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Abstract: Mine wastewater (MW) is often rich in heavy metals that can have measurable effects
on humans. The storage and treatment of MW remains a challenge for most mining companies.
Iron (Fe) in MW was removed by using extracts from Eucalyptus globulus (EG); Callistemon viminalis
(CV); and Persea americana (AS). Fe was removed from MW samples with an initial concentration of
5.53 mg Fe mL−1; 4.63 mg Fe mL−1 and 4.40 mg Fe mL−1 using EG leaves, CV flowers and AS seed
extracts, respectively. Conditions of the MW decontamination were studied by varying the dosage
of the plant extracts, the temperature of the medium and the contact time between the MW and
the plant extracts. Undiluted plant extracts—which were mixed with the MW and heated at 45 ◦C
for 3 h—gave the highest Fe-removal efficiency for CV (70%) and AS (53%) extracts, respectively.
Similarly, EG extracts, albeit heated at 25 ◦C, showed a higher Fe-removal efficiency (85%) than the
CV and AS extracts at low to high temperatures. The residual Fe concentration in the MW was
0.83 mg Fe mL−1, 1.39 mg Fe mL−1 and 2.07 mg Fe mL−1 for EG, CV and AS extracts, respectively.
Residue solid-phase deposits from the precipitation reaction of the MW with the plant extracts
were collected and analyzed. Fe was among the byproducts detected in the deposited material.
The characterization of the annealed solid-phase deposits revealed Fe precipitates as maghemite-C
(Fe2O3) and magnetite (FeFe2O4) nanoparticles. Therefore, the MW quality and form were improved,
making it reusable for other purposes.

Keywords: Callistemon viminalis; Eucalyptus globulus; heavy metal precipitation; iron nanoparticles;
mining wastewater; Persea americana; plant extracts

1. Introduction

Mining has been an economically important anthropogenic activity since the 16th century [1].
Precious metals such as gold (Au) and other minerals, including iron (Fe), are extracted from ore-rich
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deposits. Global iron-ore production was estimated at 3332× 106 tons (metrics) in 2017 [2]. A percentage
(3%) of this iron ore comes from Africa. Sub-Saharan African countries, Burkina Faso [3], Nigeria [4],
Ghana [5], Mali, Tanzania, South Africa, Zambia and Zimbabwe are the primary suppliers of the
beneficial precious metals [6]. Since 2013, South Africa is the largest iron ore supplier in Africa with a
ratio of two-thirds of total iron-ore production in Africa [2]. Moreover, the industrial mineral extraction
processes used for mining activity are more developed in South Africa; although, studies have
revealed that more than 12 million people in Sub-Saharan Africa depend on artisanal mining [7–11].
Most artisanal miners in some African countries use rudimentary techniques and tools without the
required mining licenses [12,13]. Therefore, potentially toxic elements (PTE) generated by artisanal
mining are released into the environment [13]. Additionally, industrial mining companies generate large
quantities of waste, such as gangue, tailings and effluents during the ore extraction and processing [4].

The accumulation of mining wastes in soils and waters poses a risk to the environment and
human health [14]. Furthermore, the physical and chemical properties of the soil can be degraded and
become unfavorable for plant growth, due to the large accumulated amount of PTE, which changes pH,
electrical conductivity, cation exchange capacity, soil mineralogy, microbial and biologic activities of the
soil [1,14–18]. Surface water and groundwater quality can be modified by mining activity that consumes
a voluminous water quantity which is proportional to the wastewater generated. For example,
an estimated 0.22 m3

·g−1 of gold extracted is released as wastewater into the environment [19].
Physical and chemical imbalances generated by the heavy metals and trace elements could destabilize
the hydrological cycle, as a result of the impact of mining activity, which would affect surface and
groundwater quality [20]. For example, several studies were conducted and revealed the deterioration
of groundwater quality in illegal mining sites in Zamfara State, Nigeria [4,21–23]. Obiadi et al. (2016)
also reported the highest levels of acidity, iron and sulfate in the groundwater near artisanal mining
sites in the Enugu area of Nigeria [24].

Most of the heavy metals herein referred to as PTE, i.e., As, Cd, Pb, Fe and Hg, are known to
be carcinogenic and were determined to have several adverse effects in humans [4]. Fe in particular,
can induce damage to the nervous system and create a dysfunctional renal system as one of clinical
outcomes in humans [25].

