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Abstract

Mining activities in sub-tropical regions are one of the major contributors to environmental contamination and therefore
require monitoring and mitigation methodologies. The study investigated the composition of the real-world wastewater from
mine explosions and explored the potential of graphene oxide as an adsorbent. Heavy metals, namely, Fe (12.10 ppm), Cu
(40.70 ppm), Cr (148 ppm) and Pb (0.03 ppm) were present. The optimal pH, adsorbent dose, temperature, and contact time
for heavy metal removal were 12.08, 0.5 g, 25 °C and 0.5 h, respectively. The basic conditions were favourable for efficient
removal through the adsorption method. Kinetic modelling indicated adsorption via pseudo-second-order kinetics, insinuat-
ing the influence of oxygen moieties of graphene oxide. Furthermore, the Langmuir isotherm revealed favourable removal
of Fe, Cu, and Cr. The study indicated potential hazards of current mining activities, especially unmonitored illegal mines
in sub-tropical regions. These findings highlight the prospects of graphene oxide as a practical and effective adsorbent for
water resource recovery facilities. Therefore, the study demonstrated the capability to adopt pristine graphene oxide in a
simple protocol using simple setups for wastewater recovery in the sub-tropical regions in a natural matrix.
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Introduction

The mining industry generates many pollutants that can
contaminate water sources, posing significant risks to eco-
systems and human health. Explosive blast mine effluent
refers to wastewater generated during mining operations
involving explosives (Bailey et al. 2013). This effluent can
contain several heavy metals, such as Hg, Ni, Cd, As, Cr,
and Pb (Ebenebe et al. 2018). These metals are commonly
associated with mining activities due to their presence in
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the ore deposits being extracted and, in some cases, in the
explosives used. The discharge of heavy metals into the
environment can occur through various pathways, includ-
ing direct discharge of mine effluents into surface waters or
infiltration into groundwater. Once released, heavy metals
can persist in the surrounding environment for long periods
and accumulate in sediments, plants, and animals. This accu-
mulation can lead to certain hazards that may have adverse
impacts on aquatic ecosystems and, in some cases, may also
pose potential risks to human health if not properly managed
(Liu et al. 2022a, b). The global community has been con-
cerned about the various heavy metal ions in water bodies
for many years, which are a significant risk to the aquatic
environment, humans, and the environment. This is particu-
larly concerning because these toxic heavy metals cannot
be degraded and can enter the food chain, leading to serious
public health issues and even deaths.

Therefore, explosive blast mine effluent requires qualitative
and quantitative analyses to assess the environmental impact
of mining activities. This provides valuable information to
design appropriate mitigation measures, such as water resource
recovery facilities to remove heavy metal contaminants. This is
particularly important in the sub-tropical region context since
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there are numerous mining activities which are both legal and
illegal. Regulatory compliance is lacking in illegal mining;
therefore, mining operations are mostly not subject to envi-
ronmental regulations that limit the reckless act of discharging
heavy metals into the environment (Radu et al. 2023). Qualita-
tive and quantitative analysis ensures compliance with these
regulations by identifying heavy metal sources and monitoring
their concentrations in mine effluents to promote environmental
sustainability.

Various methods for water resource recovery facilities, such
as chemical precipitation (Zhang & Duan 2020), coagulation
(El-taweel et al. 2023), photocatalysis (Borges et al. 2023) and
adsorption (Peng et al. 2017) have been explored. Of all these
methods, adsorption is more promising when considering
cost-effectiveness from low energy input requirement, sim-
plicity, easy integration into existing water resource recovery
facilities, and superior removal efficiency (Dubey et al. 2015).
Adsorption entails the adhesion of pollutants onto a solid sur-
face, thus effectively removing contaminants from the water.
This method has received more attention among other efficient
options because of its non-hazardous, straightforward, and ver-
satile nature.

A variety of adsorbent materials, including chitosan (Mishra
et al. 2023), activated carbon (Cordova Estrada et al. 2021),
zeolites (Maharana & Sen 2021), clay minerals (ElBastamy
et al. 2021) and biochar (Obey et al. 2022) have been reported
for water resource recovery facilities. Extensive application
of these traditional sorbents in environmental remediation is
hindered by their low efficacy, particularly for the removal of
heavy metals (Wang 2012). Nanomaterials have shown great
potential for this role, and graphene oxide (GO) is a typical
material under intense research. GO is a derivative of graphene
and has gained immense attention in different fields of study
for its exceptional mechanical strength, chemical stability, flex-
ibility, lightweight and high surface area, water solubility, and
solution processability due to the abundance of oxygen-con-
taining functionalities (OH, COOH, and C=0,) on its surface
(Mombeshora & Muchuweni 2023). Unique surface chemical
characteristics and high surface area facilitate enhanced adsor-
bent/metal adhesion (Anegbe et al. 2024), thus, making GO a
versatile material for water resource recovery facilities.

