio-sorbent
The product water collected at pH 9.5 was further polished 
by means of bio-sorption technique using BPs. Raw and 

Figure 12. FTIR spectra of pure MgO and sludge materials recovered at different pH gradients.

Figure 11. Powder X-ray diffraction results of raw and AMD treated with banana peels.
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AMD-treated with BPs were analyzed for functional group 
and the spectra as shown in Figure 13f, g.

The FTIR spectra revealed that BPs contain various func-
tional groups that include hydroxyl, carboxyl and amine 
groups in its biomass, which facilitate the binding of metal 
ions from aqueous solution [35, 46]. Both spectra displayed 
several peaks, which may be attributed to the complex na-
ture of BPs and its tendency to act as bio-sorbent. Bands 
appearing at 3750 cm-1 for both spectra are indicative of 
hydroxyl group of polymeric compound, while bands with 
stretching vibration at 2000 cm-1 may be attributed to car-
bonyl group (C=O) and carboxyl group (-COOH) thereby 
confirming the findings reported by Arifiyana and Devi-
anti. [92]. The spectrum of raw BPs (Fig. 13f) displayed a 
peak at 1000 cm-1 and 3000 cm-1 indicating the presence 
of hydroxyl and carboxyl groups, respectively. Contrary 
to the spectrum of raw BPs, the spectrum of AMD treated 
with BPs (Fig. 13b) revealed significant reduction of inten-
sity, which led to the complete disappearance of peaks at 
1000 cm-1 and 3000 cm-1. The complete disappearance of 
these peaks in AMD reated with BPs may be attributed to 
the effective adsorption of pollutants onto the bio-sorbent 
surface. This finding corroborated with the results obtained 
by Rao et al. [93] and by Badessa et al. [94] when the used 
BPs based bio-sorbent for the removal of heavy metals from 
synthetic solutions and BPs powder for effective removal of 
chromium from wastewater, respectively.

Thermogravimetric Analysis Results
The thermal decomposition of BPs was studied using TGA 
analysis and the results revealed that raw and treated with 
BPs displayed the same patterns with two mass loss but at 
different temperature as shown in Figure 14a, b.

From Figure 14, it follows that the first mass loss hap-
pened between 3 and 14 and between 3 and 22 oC for 
raw and AMD treated with BPs, respectively. This may 

correspond to the loss of biomass as a result of moisture 
removal and some low molecular volatile compounds 
from the BPs biomass [95, 96]. The mild change in % 
of weight between raw and treated with BPs may be at-
tributed to the presence of pollutants (chemical species) 
in AMD treated with BPs. In fact, following the contact 
of BPs with AMD water for an optimum contact time of 
300 min, chemical species are adsorbed, and their deg-
radation require high temperature, and this may explain 
the mild change in % between the raw and AMD treated 
with BPs. In the second mass loss (14 and 60 oC) for raw 
BPs (Fig. 14a) and between 23 and 85 oC for AMD treated 
with BPs (Fig. 14b), the 2 curves remain similar in nature 
but the slope of curve of raw BPs is steeper and this may 
indicate a faster conversion and mass loss with increas-
ing temperature [96, 97]. The second mass loss in raw BPs 
may be attributed to the thermal degradation of cellulose, 
lignin and hemicellulose thereby confirming the finding 
reported by Kabenge et al. [98], when they studied the 
TGA analysis of pure BPs. The finding also revealed the 
continuous mass loss in AMD treated with BPs. Given 
that pollutants and specifically metals are difficult to de-
cay, this may be indicating the presence of metals in AMD 
treated with BPs [95, 96]. Metals doping or impurities in 
the pre-treated AMD water were adsorbed by BPs and as 
result, require high temperature for their degradation.

Zeta Potential of Bio-sorbent (BPs)
The zeta potential measurements allow to determine the 
charge of adsorbent at a particular pH level and the point of 
zero charge (PZC), the point where the adsorbent has a zero 
charge [61]. In this study, the zeta potential of raw banana 
peels (BPs) and AMD treated with RBPs was evaluated in 
the pH range of 1 to 13 as illustrated in Figure 15.

Figure 15 depicted that the PZC were 2.6 and 2.9 for BPs 
and RBPs, respectively. It follows that both BPs and RBPs 

Figure 13. FTIR spectra of pure MgO and sludge materials recovered at different pH gradients.
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assumed negative charge above the PZC. At pH below the 
PZC, the charge of the solid surface of bio-sorbent is posi-
tive and therefore accept protons since the basic group has 
the possibility to share electrons [99]. However, at pH above 
the PZC, the surface of the bio-sorbent (BPs) is negatively 
charged due to the deprotonation of acid groups leading to 
the interaction with cationic species. The zeta potential has 
a huge influence on the sorption of chemicals species since 
those with positive charges will be attracted by the sor-
bent materials bearing a negative charge while those with 
negative charges will be attracted by the sorbent materials 
bearing a positive charge [61, 100, 101]. The narrow differ-

ence between the PZC of BPs and RBPs suggest that after 
contact of BPs with AMD, the buffering capacity of the BPs 
increased as reported by previous studies [61].

Limit of Detection and Limit of Quantification Results
The LOD or minimum detectable concentration of analyte 
is the lower amount that can be detected using an analytical 
standard method while the LOQ is the concentration that 
can be determined in sample matrix precisely and accurate-
ly. The LOD and LOQ of metals (Al, Cu, Fe, Mn, Ni, Zn) 
and SO4

2– were obtained using ICP-OES and IC, respective-
ly and the results are presented in Table 4.

Figure 14. Thermogravimetric results of raw and AMD treated with banana peels.