Various chemical and natural methods have been investigated to eliminate PTEs from
mining wastewater, such as natural attenuation [26,27], biotreatment [13,28,29], ozonation, Fenton,
Degussa process, alkali discoloration [30] and ionic absorption [31]. However, most of these technologies
are expensive and require specialized installations [19]. Natural attenuation and biotreatment are
eco-friendly; however, these methods are time consuming for metal removal operations at a large scale
and their efficiency is limited by the concentration of the heavy metals in the wastewater.

Recently, phytoremediation was investigated as a method to biodecontaminate PTEs generated
by mining activities as a mitigation strategy [17] and to restore the vegetation cover on polluted
soils [17,32]. Nevertheless, this method can contribute to additional costs to ensure plants’ survival
and requires adequate plantation conditions for the method to be effective. Moreover, the treatment of
industrial effluents is still a challenge for long term sustainability of the process designed, which may
also require a large plant footprint.

To minimize synthetic chemical usage and phytoremediation—which can result in further
environmental contamination—and to manage the mining effluent with efficiency, this research
proposes the use of plant extracts for mining wastewater treatment. The method proposed can
be defined as environmentally benign, as the process is developed without using any chemical
compounds—only plant extracts are applied. Plant extracts contain polyphenols compounds which
could be used as catalyst of the precipitation reaction with the MW [33,34] and play the same role
as an enzyme which is a biologic catalyst being used to treat wastewaters through a bioremediation
approach [35]. In addition, this method converts the effluent contaminants from liquid to a solid-phase
residue, which could be easily recovered. Furthermore, plant species Callistemon viminalis, Eucalyptus
globulus, Persea americana have been reported as potential plants for phytoremediation [36]. Various
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findings have shown the potentiality of the Callistemon viminalis flowers [37], the Eucalyptus globulus
leaves [38,39] and the Persea americana seeds [40] in metal nanoparticle synthesis, which indicates the
feasibility of their extracts to encapsulate dissolved metal constituents in MW through the abundance
of bioactive compounds within the plant extracts. Therefore, this study focused on Fe removal in
MW, a process assessed using liquid extracts from flowers, leaves and seeds of Callistemon viminalis,
Eucalyptus globulus, Persea americana plant, respectively.

2. Materials and Methods

2.1. Mining Wastewater Characterizations

Samples (n = 4) of wastewater from an industrial iron-processing company in South Africa were
collected and characterized by measuring the initial Fe concentration. Samples were sent to Central
Analytical Facilities (CAF), University of Stellenbosch (Stellenbosch, South Africa) for ensuring highest
measurement quality. Inductively coupled plasma–mass spectrometry (ICP–MS, Agilent, Santa Clara,
CA, USA) was used with all measurements being triplicated. The maximum of the mean value of the
three measurements was considered for the experiments with various plant extracts.

2.2. Calibration Test

Five different concentrations (2; 4; 6; 8; 10 mg·mL−1) of Fe solution were prepared using 1 g·L−1

Fe Standard solution [Fe(NO3)3 in HNO3 0.5 mol·L−1] purchased from VHG Labs, Manchester,
New Hampshire 03103, USA. Deionized water was used to dilute the sample. For each concentration,
five calibration measurements were conducted with one control sample (C = 5 mg·mL−1). Measurements
were conducted using the UV-vis-NIR spectrometer (Cary 5000, Agilent Technologies, Cheadle, UK) at
wavelength (λ) = 450 nm.

Optimal conditions to remove the Fe present in the MW were studied by using plant extracts
(n = 3) for different samples (EG = Sample 1; CV = Sample 2 and AS = Sample 3) with the fourth
sample being used as a control.