For example, GO has also been reported to exhibit excel-
lent adsorption capacity toward organic compounds, includ-
ing phenols and dyes (Jahan et al. 2022). Possible adsorption
mechanisms include physical adsorption through weak van
der Waals forces between the contaminant molecules and the
GO surface. Physical adsorption is feasible for contaminants
with large or easily polarisable electron clouds (Mahdhi et al.
2023). Furthermore, -7 interactions among the aromatic rings
of certain organic contaminants and the x system of GO can
lead to stronger adsorption forces (Zhang et al. 2022). Further-
more, OH and COOH moieties on GO form hydrogen bonds
with contaminants containing suitable donor and acceptor sites
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(Jahan et al. 2022). Finally, the pH of the solution may induce
electrostatic interactions based on the surface charge of GO
(Mishra et al. 2023).

Several works involving the removal of metallic contami-
nants involving GO have been reported. For example, both
graphite powder and GO nanosheets were reported in the elimi-
nation of methylene blue dye and Cd** from water from an
artificial matrix made by spiking (Cao et al. 2023). The adsorp-
tion equilibriums for both materials were reached after 0.83
h at room temperature and the removal efficacy of GO was
better than that of graphite powder with maximum equilibrium
adsorption capacity (q,) of 24 and~13 mg g™, respectively.
The application of GO composites in water resource recovery
facilities has also been reported. For example; Cu, Cd, Pb and
Zn ions which were spiked in a water solution were eliminated
by using GO hydrogels, which were made by cross-linking
GO with acrylamide and acrylic acid (Liu et al. 2023). The
GO hydrogels were cost-effective, reusable in three cycles,
and stable, and efficient adsorbent material for treating metal
ions in water solutions. Sitko et al. (Sitko et al. 2016) used a
cellulose-GO hydrogel to remove Cu?* and Pb** from a spiked
aqueous solution and deduced that adsorption increased con-
siderably with adsorbent dose and achieved q, of 27 and 108
mg g~! at equilibrium at pH 4.8. Najafi et al. (Najafi et al. 2015)
reported a decrease in Ni>* adsorption in the temperature range
of 283 -298 K for glycine-GO. Magnetic GO-Fe(Ill) (MGO)
composites were investigated as adsorbents for a spiked waste-
water sample and at low pH, % removal was low due to steric
obstacles on large cationic sizes, such as Pb%* (Ain et al. 2020).
Their work deduced that the deprotonation of MGO led to an
increase in the chelation between heavy metal ions and MGO at
high pH. Similarly, Chowdhury et al. (Chowdhury et al. 2018)
reported a q, of 65 mg g~! and a high % removal of As** within
an hour of aqueous spiked samples using a 1-butyl-3-methylim-
idazolium hexafluorophosphate-MGO (IL-MGO) composite.
The use of MGO allows for easy recovery of the adsorbent
using a magnetic field and reusability. This was an interesting
way to develop effective adsorbents via ternary composites,
each component inducing a specific function. In addition, the
chitosan-GO composite demonstrated successful elimination of
Cr** from industrial aqueous wastewater and the efficacy was
attributed to a synergistic effect between the chelating ability
and the large surface area of chitosan and GO, respectively (Y.
Liu et al. 2022a, b). In their work, the q, and the optimal%
removal were 24.16 mg g~ and~97%. The studies reviewed
here show that most works involving the remediation of heavy
metals via adsorption involve artificial matrices through spik-
ing. In addition, there seem to be more adsorption studies on
modified GO than on pristine GO.

Understanding the adsorption mechanisms of non-function-
alized GO for various contaminants is crucial to optimising
its application in real-world scenarios, such as explosive blast
mine effluent in the current study. Furthermore, it is essential
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to acknowledge the specific characteristics of the pollutant
matrices present in wastewater. For example, wastewater sam-
ple matrices from industries and explosive blast mine effluent
differ from spiked aqueous solutions. Also, different mining
operations may result in unique pollutant profiles and associ-
ated matrices. This requires qualitative analyses to identify the
specific contaminants involved and a possible mitigation strat-
egy tailored to the particular needs of wastewater effluent. Other
waste components in wastewater have the potential to influence
efficiency and optimal conditions. Therefore, the current work
reports on qualitative and quantitative analyses and adsorption
of heavy metals from Chegutu mine effluent collected on the
17th of January 2024 using pristine GO. The effluent was col-
lected from a mine located 20 km south-southeast of the town
of Chegutu, Mashonaland West, Zimbabwe. This research
highlights the feasibility of using pristine GO to remove heavy
metals from a natural matrix. This is a step that facilitates the
transition from laboratory-spiked samples to real-world sam-
ples, and ultimately environmental sustainability.