Figure 15. Zeta potentials of raw and AMD treated with banana peels.
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The calibration curve was used to determine the linearity. 
The coefficient of determination (R2) allowed to extrapolate 
and estimate statistical analysis of unknown concentration of 
chemicals species where data were considered accurate when 
R2 was equal to or close to 1. Linear concentration ranged 
from 0.1 to 3.5 mg/L was used to test the linearity of calibra-
tion curves while the linearity of SO4

2– was tested in linear 
concentration ranged from 10 to 50 mg/L. The R2 of all de-
termined chemical species are 0.9993, 0.9987, 0.9997, 0.9999, 
0.9989, 0.9992, 0.9995 and 1.0000 for Al, Cu, Fe, Mn, Ni, Zn 
and SO4

2–, respectively. This merely means that unknown 
concentration of each chemical species of concern was ex-
trapolated on the calibration curve with a prediction between 
99.23 and 100% for Al, 99.77 and 100% for Cu, 99. 97 for Fe, 
99.99 for Mn, 99.89 for Ni, 99.82 for Zn and 99.95 for SO4

2–.

Regeneration of BPs Results
In order to further ensuring environmental pollution con-
trol, a regeneration study was conducted since regeneration 
reduce the need of new adsorbent as well as the disposal 
of used adsorbent, thereby playing a vital role in environ-
mental pollution control [102]. The reusability of BPs for 
the polishing of pre-treated AMD water was performed by 
investigating various adsorption-desorption cycles to assess 
the RE of bio-sorbent (BPs) in term of number of cycles 

that can be conducted to ensure complete regeneration and 
the results are shown in Figure 16.

Figure 16 depicted that the bio-sorbent RE decrease as well as 
the number of regeneration cycles increase, and this may be 
credited to the loss of bio-sorbent mass during filtration. Fur-
thermore, the RE differs from one chemical species to anoth-
er and this can be attributed to biochemical factors including 
sizes of chemical species, binding value constant with the 
BPs, extent of hydration and their tendency to attract elec-
trons as revealed by previous studies [103, 104]. The results 
corroborated with previous findings proving that BPs can be 
an efficient bio-sorbent to be used in bio-sorption techniques 
for water treatment due to the possibility of regeneration of it 
without high impact on it bio-sorption capacity.

CONCLUSION

The feasibility of selective precipitation of chemical species 
from AMD using MgO and the polishing of product water 
using BPs was evaluated. The pH of AMD water was grad-
ually increased and metals were selectively precipitated and 
optimum condition of 2.3 g:2000 mL (w/v or 2.3:2000 ratio), 
was applied to reach the maximum pH of 9.5 achievable us-
ing MgO while the optimum condition for bio-sorption step 
was 1:500 mL or 1:500 ratio for a 300 min of equilibration as 
reported by Mahlangu et al. [47] were applied in this study. 
The chemical treatment using selective precipitation led to 
an increase of pH from 1.7 to 9.5, significant reduction of EC, 
TDS, SO4

2– and metals (Al, Cu, Fe, Mn, Ni and Zn). The anal-
ysis of sludge materials recovered at different pH gradients 
revealed that chemical species were selectively precipitated, 
thereby confirming that valuable chemical species including 
Al, Cu, Fe, Mn, Ni, Zn and CaSO4.2H2O can be recovered 
using selective precipitation with Fe and CaSO4.2H2O be-
ing the major chemical species as confirmed by their high 
percentage in EDS results. The polishing of product water 
using BPs further increased the pH from 9.5 to 10 leading to 
more removal of pollutants with an overall RE as follows: Al 
(100%), Cu (100%), Zn (100%) > Fe (99.99%), Mn (99.99%) 
> Ni (99.93%) > EC (95%) > SO4

2– (90%) > TDS (86%). The 
selective precipitation using MgO allowed to recover sludge 

Table 4. Limit of detection and limit of quantification of metals 
and sulphate ions

Chemical Coefficient of LOD LOQ 
species determination (mg/L) (mg/L) 
 (R2)

Al 0.9993 0.001 0.003

Cu 0.9987 0.002 0.006

Fe 0.9997 0.03 0.099

Mn 0.9999 0.01 0.033

Ni 0.9989 0.05 0.166

Zn 0.9992 0.003 0.009

SO4
2– 0.9995 0.116 0.386

LOD: Limit of detection; LOQ: Limit of quantification.

Figure 16. Adsorption-desorption cycles of chemicals species of concern.
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rich in metals at different pH gradient and substantially con-
tributed to overall removal of chemical species with RE in 
the following order: Fe (99.96%) > Cu (99.7%) > Al (99.36%) 
> Ni (99.34%) > Zn (99%) > Mn (97.47%) > EC (90%) > TDS 
(78%) > SO4

2– (75%), while the bio-sorption using BPs for
300 min accounted for a minor fraction of overall chemi-
cal species removal with RE as follows: SO4

2– (15%) > TDS
(8%) > EC (5%) > Mn (2.53%) > Zn (1%) > Ni (0.66%) > Al
(0.64%) > Cu (0.4%) > Fe (0.03%). This study revealed the
efficiency of MgO in selective precipitation of metals from
AMD; thereby, reducing pollutants concentration and the
polishing potential of BPs. Overall, this study proved that
AMD can be valorized through selective precipitation and
recovery of metals using MgO and polish the product water
using BPs to reclaim drinking water standards. This will go
a long way to implement CEA in both mining and agricul-
tural industries thereby controlling environmental pollution
associated with the above mentioned industries. However,
the technology presents some disadvantage such as the col-
oration of product water after polishing using BPs but calci-
nated BPs can be used to polish the pre-treated AMD water
in order to avoid coloration of product water.
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