2.3. Plant Extract Preparation

Flower and leaves of the Callistemon viminalis (CV) and Eucalyptus globulus (EG), respectively,
were collected at the National Research Foundation iThemba Laboratory (Cape Town, South Africa)
accelerator-based sciences, Western Cape, South Africa. Persea americana seeds (AS) were bought at a
nursery, Somerset West Mall, Western Cape, South Africa. The plant parts were collected and washed,
with those of CV and EG being cut into small pieces. Then, a mass of 10 g of each part was added into
deionized water (500 mL) to extract the bioactive compounds within each plant part. The mixture
was heated for 3 h under low temperature (45 ◦C). The extract solution was cooled and filtered (n = 3)
using standard Whatman Grade No.1 filter paper (11 µm) to eliminate residual solids. The pH of each
extract was measured using a pH meter (Jenway 3510, Camlab, Cambridge, UK). Measurements were
repeated thrice with the following mean values being recorded, respectively, 4.3 (±0.043); 4.5 (±0.012)
and 5.02 (±0.078) for EG, CV and AS samples, respectively.

2.4. Iron Removal Conditions

Each plant extract was separately added into the MW (1:1 v/v). The mixture of MW and plant
extracts was left to precipitate under various experimental conditions, to accelerate and maximize the
Fe precipitation. The following parameters were varied: (1) the dosage of the plant extracts, (2) the
temperature of the medium and 3) the contact time of the two solutions.

2.4.1. Dosage of the Plant Extracts

Different concentrations (n = 6) of plant extracts were prepared for each plant species.
Deionized water was used to dilute the extracts with dilution ratios 10:0; 9:1; 8:2; 7:3; 6:4 and
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5:5. Subsequently, into a volume of 50 mL of each diluted extract, an equivalent volume of the MW
(1:1, v/v) was added. The experimentation for this part of the study was conducted under ambient
temperature, observing maximal time which culminates to the highest deposit from the precipitation.

2.4.2. Temperature Considerations

The undiluted plant extract of each plant (10:0 CV, 10:0 EG and 10:0 AS) was added into the MW
with the same volumetric ratio as the experimentation on the effect of the dosage of the plant extracts.
Three temperature levels were used, i.e., 5 ◦C; 25 ◦C and 45 ◦C, to test the reactivity gain or loss for
each plant extract, as the temperature can have a negative effect on biologic materials such as the plant
extracts. The precipitation reaction time was defined as a function of the deposit quantity.

2.4.3. Contact Time

The same undiluted plant extracts (10:0 CV, 10:0 EG and 10:0 AS) were added separately into the
same volume ratio of the MW and left to react under ambient temperature. The absorption spectrum
of the liquid medium mixture was monitored every 60 min by collecting 3 mL of the mixture which
was analyzed using a UV-vis-NIR spectrometer (Cary 5000, Agilent Technologies, Cheadle, UK) at
spectra wavelength analysis ranging from 200 to 800 nm, until the variation of the highest peak
became insignificant.

At the end of all experimentations, the absorbance spectrum of the remaining MW/plant extract
mixture was measured, and the percentage of the Fe removal being determined through the absorbance
values obtained and the calibration test results. The precipitate was collected and dried in an oven
at a temperature of 50 ◦C. The dried powders were annealed in an open-air furnace at 200 ◦C for 1 h
and characterized.

2.5. Precipitate Characterizations

The dried and annealed powders compositions were studied. First, the crystalline structure of
the minerals that form the dried powder was studied by the means of the X-ray diffraction (XRD)
(Model Bruker AXS D8, Bruker, Billerica, MA, USA) by using a copper anode radiation CuKa with a
wavelength (λ) = 1.5406 Å. The Monochromator crystal was used as a filter. The pattern was reviewed
using the ICDD Grant-in-Aid (1990), USA [41]. Then, the surface morphology and the elemental
compositions of each annealed powder samples were studied by scanning electron microscopy (SEM)
(TESCAN VEGA3 a Czech Republic model, TESCAN, Brno, Czech Republic) and energy dispersive
X-ray spectroscopy (EDX) (TESCAN VEGA3 a Czech Republic model, TESCAN, Brno, Czech Republic),
respectively. SEM model is equipped with a tungsten filament used as an electron source operating in
Nano space. The sample was carbon-coated prior to analysis, to improve the conductivity. The surface
morphology was acquired using backscatter and secondary detectors, with a high voltage of 20 kV at
different magnifications using Vega software. The compositional analysis was determined on selected
area and spots using the INCA software from Oxford. The images are given with a scale bar of 10 µm.