Materials and methods
Chemicals, materials and instruments

All chemicals were analytical-grade. GO was synthesised from
graphite (Sigma Aldrich, < 150 pm, 99.99%) using a modified
Tour’s method reported elsewhere (Mombeshora 2023). KOH
(85%), and HCI (30-33%) were purchased from Glassworld,
distilled water was from the University of Zimbabwe plant, and
explosive blast mine effluent was collected at a certain mine in
Chegutu, a sub-tropical region.

The instruments involved were a BIOBASE atomic
absorption spectrometer (AAS, BK- AA32), Rigaku X-ray
diffractometer (MiniFlex 600), JEOL scanning electron
Fig. 1 a Sampling site and b

sample collected taken to the
laboratory

microscopy (SEM, JSM 6100 microscope), Shimadzu Fou-
rier transform-infra-red (FT-IR) spectrometer (WQF 520,
ASF), magnetic stirrer (EYELA, magnetic stirrer RCH-3),
pH meter (Infitek, Benchtop pH-B200E), analytical balance
(Mettler AE 240S; Mettler Toledo AG) and vacuum pump
(Edwards, SPEEDIVAC).

Characterisation of adsorbent

The morphology of the adsorbent was investigated using SEM.
Qualitative analysis of the adsorbent was done through X-ray
diffraction (XRD) and the presence of oxygen moieties on the
GO surface was carried out with FT-IR spectroscopy.

Sample collection

The water sample was collected from a certain sub-tropical
mine in Chegutu following a controlled detonation using an
ammonium nitrate fuel oil (ANFO) explosive (Fig. 1a). The
explosive blast mine effluent was then stored in a thoroughly
cleaned plastic bottle under ambient conditions (Fig. 1b).

Qualitative analysis and adsorption studies

Generally, after the mixing stage was performed using a
magnetic stirrer, the solids were separated by letting them
settle and, thereafter, filtering using a vacuum pump. The
sample was then qualitatively analysed using AAS. This
was followed by adsorption studies using pristine GO as
described in later sections. The AAS step was followed as in
qualitative analysis to determine the content of heavy metals
remaining in the wastewater after adsorption. Equation 1 was
used to calculate the percentage removal of heavy metal ions
from explosive mine blast effluent:

* @ Springer



11634

International Journal of Environmental Science and Technology (2025) 22:11631-11643

12500 1 (a)
10000 -
7500
5000 1

Lin (Counts

2500 A

0 e
5 15 25 85 45 55 68 75
26 (%)

90
80
70
60
50
40
30

(b)

Intensity (a.u.)

4050 3450 2850 2250 1650 1050 450
Wavenumber (cm-")

¥

\

Y

EHT =10.00 kv

Signal A= InLens
WD = 5.2mm

Mag= 1010KX

™

Fig.2 a XRD diffractogram, b FT-IR spectra, and ¢ SEM micrograph for the GO adsorbent

, (C; - C,)100%
% adsorption = —c (1

1

Where C; and C, are the initial and equilibrium amounts
of heavy metal in the explosive blast mine effluent in ppm,
respectively. In each case, the adsorption amount (q,) at
equilibrium was calculated using Eq. 2, where C; is the final
concentration:

_(G=cpv

m

9e @

Effect of adsorbent dosage

The masses of pristine GO, namely, 0.1, 0.3, 0.5 and 1 g,
were weighed using an analytical balance and transferred to
separate beakers each containing 50 mL of explosive blast
mine effluent. This was followed by stirring for 0.5 h using
a magnetic stirrer at room temperature (25 °C).

Effect of pH
Five different conical flasks were used to determine the ini-

tial pH of 50 mL of the explosive blast mine effluent. The pH
was then adjusted with 0.1 M KOH and HCl to 2.31, 4.00,

* @ Springer

7.00, 9.03 and 12.08. A dose and contact time of 0.5 g and
0.5 h, respectively, were used at room temperature of 25 °C.

Effect of temperature

To determine the effects of temperature on adsorption, the
mixture of 0.5 g of adsorbent and 50 mL of explosive blast
mine effluent was agitated for 0.5 h at a constant pH of
12.08. The temperatures investigated were 25, 30, 45 and
50 °C.

Contact time

The experiment was carried out at a constant pH, adsorbent
dosage and temperature of 12.08, 0.5 g, and 45 °C, respec-
tively, for contact times of 0.5, 1.5 and 2 h.

Adsorption kinetics

To comprehend the suitable adsorption kinetic model, the data
were fit into pseudo-first-order (Eq. 3) and pseudo-second-
order (Eq. 4) (Parsa & Rezai 2021):

In(g,_q,) = Inq, — kt 3
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where q,, is the amount of adsorption after a given time, t,
in mg g™, and k is the adsorption rate constant (min~'). The
slope of the In(g,_gq,) against y is k.

priniialo 0

k? is the pseudo-second-order adsorption rate constant in g

mg~! min~L.

Isotherms

Isotherms were also studied to appreciate the link between the
concentration of adsorbed material and the adsorption capac-
ity of the adsorbent (adsorption at different concentrations).
This was done with the aid of the Langmuir isotherm (Eq. 5):

C, 1 C,

9. KLqm 9m ( )

where C, is the equilibrium concentration and is assumed
to be equal to C;in mg L™!, K| is the Langmuir equilibrium
constant and q,, is the saturated monolayer adsorption capac-
ity in mg g~! of the adsorbent.

A dimensionless constant R; (Eq. 6) is a feature of the
Langmuir equation and was used to classify the adsorption
process in terms of feasibility (undesirable, linear, irreversible
and desirable) (Rezaei 2016).

1
R, = ———
LT T1+K,C, ©)
Thermodynamics

For thermodynamic studies, A, H’, A, G® and A, S° were
the enthalpy change process in kJ mol ™!, the Gibbs free energy
in kJ mol™! and the entropy change in kJ mol~! K~! of adsorp-
tion, Eqs. 7a and 7b were used for calculations (Alizadeh Fard
& Barkdoll 2018):

A4 G’ = —R.TInk, (7a)
Aads SO Aad‘vHO
Il’lkc = - T - T (7b)

where R is the universal gas constant (8.314 J mol - '1),
T is the wastewater temperature in K and k_ is the equilib-

rium constant. The k_ is found in the graph of In (g—) versus

e

q.. Equation 7b was used to estimate the values of A, H°

and A, S° as intercept x R and slope X R from the Vant Hoff
1

graph, Ink. versus - and A

ads

.a:G° was calculated from Eq. 7a.

Results and discussion
Adsorbent characterisation

The XRD diffractogram showed a major peak at 26 of 11.6°
(Fig. 2a). This was attributed to 002 graphitic lattices with
interlamellar trapped water, which is typical for hydro-
philic GO sheets (Mombeshora 2023). The FTIR spectra
also confirmed the presence of C=C bonds in the graphene
framework (Fig. 2b). In addition, the spectra displayed sev-
eral peaks assigned to various oxygen-containing moieties
before and after adsorption (Fig. 2b). This suggests a phys-
isorption process, however, a chemical interaction between
the adsorbent and the adsorbate that is not necessarily a
chemical bond is feasible. This is possible through electro-
static interactions that cause coordination (Guo et al. 2021;
Valentin-Reyes et al. 2019). The adsorbent sheet was also
highly wrinkled and this is common in GO samples due
to the severe oxidation process (Fig. 2c) (Mombeshora &
Nyamori 2017). However, high-quality SEM images after
adsorption were difficult to obtain due to severe charging
constraints. The cumulative charge, due to the unavailability
of grounding pathways, causes image distortions (Flatabo
et al. 2017).

Qualitative analysis of wastewater from explosive
blast mine effluent

The pH of the wastewater, received from the mine, was 6.74
which is approximately weak acidic in nature. On the other
hand, qualitative analysis of explosive blast mine effluent
revealed the presence of heavy metals in alarming quantities of
148, 40.70, 12.10 and 0.03 ppm for Cr, Cu, Fe, and Pb, respec-
tively. These findings signify that severe environmental issues
can potentially arise from the heavy metal contamination of
the mining effluent in the long term. For example, an elevated
level of Fe, above 3 ppm, harms aquatic life by disrupting gill
function and reproduction (Park et al. 2020). However, Cu
levels exceeded the Environmental Protection Agency (EPA)
recommended limit of ~ 1.3 ppm for freshwater, thus, also hav-
ing the potential to be detrimental to aquatic life (Manne et al.
2022). Even at low concentrations, Pb is still concerning as
a result of its high toxicity. Exposure to Pb can lead to major
health problems in people and animals, affecting the nervous
system, blood, and kidneys (Wani et al. 2015). The highest con-
centration of Cr is of significant concern to the environment.
Cr exists in several forms that are sometimes highly toxic and
carcinogenic (Sharma et al. 2022). Further studies are crucial to
identify the specific type of chromium present. Hence, qualita-
tive and quantitative analysis motivated the development of an
effluent treatment strategy and pristine GO was investigated as
a potential adsorbent for heavy metals in sub-tropical regions.