3. Results and Discussion

3.1. Calibration Test

A calibration curve with R2 value 0.99522 at p = 5% was obtained. The slope and intercept values
were 0.099 (±0.00308) and −0.0181 (±0.01862). Compared to Samples 1, 2, and 4, the C samples showed
an average accuracy of 105.2% at 5 mg·mL−1 concentrations (n = 5) and errors of ±0.05783; ±0.03695;
±0.04376 and ±0.07056, respectively.

3.2. Mining Wastewater Characterizations

The mean value (n = 3) of the Fe concentration in the wastewater samples (n = 4) from the
ICP-MS measurement results was 5.53 mg·mL−1

± 0.196, 4.63 mg·mL−1
± 0.101, 4.40 mg·mL−1

± 0.065,
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4.39 mg·mL−1
± 0.066 for Samples 1, 2, and 4, respectively. Minimal variation was observed among the

triplicate measurements, confirming the efficiency of the measurement method. Sample 1—which had
the highest mean value of each sample—was considered as the initial concentration of the Fe
concentration in the MW.

3.3. Iron (Fe) Removal

3.3.1. Effect of the Dosage of the Plant Extracts

The effect of dosage of the plant extracts on iron removal from the MW was studied with significant
quantities of the precipitate being observed at the end of each experiment, as illustrated in Figure 1.
The absorbance peaks of the MW reduced at the same wavelength (300 nm) after the addition of
the plant extracts for all plant species extracts used (Figure 1a,c,e). Generally, the absorbance peaks
decreased as a function of the concentration of the plant extracts, except for the following mixtures:
AS (02:8) + MW and AS (01:9) + MW (Figure 1e). The absorbance peak of the AS (10:0) + MW
was higher than that of AS (01:9) + MW mixture; albeit, a slight peak height difference was noticed.
The deposits quantity (Figure 1b,d,f) had an exponential trend, from 50 to 300 mg, with the increase in
the plant extract concentrations (R2 = 0.99; p = 5%).

Figure 1. Cont.



Minerals 2020, 10, 859 6 of 15

Figure 1. Effect of dosage of plant extracts on iron removal in a mining wastewater and the deposits
quantity at the end of the precipitation reaction time. (a) Eucalyptus globulus (EG) + mining wastewater
(MW) mixture absorbance spectrum; (b) deposits of EG + MW mixture; (c) Callistemon viminalis
(CV) + MW mixture absorbance spectrum; (d) deposits of CV + MW mixture; (e) Persea americana (AS)
+ MW mixture absorbance spectrum; (f) deposits of AS + MW mixture.

The absorbance peak at a similar wavelength for all plant extracts suggested the formation of the
same chemical element which is a byproduct formed during the precipitation reaction. Increases in
plant extracts culminated into higher precipitate formation and rapidity in the precipitation reaction,
asserting the efficacy of a higher concentration of the bioactive compounds in the extracts. It was
hypothesized that other trace elements in the MW would form part of the deposit which can intensify
the absorbance peak. Therefore, the byproduct chemical elements in the precipitate were further
studied to ascertain deposit purity, which can be influenced by an increase in the plant extracts
concentration used.

3.3.2. Effect of the Temperature

Similarly, the temperature effect on the mixture of the plant extract and MW was
studied—see Figure 2. A similar trend was observed with regards to the absorbance peak of
the MW, the highest being at a wavelength of 300 nm (Figure 2a,c,e), with the absorbance peak being
highest at 45 ◦C for all plant extracts except for the mixture of EG + MW, which had a maximum
absorbance peak at 25 ◦C. Insignificant differences were observed on the absorbance curve at 5 ◦C and
25 ◦C for CV + MW and AS + MW mixtures. A similar absorbance curve trend was observed for EG
but at 5 ◦C and 45 ◦C. The precipitate quantity (Figure 2b,d,f) increased at the highest temperature
45 ◦C for the mixtures CV + MW and AS + MW and almost at a similar level for the other temperature
values 5 ◦C and 25 ◦C. However, for the mixtures EG + MW the precipitate quantity was higher at
25 ◦C compared to 5 ◦C and 45 ◦C.

Figure 2. Cont.
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Figure 2. Effect of the temperature of the liquid mixture medium on iron removal in mining wastewater.
(a) EG + MW mixture absorbance spectrum; (b) deposits of EG + MW mixture; (c) CV + MW mixture
absorbance spectrum; (d) deposits of CV + MW mixture; (e) AS + MW mixture absorbance spectrum;
(f) deposits of AS + MW mixture.