a
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Adsorbent dose requirements for water resource
recovery

Variations in adsorbent dose from 0.1 to 1 g displayed differ-
ent impacts on the % removal efficiency of each metal (Fig. 3).
This is attributed to the sample matrix and the forms of metal
in the wastewater mine effluent. For Fe, the % removal was
high at 0.1 g and reached 100% at 0.5 g (Fig. 3a). The highest
% removal of Cu was at the dose of 0.1 g and decreased with
the adsorbent's mass (Fig. 3b). This means that pristine GO
had the highest affinity for Fe followed by Cu at a low adsor-
bent dose. The increase in % removal slightly improved for Cr,
reached a maximum at 0.5 g and had a higher attraction to the
surface of GO than Cu at high doses (Fig. 3c). The decrease,
beyond 0.5 g, could indicate the decrease of adsorbate on the
GO (Wu et al. 2012). This logically agrees with the literature
in that more adsorbent provides more surfaces for adsorption
(Khaliha et al. 2021).

Pb displayed the least adsorption tendencies to the active
sites of GO under weak acidic conditions (Fig. 3d). This
adsorption trend in this study can be rationalised by the posi-
tion of the heavy metals in the periodic in which the smaller
cationic-sized metal is expected to have a higher affinity
for the negatively charged oxygen moieties on GO. This is
consistent with other studies that deduced varying degrees
of cation affinity for functional groups of adsorption sites
(Phatthanakittiphong & Seo 2016). However, Cr was ranked
third rather than first under weak acidic conditions. This
could be due to the form of Cr or the sample matrix in the
explosive blast mine effluent under weak acidic conditions.
As the dosage increased, the adsorption equilibrated due to
the saturation of binding sites. Therefore, considering the
efficacy and economic issues, the optimal adsorbent dosage
for the studies of the explosive blast mine effluent of the
mine can be estimated to be 0.5 g.

Investigating the pH requirements for the effluent
treatment

An interesting interplay between pH and heavy metal
removal efficiency was observed (Fig. 4). Excellent removal
efficiencies of Cu, Fe and Pb, exceeded ~86%, as the pH
increased (Fig. 4a, b and d). This could be rationalised by the
change in surface charges on GO. At high pH, GO becomes
more negatively charged, thus, the attraction to cationic
forms increases through electrostatic interactions, which in
turn promotes adsorption (Liu et al. 2012). The consistently
high % removal above neutral pH (>98%) for Cu, Fe, and Pb
is ascribed to the strong affinity of the present metal forms
for the GO surface and leads to effective adsorption regard-
less of surface charge (Kang et al. 2020; Nguyen et al. 2021;
Pyrzynska 2023). For Pb, % removal under acidic, neutral,
and basic conditions was uniquely different from that under
natural weak acidic conditions (0%). Possibly this could be
due to an unfavourable chemical transformation of Pb that
hinders adsorption on GO.

In contrast, removal of Cr fluctuated as pH increased, sug-
gesting a weaker interaction between Cr cation and GO sur-
face moieties (Fig. 4c). This could be because surface charge
changes have been reported to repel other cation forms (Liu
et al. 2012). This agrees with the dose—effect study, which
suggests that Cr form in the explosive blast mine effluent
influenced the adsorption process. Cr has a variety of oxi-
dation states and exhibits more sensitive behaviour to pH
changes. For example, based on the pH and concentration
of the effluent, the three primary forms of Cr(VI) are Cr,
CrO,* and Cr,0,% as well as HCrO, (Gao et al. 2023; Liao
et al. 2022). For the 1-7 pH range, the predominant form
of Cr(VI) in the effluent is HCrO,™~ and is transformed to
Cr,0,% at pH greater than 7 (Gao et al. 2023; Liao et al.
2022). At pH greater than 9, Cr(VI) in effluents is only pre-
sent as Cr042_ (Gao et al. 2023; Liao et al. 2022). Under
basic conditions, HCrO* is less favourable for adsorption
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Fig.4 Influence of pH effect on removal efficiency for a Fe, b Cu, ¢ Cr, and d Pb

on the highly negative GO surface compared to other cation
forms. Lastly, considering all detected heavy metals in the
sample matrix of the explosive blast effluent of the mine, the
basic conditions, particularly the pH of ~ 12, are optimum for
effluent treatment.