By observation, the bioactive compounds in the CV and AS seemed to require a high temperature
(T = 45 ◦C) to precipitate most of the Fe in the MW than EG. It was determined that low and ambient
temperature (i.e., 5 ◦C and 25 ◦C) were ineffective to decontaminate the MW; albeit, the EG bioactive
compounds were effective at room temperature (T = 25 ◦C) than at a high temperature (T = 45 ◦C).
Overall, the EG extracts were observed to react easily with the MW PTEs even at low (T = 5 ◦C) and
high (T = 45 ◦C) temperatures, but with a lower byproduct formation than at ambient temperature.

3.3.3. Effect of the Contact Time

Figure 3 shows the effect of the contact time on the MW decontamination by the plant extracts
and the quantity of deposits formed. The absorbance value of each plant extract and MW mixture
at each contact time interval increased thus the increased duration of the experiment. Additionally,
the deposits quantity was determined to correlate with the contact time. The maximum contact time to
obtain a maximum quantity of the deposits was determined to be 3 h. Minimal changes were observed
after 3 h of MW and plant extracts contact time.

Table 1 illustrates the maximum removal of Fe in the mixture of plant extracts + MW for each
parameter studied. A high removal rate was obtained for the mixture EG + MW for all tested parameters
followed by the CV + MW and AS + MW. The parameter conditions determined to have a maximum Fe
removal rate and precipitate formation were similar for CV + MW and AS + MW, which are conditions
in which the use of the undiluted plant extracts were added to the MW and heated at 45 ◦C for 3 h.
However, the plant extracts from EG consumes less energy (with low/minimal heating requirements at
T = 25 ◦C) than the other plant extracts for effective decontamination of the MW.
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Figure 3. Effect of contact time of the liquid mixture medium on iron removal in mining wastewater.
(a) EG + MW mixture absorbance spectrum; (b) deposits of EG + MW mixture; (c) CV + MW mixture
absorbance spectrum; (d) deposits of CV + MW mixture; (e) AS + MW mixture absorbance spectrum;
(f) deposits of AS + MW mixture.

Table 1. Removal rate and remaining concentration (mg·mL−1).

Test Parameters Mixtures Removal Rate (%) Residual [Fe]
(mg·mL−1)

Dosage of the plant
extracts

EG (10:0) + MW 80 1.11
CV (10:0) + MW 67 1.52
AS (10:0) + MW 40 2.64

Temperature
EG + MW (T = 25 ◦C) 85 0.83
CV + MW (T = 45 ◦C) 70 1.39
AS + MW (T = 45 ◦C) 41 2.60

Contact time
EG + MW (t = 3 h) 83 0.94
CV + MW (t = 3 h) 65 1.62
AS + MW (t = 3 h) 53 2.07
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The remaining Fe concentration varied from 0.83 to 2.64 mg Fe mL−1. The lowest concentration
was for MW samples decontaminated using EG plant extracts with the highest residual Fe concentration
being for MW bio-treated with AS plant extracts. The residual Fe concentration ranged higher than
the permissible limit of Fe for drinkable water, which is 0.1 mg·L−1 according to the World Health
Organization [42,43]. However, continuous exposure of MW to the fresh plant extract could allow it
to reach the least Fe concentration values lower than the maximum limit (5 mg·mL−1) for irrigation
water quality [44]. Therefore, the possibility for long term reuse of the treated MW for agricultural
purposes using this MW bioremediation is feasible. Moreover, Nurmi and Sarathi have reported a
recovery percentage of 87% (with 13% lost) of the Fe nanoparticles from aqueous solution by drying
the precipitate [45]. The recovery percentage rate of this finding is almost the same as the highest
removal rate percentage under temperature condition T = 25 ◦C of the mixture EG + MW.

3.4. Deposit Characterization

3.4.1. Precipitate (Deposit) Structure

Figure 4 shows the X-ray diffraction (XRD) patterns of the precipitate collected at the end of
the MW treatment for individual plant extracts (EG, CV and AS) precipitation for both dried and
annealed samples.