Temperature determination for optimum
remediation

Studying the temperature effect helps determine the under-
lying thermodynamic parameters, such as enthalpy and
entropy, which govern the adsorption process. The tempera-
ture range was selected to preserve the bulk of the GO adsor-
bent nature. The % removal of Cu, Fe, and Pb was consist-
ently 100% across all temperatures tested at pH 12.08. This
indicates their excellent and consistent adsorption on the GO
surface in the studied temperature range. This was ascribed
to enhanced mobility at high temperatures that increased the
kinetic energy in the Brownian motion of Fe and Cu ions.
This promotes faster movement and more frequent collisions

with the GO surface, leading to its efficient adsorption (Guo
et al. 2021). Furthermore, increasing temperature enhances
the ionisation of the oxygen-containing functional groups
on GO to form more binding sites for Fe and Cu (Guo et al.
2021). The % of Cr removal was highest at 25 °C and dete-
riorated to an approximately constant value with increasing
temperature (Fig. 5). Therefore, considering all metals in the
explosive blast mine effluent, the study infers that the treat-
ment can be optimally performed at an ambient temperature
of ~25 °C. Therefore, GO adsorbents support energy-saving
treatment methodologies for explosive blast mine effluent.

The contact time prerequisites for water resource
recovery

For Pb, a contact time of 0.5 h was sufficient to achieve
100% removal (Table 1). A rapid initial uptake of Fe and Cu
was observed (over 99% removal) and 0.5 h was sufficient for
the cations to diffuse through the solution and encounter the
available adsorption sites on the GO (Table 1). This supports

]
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the earlier deduced strong and rapid GO/metal attraction.
This possibly means that the use of GO adsorbents for the
current explosive blast mine effluent is potentially economi-
cal. However, the % removal of Cr after contact times of 0.5,
1 and 2 suggest possible desorption at prolonged contact
times (Table 1). Slower uptake of Cr suggests weaker or
more complex interactions that may be reversible.

Investigating the mode adsorption from a kinetic
perspective

Kinetic studies were performed to determine the variables that
affect the rate of adsorption. Studying the adsorption kinetics
with pseudo-first-order and pseudo-second-order models pro-
vides a valuable starting point for understanding the governing
kinetics for the removal of heavy metals by adsorbents. Pseudo-
first-order infers slow diffusion of pollutants onto limited bind-
ing sites of GO, whereas, pseudo-second-order suggests control
of the adsorption rate through chemisorption of heavy metals
onto GO surface (Wang 2012). The kinetic data for Fe and Cu
suggest that adsorption followed pseudo-second-order kinet-
ics and, thus, was through a chemisorption process (Table 2).

Chemical interactions are feasible via cations that coordinate
with the lone pairs on oxygen-containing moieties of GO. This
suggests that adsorption was governed by the adsorbent dose
and concentration of adsorbate in wastewater from the explo-
sive blast mine effluent. Hence, this explains the observations
under the dose—effect studies. Interestingly, the maximum
adsorption capacity obtained through pseudo-second order was
83.75 mg g~! for Cu which agreed with the one determined
experimentally in the contact time batch adsorption experi-
ments (83.72mg g 7).

For Cr, both pseudo-first-order and pseudo-second-order
kinetics are feasible, with the pseudo-second-order slightly
preferred (R? in Table 2). This is an interesting variation of
Cu and Fe which is feasibly rationalised by a variation of
cation forms in the mine blast effluent. Another possible
rationale is that the adsorption and desorption of Cr followed
pseudo-second- and pseudo-first-order kinetics, respectively.
In this case, desorption is influenced only by the amount of
Cr already adsorbed on the GO surface. Additionally, the
theoretical q, determined via pseudo-second-order, 106.72
mg g~!, was in close agreement with the result of the batch
adsorption of contact time of 100.82 mg g~'. The q. agree-
ments validated the experimental results with the theoreti-
cal approaches. In summary, the regression coefficients (R?)
values infer that the adsorption of all three cations followed
pseudo-second-order. Therefore, the adsorption process was
controlled by chemical interactions between oxygen moieties
on GO and heavy metal cations.