Figure 4. Diffraction (XRD) of the deposits powders collected after precipitation. (a) EG + MW,
CV + MW and AS + MW dried powders; (b) EG + MW, CV + MW and AS + MW annealed powders.

For the dried powders, two types of crystalline structures were observed for all plant extract types
(Figure 4a). The first type of the crystalline structure is a crystallite form with a lattice-based-centered
monoclinic named gypsum or calcium sulfate dihydrate (CaSO4·2H2O). The second crystalline structure
called halite or sodium chloride (NaCl) has a lattice face-centered cubic crystallite form. However,
the highest peak intensity for the dried powders varied for each plant extract. Very high peaks were
obtained for the dried powders from the EG experiments followed by those of CV and AS. These results
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can further be confirmed by using HPLC/GC–MS to understand the peak variation of each plant extract
and its chemicals constitution prior to describing the reaction of the Fe from the mixture of MW and
plant extracts. Polyphenols have been reported by several studies as common bioactive compounds
occurring in many plants, such as EG, CV and AS extracts [46–49].

However, the annealed powders confirmed the presence of the maghemite-C (Fe2O3) and
magnetite (FeFe2O4) nanoparticles as well as sylvite (KCl) (Figure 4b). The presence of the iron oxide
nanoparticles could be the result of the precipitation reaction between the MW and the plant extracts
containing polyphenols, which can play the role of catalyst of the reaction [33]. The Cl and K observed
are likely associated with the plant extracts or are present as trace elements in the MW.

3.4.2. Precipitate Surface Morphologic and Elemental Composition

The morphological surface and elemental composition of the annealed powders are presented
in Figure 5. The morphological surface of the annealed powders had multiple shapes, which are
polymorphisms and nanosheets. Furthermore, the elemental composition of the samples showed
various chemical elements such as Cl, Fe, Mg, K, O, C, Na and Ca. The annealing phase reveals the
crystallinity shapes of the precipitate. Several findings have been reported on the crystallinity materials
which could be obtained after annealing the dried powders of precipitates from wastewater with
chemical compounds [50–52]. The presence of all these elements in the annealed powders could explain
the various shapes that were observed by the SEM images (Figure 5a,c,e). The chemical elements Mg,
K, O, C, Na and Ca were assumed to be from the plant extracts while the Fe, Cl elements were from
the MW with the C element assumed to come from the coating substrate of the samples during the
analyses (Figure 5b,d,f).
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Figure 5. Electron microscopy (SEM) images of (a) EG, (c) CV, (e) and AS; elemental composition of the
annealed powders (b) EG, (d) CV and (f) AS.

4. Conclusions

Mining wastewater (MW) decontamination using various plant extracts was investigated.
Plant extract type, dosage of the plant extracts, temperature of the medium and contact time between
the mixture of MW and plant extracts were determined to play a major role in the effectiveness of the
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iron (Fe) removal from the MW. Eucalyptus globulus extract had the highest efficiency for Fe removal,
achieving 85% removal in 3 h at ambient temperature (25 ◦C). Extracts from the Callistemon viminalis
and Persea americana required a high temperature to remove maximum Fe from the MW. This is
unsuitable where energy savings or unreliability of electrical power is prevalent. To decontaminate
MW rich in Fe, EG extracts are recommended, as the mixture consumes less energy to remove the
most Fe from the MW. By using the EG, the removal process could be applied at room temperature
(25 ◦C). This will be easily applied in a medium to large scale MW treatment systems with a controlled
reactor, in particular for Fe decontamination even in the presence of trace elements, especially in a
rural setting whereby technological advances are minimal and where the community is affected by
artisanal mining activities. Possible reuse of the treated MW in other sectors like a water resource for
irrigation or drinkable water for animals can be explored once the process is optimized. Also, the
solid phase from the deposits contained stable nanoparticles of Fe, therefore, allowing to reduce the
storage cost of the effluents in the liquid phase by decontaminating PTEs, in particular Fe. Besides,
the magnetite nanoparticle deposits could be doped with other materials for medical application
purposes, especially for anti-microbial [53] and superparamagnetic gels [54]. For future investigation,
the bioactive compounds in the plant extracts should be characterized by HPLC/MS analysis to better
understand the principle of the Fe reaction with the plant extracts.
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