Test for monolayer adsorption mechanism

The Langmuir model was employed to characterise the
adsorption process for Cu, Fe and Cr since most graphene-
based adsorbent follows a monolayer adsorption mechanism
(Sarmiento et al. 2023) and the kinetics of the current study
inferred a chemisorption process. The Langmuir model
assumes a uniform distribution of adsorption sites and no

Table 1 Effect of contact time

h . Contact time Concentration (ppm) % Removal

on cation adsorption at pH of (h)

12.08 Fe Cu Cr Pb Fe Cu Cr Pb
0 12.10 40.70 148.00 0.03 0.00 0.00 0.00 0.00
0.5 0.08 0.02 99.00 0.00 99.33 99.95 33.10 100
1.5 0.01 0.00 102.00 0.00 99.98 100 31.08 100
2 0.00 0.00 107.40 0.00 100 100 27.43 100

Table2 Kinetic adsorption Heavy metal Pseudo-first-order Pseudo-second-order

parameters for heavy metal

removal qe (mgg™") K, R’ qe (mgg™") K, R?
Fe 1.39 5.00x107° 0.78 1.00 108.76 1.00
Cu 30.66 6.66x 107 0.79 83.75 1.26 1.00
Cr 1.08 1.83x107* 0.99 106.72 0.00 0.99
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Table 3 Langmuir adsorption

. Heavy  Langmuir isotherm

isotherm parameters for heavy metal

metal removal ion L Ry R?
Fe 76.86 0.0011 0.13
Cu 19.98 0.0012 0.96
Cr 0.001 0.9850 0.93

interaction between the surface of the adsorbent and the
adsorbate (Zhang et al. 2018).

By determining the intercept and slope values from the j—

against C, graph, K| and q,,, values were determined as the

intercept and ! " respectively. Furthermore, the R? values

slop

were determined (Table 3) and suggest that Fe did not follow
the monolayer adsorption mechanism (large deviation from
1). The adsorption process for Cu was relatively close to that
of the monolayer adsorption process with some slight devia-
tions. This suggests the possibility of other surface coverage
mechanisms different from most graphene-based adsorbents
when used in cation removal in the current sample matrix.
This is practically sound because cations can be removed by
being trapped between GO nanosheets. Dimensionless sepa-
ration parameter (R; ) was employed to explain the Langmuir
isotherm expressed in Eq. 6. If Ry is>1, 1,0 and 0<R <1
then means that the adsorption is undesirable, linear, irre-
versible and favourable (feasibility of the reaction), respec-
tively (Mahvi & Heibati 2010). The R; values suggest that
the removal of Fe, Cu, and Cr was spontaneous (Table 3),
hence, pristine GO is suitable for the treatment of the blast
effluent from the Chegutu mine.

Study of adsorption feasibility
through thermodynamics

Understanding thermodynamics is crucial in optimising the
treatment process of the explosive blast mine effluent contain-
ing various contaminants. Thermodynamic parameters, such as
A, 4G, help determine whether the adsorption process is spon-
taneous. A negative A, G for Cu, Fe and Cr infers that their
adsorption onto the GO surface was spontaneous (Table 4).
This means that they were readily bound to GO, promoting ease

of removal from explosive blast mine effluent. The spontaneity
improved with the temperature for Cu and Fe.

A, 4 H and A4S provide insight into the energetics of
the adsorption process (Cordova Estrada et al. 2021). Fur-
thermore, A4S inferred spontaneous adsorption for Cu and
Fe, while Cr was spontaneous in desorption (Table 4). This
was corroborated by trends observed with earlier parameters,
particularly on the temperature effect. The positive values of
A, 4H for Fe and Cu implied that the adsorption process was
endothermic, thus, explaining the increase in % removal with
temperature. On the other hand, A, H for Cr was exother-
mic, therefore, high temperature promoted desorption from
the pristine GO surface (Table 4).

To compare performance with literature values, selected
q,, values were taken from the literature with similar carbon
adsorbent applied in real-world natural samples (Table 5). It
should be noted that most reports involved spiked samples with
no competitive adsorption effects. Except for Pb adsorption, g,
values in the current work (Table 5), were superior to recently
reported oxidised carbon-based adsorbents. The inferior Pb
affinity, of the current pristine GO adsorbent, could have been
influenced by competitive adsorption effects. Notable variations
in heavy metal adsorption capacities emanate from the sample
matrix nature and the differences in adsorbent physicochemi-
cal characteristics such as textural characteristics, nature, and
content of functional moieties on the adsorbent surface. The
unique nature of the sample matrix of the current blast mine
effluent is a significant factor in the accuracy of the comparison
with other adsorbents in the literature.

Chemical precipitation is one of the methods currently in use
in removing heavy metals from effluents, however, unlike the
adsorption process, it adds extra cost from chemical require-
ments and constant corrosion of equipment, and hence, it will
most likely not be adopted in the sub-tropical regions. Fur-
thermore, the chemical precipitation process might generate
products, such as metal sulfides, that are difficult to handle
and some hydroxides (e.g., Cu and Cr) are insoluble (Zhang &
Duan 2020). Therefore, adsorption demonstrated using GO, in
the current work, is superior in this regard. Coagulation treat-
ment using alum, eggshells, and ferromagnetite showed an
optimum contaminant removal of almost 100% from industrial

Table4 Langmuir adsorption Heavy metal Temperature K A.G (K A HOK mol™) A, S (K R
parameters at different (K) mol-V mol~V
temperatures
Fe 303 1242.80 —17.95 +20.61 +127.65 0.79
318 2487.65 —20.67
323 2487.65 —21.00
Cu 303 2032.94 —19.19 +3037 +163.76 0.90
318 4067.94 —21.97
323 4067.94 —22.31
Cr 303 113 -0.32 ~0.96 ~2.01 ~0.89
318 120 —0.47
323 108 —0.20
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Table 5 Comparison of the adsorption capacity of heavy metals in the natural sample waste matrix using carbon-based adsorbents

Adsorbent Metal ion Adsorption conditions qp, (mg g™h Ref
species =
Dose (gL™))  pH T (K) C; (ppm)
Carbon foam Cr 5 2.2 - 93.25 17.48 (Lee et al. 2016)
Graphene nanoplatelets Cr 7.55 298 2.08 2 (Konradt et al. 2024)
Pristine GO Cr 10 6.7 298 148 100.82 This work
Oxidised nano-activated carbon Cu 2 7.8 301 1.18 13.23 (Elkady et al. 2020)
Chicken bone charcoal-sodium Cu - 3.0 298 50 15.06s (Niu et al. 2021)
dodecyl sulfonate-Fe
Carbon foam Cu 5 2.2 - 36.16 6.92 (Lee et al. 2016)
Pristine GO Cu 10 6.7 298 40.70 83.72 This work
Chitosan Fe 0.355 3.5 303 55 40 (Hu et al. 2009)
Activated carbon Fe 12 54 300 25.2 2.08 (Fosu et al. 2022)
Oxidised nano activated carbon Fe 2 7.8 301 32 7.52 (Elkady et al. 2020)
Pristine GO Fe 10 6.7 298 12.10 26.08 This work
Oxidised cotton hull Pb 0.085 7.4 - 85 27.65 (Yahya et al. 2020)
Oxidised MWCNT Pb 2 - 298 100 27 (Gusain et al. 2019)
Oxidised nano activated carbon Pb 2 7.8 301 1.86 11.63 (Elkady et al. 2020)
Pristine GO Pb 10 6.7 298 0.03 0.10 This work

wastewater with a 20 mg L™! dose (Precious Sibiya et al. 2021).
Interestingly, the optimal dose of GO adsorbent in the current
work is 10 g L™! with 100% Fe removal, which is comparable
to their work with high dose requirements (Table 5). There-
fore, the current pristine GO as an adsorbent is comparable
in terms of cost-effectiveness and is facile relative to current
mine wastewater treatments, such as coagulation, as materi-
als can also be derived from waste biomass. Advantageously,
the adsorption method is being critically considered for heavy
metal removal due to its simple designs of infrastructure, high
efficiency at affordable prices, and suitability on both small
and large scales (Gusain et al. 2019, 2020). Most importantly,
in the context of the mine where the study was carried out,
the effluent is currently being discharged without undergoing
treatment. Therefore, the current study highlights the feasible
and practical remediation strategy that the mine and other sub-
tropical mines can adopt.

Conclusion

Firstly, the study qualitatively and quantitatively investigated
the existence of heavy metals in wastewater from a natural
explosive blast mine effluent. Secondly, the work explored
the use of pristine GO as an adsorbent for the removal of
heavy metal contaminants. The qualitative analysis suc-
cessfully identified a range of heavy metals in explosive
blast mine effluent which were 12.10, 40.70, 148 and 0.03
ppm for Fe, Cu, Cr and Pb, respectively, and all at alarm-
ing concentrations. The temperature, pH, contact time, and

]
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adsorbent dose were optimised as 12.08, 0.5 h, 25 °C and
0.5 g, respectively, for the explosive blast mine effluent.
The excellent removal of heavy metals within 0.5 h in a
basic medium at room temperature and the use of pristine
GO through a spontaneous process demonstrated its poten-
tial as an economical adsorbent. Therefore, pristine GO is
suitable for treating ANFO explosive blast mine effluent in
water resource recovery facilities. Further research should
include the regeneration capacity of the GO adsorbent and
this study can be potentially supported by speciation stud-
ies to establish the species of heavy metals in the explosive
blast mine effluent.
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